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Abstract 

 
With a growing population and changing climate, there is an urgent need to increase global agricultural 

yields, while minimising environmental impacts and land use. A component of this “sustainable 

intensification” process is the shift from synthetic fertiliser to nitrogen-fixing legumes. Subterranean 

clover (Trifolium subterraneum L.) or “subclover” is the world's most widely grown annual pasture 

legume and in Australia its widespread adoption over the past century has led to increases in soil fertility 

and productivity, enabling greater animal production and crop yields. The widespread use of subclover 

as a pasture plant requires a well-functioning seed production industry, but harvesting subclover seed 

is inherently challenging because the plant buries its seed-bearing burrs below the soil and requires 

specialised harvest machinery. The subclover seed production industry has seen little advancement in 

harvesting technology over the past 60 years and today its reliance on ageing equipment and the 

environmental impacts of the current harvest process threatens the industry’s future. This thesis 

investigates subclover seed harvesting technology and practices in order to propose engineering 

solutions to increase the efficiency and sustainability of seed production.  

The context for the design process was supported by a historical review of innovations in subclover 

seed production, research into the current state of the industry and experiments on the physical 

properties of subclover. Historical and contemporary information were gathered on seed production 

equipment, practices and issues through a series of interviews, workshops and a survey. A patent 

review further supported this context and revealed a rich history of farmer-driven innovation in the 

industry. However, today the suction-based Horwood Bagshaw Clover Harvester remains the dominant 

subclover seed harvester, despite being out of production for over 30 years. This research also 

elucidated the high number of machinery passes needed in current seed harvest practices (typically 

11), which are time and labour intensive, and contribute to soil degradation in the paddock. Seed 

producers communicated that these issues, together with harvester inefficiency and maintenance 

concerns, negatively impact the industry and require advancements in harvesting technology.  

Framing these factors as an engineering design challenge, the design process utilised Quality Function 

Deployment, Human Centred Design and TRIZ principles to understand seed production needs and 

issues in order to develop solutions to address them. This process identified that, due to the small size 

of the industry and limited commercial manufacturing support, solutions should prioritise the use and 
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adaptation of existing technology from other industries. Amongst these, peanut harvesting methods 

were identified as being highly applicable, as they also harvest subterranean legume seeds with existing 

commercially available harvest technology. A 2-row commercial peanut digger was tested on two 

subclover paddocks, where it was able to lift and invert plants, but due to this novel application the 

digger requires further evaluation in different soil and plant conditions in order to optimise its 

performance. Subclover seed retention strength was also investigated as a key attribute for this harvest 

method. Mechanical testing of burr attachment and peduncle tensile strength for subspecies 

subterraneum (cv. Dalkeith), yanninicum (cv. Monti) and brachycalycinum (cv. Mawson), indicated that 

seed retention decreases significantly as the plant senesces. Strength results indicate subclover seed 

harvesting with peanut style dig-invert machinery should be conducted prior to complete plant 

senescence, earlier than current suction harvest methods. However, this approach would require 

harvesting prior to maximum seed development and, although initial tests show viability upwards of 

85%, the full implications for seed viability and yield need to be further evaluated. Additional research 

is also required to evaluate machinery modifications, harvest timing and approaches to collect inverted 

plants. 

This research has increased understanding of subclover seed harvest systems and technology, and 

identified promising new approaches for addressing issues faced by the seed production industry. This 

has implications for improving seed production of the agriculturally and economically important 

subclover plant. A stable and scalable global seed supply is important for the widespread use of 

subclover in sustainably intensified agricultural production. 
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Chapter 1 

Introduction 

1.1 Food security, sustainable intensification and legumes 

Food is something that unites peoples throughout the world and is essential for a prosperous future for 

all. However, sustainably feeding the world represents one of the biggest challenges facing humankind. 

The United Nations estimates that food production must increase 70% from 2009 levels in order to feed  

the 10 billion people predicted to live on earth in 2050 (FAO et al., 2018). Therefore, there is an urgent 

need to intensify production in agricultural systems in a way that can provide adequate, nutritious food 

to a growing world population while reducing environmental impacts and greenhouse gas emissions 

(FAO et al., 2018; Godfray et al., 2010; Sadras et al., 2020; Schmidhuber and Tubiello, 2007). 

Sustainably achieving this increase in food production represents a herculean task, as current food 

systems already have a significant impact on land, water, atmosphere and climate. Agriculture currently 

accounts for approximately 50% of all the ice-free land on earth. The largest component of this is land 

used for pastures by grazing animals, which occupies a combined area of approximately 28 million km2, 

equivalent to nearly the entire continent of Africa. Global cropland occupies approximately 16 million 

km2, equivalent to nearly the entire continent of South America (Olsson et al., 2019). Agriculture also 

accounts for 70% of global fresh-water usage (Olsson et al., 2019). The impact on the atmosphere and 

the climate is also significant, with 24% of greenhouse gas emissions coming from agriculture, forestry 

and other land use (Olsson et al., 2019). It is therefore essential that future increases in food production 

must be associated with reductions in the impact of agricultural systems, which has been termed 

“sustainable intensification” (Pretty and Bharucha, 2014).  

Food production and food security are key issues of our time and have a deeply connected impact on 

human wellbeing, the economy and the environment. The critical nature of food security is evident from 

its link to the United Nations Sustainability Development Goals (United Nations, 2021) of: zero hunger 

(2); clean water (6); industry, innovation and infrastructure (9); responsible production (12); climate 

action (13); life below water (14); and life on land (15), Figure 1.1. 
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Figure 1.1. Scope of modern food production and related United Nations Sustainability Develop Goals: zero 

hunger (2); clean water (6); industry, innovation and infrastructure (9); responsible production (12); climate action 
(13); life below water (14); and life on land (15). Data from Olsson et al. (2019) and World Bank (2021).  

One method that has been utilised by humans to increase agricultural yields is the application of 

nitrogen (N) fertiliser. This practice is thousands of years old, with records of ancient Egyptians, Romans 

and Babylonians using manure and minerals to increase soil and plant health and productivity (Scherer 

et al., 2000). From the beginnings of agriculture, N fertiliser has primarily been applied through animal 

manure, a practice that is still utilised today. From the 19th century, the use of mined Chilean nitrate and 

Peruvian guano became more common (Frink et al., 1999), but from the 20th century synthetic 

(inorganic) N fertiliser (chemically produced by humans) has been pivotal in global agriculture, driving 

increases in productivity and economic returns (Gilland, 2015; Keeney and Hatfield, 2008). Synthetic N 

fertiliser produced by the Haber-Bosch process has had a profound impact on humanity1; it is estimated 

                                                      
1 The Haber-Bosch process was originally developed for explosives and chemical weapons, so while it 
has helped feed billions of people it has also been complicit in the deaths of millions of others (Erisman 
et al., 2008).  
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that without the nitrogen produced by this process the global population would only be 3.5 billion people 

(Erisman et al., 2008). Synthetic N fertiliser was one of the key components of the Green Revolution, 

which facilitated large increases in cereal-grain yields from the 1960s and averted large scale famines 

(Gilland, 2015; Khush, 2001). Synthetic N fertiliser use has increased nearly 800% globally since 1961, 

Figure 1.2 (Olsson et al., 2019), and synthetic N fertiliser is estimated to account for 40% of the per 

capita increase in food production during this time (Keeney and Hatfield, 2008). N fertilisers continue to 

be critical for current agricultural production and demand for synthetic N is expected to rise with the 

growing global population (Keeney and Hatfield, 2008; Zhang et al., 2015). However, while synthetic N 

fertilisers are important for food security, their use and production are associated with a number of 

issues, which requires their widespread use to be revaluated in sustainable food systems. 

 

Figure 1.2. Percent change relative to 1961 of global: synthetic nitrogen fertiliser use (1), cereal yields (2), 

irrigation water volume (3), and total number of ruminant livestock (4). Synthetic nitrogen fertiliser use has 
increased significantly, which is attributed to increased fertiliser input per unit area and expansion of fertilised 
cropland and grassland to increase food production. Figure adapted from Olsson et al. (2019).  

Production and use of synthetic N fertilisers can have a significant negative impact on the environment. 

Despite 78% of the atmosphere being composed of nitrogen, it is not directly biologically usable by 

crops, therefore the Haber-Bosch process utilises high temperatures and pressures to convert 

atmospheric N2 to ammonia NH3 that can be used as fertiliser (Erisman et al., 2008). This process is 
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resource and energy intensive – consuming significant amounts of fossil fuels2 and electricity globally 

(Gilland, 2014; Smil, 2008; Soloveichik, 2019). The production and use of synthetic N fertiliser is 

responsible for large quantities of greenhouse gas emissions and increasing ecological issues such as 

harmful algal blooms and hypoxia in water courses, contributing to “dead zones” such as those recorded 

in the Gulf of Mexico (Gilland, 2015; Glibert et al., 2014; Keeney and Hatfield, 2008; Rabalais et al., 

2002; Thompson et al., 2019; Yu et al., 2019). In view of the negative externalities associated with 

synthetic N fertiliser, alternative sources of N are needed in sustainable intensification systems3.  

As an alternative to the Haber-Bosch process, there are biological mechanisms that can fix atmospheric 

N into the soil for use by plants. Legumes fix N in a symbiosis with Rhizobium bacteria, that form root 

nodules and provide a natural alternative to synthetic N fertiliser (Talukdar, 2013). The Leguminosae 

family (legumes) is one of the largest families of flowering plants with more than 18,000 species 

classified into 650 genera (Sprent, 2001). Legumes can be incorporated into farming systems as crops, 

agro-forestry, or as pastures utilised by livestock to produce high quality animal protein for consumers 

whilst biologically fixing N into the soil (Denton et al., 2011; Nichols et al., 2012; Temperton et al., 2007)4. 

The substitution of industrially manufactured synthetic N fertilisers with biologically fixed N from legumes 

is a key tenet of sustainable intensification systems (Pretty et al., 2018; Pretty and Bharucha, 2014). 

The N fixing ability of legumes was known and utilised in agriculture decades prior to the commercial 

manufacture of N fertiliser (Brockwell, 2004) and innovative pasture legume-crop rotation systems have 

been utilised in Australia for over 100 years (Loi et al., 2005; Smith, 2000). Synergies between crop and 

legume-based pasture phases in rotational systems can aid sustainable intensification through reduced 

synthetic N use, improved soil health and increased carbon sequestration (Pannell, 1995; Pretty et al., 

2018; Pretty and Bharucha, 2014). In addition to direct benefits of N fixation, legumes also provide 

added value in weed, insect, and pathogen control, in improving soil stability, and in increasing soil 

                                                      
2 Approximately 4% of global natural gas is used for synthetic N fertiliser production. Natural gas is the 
main feedstock in the Haber-Bosch process globally, except for China where coal is used (Gilland, 
2014). 
3 Modern agriculture’s reliance on synthetic N fertiliser also poses significant financial and logistical 
risks. Recent global increases in N fertiliser costs, due to energy price increases and shipping logistics, 
place financial pressure on farmers and shortages in N fertiliser threaten the food supply chain. In 
Australia, N fertiliser prices increased by over 70% during 2021 (Cameron and Xia, 2021). The use of 
alternative sources of N helps to de-risk food production.  
4 Pasture legumes are also important in sustainable intensification and climate change considerations 
because of their potential to reduce greenhouse gas emissions. Large differences have been found in 
the amount of methane produced by ruminant animals when consuming different pasture species, which 
could be utilised to breed climate clever pastures (Banik et al., 2013; Kaur et al., 2017). 
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organic matter when rotated with crops in farming systems (O’Hara et al., 2002). Of these legumes, one 

of the most agriculturally significant is subterranean clover (Trifolium subterraneum L.).   

1.2 Subterranean clover 

Subterranean clover (subclover) is the most widely grown annual pasture legume across the globe 

(McGuire, 1985; Nichols et al., 2013; Phelan et al., 2015). It is grown in southern Europe, northern 

Africa, the Middle East, the USA, Argentina, Chile, Uruguay, South Africa, New Zealand and Australia 

(Nichols et al., 2013; Porqueddu et al., 2016; Puckridge and French, 1983). Across these regions it is 

used in a variety of farming systems, including self-regenerating permanent pasture grazed by ruminant 

livestock or a self-regenerating short term (1-3 year) pasture in a short rotation with a cropping phase 

(ley farming).   

Subclover is native to the Mediterranean basin, West Asia and the Atlantic coast of Western Europe 

(Ghamkhar et al., 2015; Katznelson and Morley, 1964). Subclover derives its name (subterranean) from 

its peculiar habit of burying its seed-bearing burrs, Figure 1.3. After pollination the florets deflex and the 

peduncle turns downwards to press its tip into the soil. The tip then develops hooks from sterile calyces, 

which aid with subsequent burial. Flowering is indeterminate and new burrs and seeds continue to form 

while soil moisture is available (Nichols et al., 2009). Mature seeds are enclosed in hooked burrs that 

can attach to wool and animal fur in order to disperse the seed through animal movements (Nichols et 

al., 2012). 

Subclover consists of three subspecies: i) ssp. subterraneum, adapted to well-drained, acidic soils; ii) 

ssp. yanninicum, adapted to poorly drained, acidic soils; and iii) ssp. brachycalycinum, adapted to 

neutral-alkaline cracking or stony soils (Katznelson and Morley, 1964). In their native Mediterranean 

basin habitat, ssp. subterraneum and ssp. yanninicum are generally found in heavily grazed areas, 

whereas ssp. brachycalycinum is more often found in lightly grazed or ungrazed areas (Piano et al., 

1982). Seed and burr morphology varies across the three subspecies (Nichols et al., 2013) as depicted 

in Figure 1.4. Cultivars vary in their ability to bury their burrs, but this is also affected by soil type and 

moisture conditions (Barley and England, 1970; Francis et al., 1972). To date, 53 cultivars across the 

subspecies have been released globally.  
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Figure 1.3. Stylised diagram of the subterranean clover plant. Flowering is indeterminate and new flowers continue 

to form along the runner (stem).  Burr maturity increases from left to right, from a newly formed flower to a mature 
seed-bearing burr. The flower self-pollinates and the peduncle turns downwards to press its tip into the soil. The 
burr develops from sterile calyces at the peduncle tip and matures beneath the soil. Seed is enclosed in a mature 
burr, which is hooked as a dispersal mechanism. 

 

Figure 1.4. Images of subterranean clover: i) burrs, ii) seeds in pods, and iii) seeds. Images are of subspecies: a) 
subterraneum (cv. Dalkeith), b) brachycalycinum (cv. Mawson) and c) yanninicum (cv. Monti). Pictured burrs (i) are 
detached from their respective peduncles. 

1.2.1 Subterranean clover in Australia 

In Australia, subclover is the most important and widely sown annual pasture legume (Ghamkhar et al., 

2015; Smith, 2011). It is particularly significant in the southern areas of the country with a growing 

season from autumn to spring and has been sown over 29 million ha (Nichols et al., 2013). Subclover 

forms an important part of Australia’s farming systems and has contributed to significant agricultural 

improvements over the last century. In particular, from the 1950s there was an era of widespread 
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subclover sowing and superphosphate5 use, which was heralded as the “sub and super revolution” 

(Donald and Williams, 1954; Nichols et al., 2012; Puckridge and French, 1983; Smith, 2000). This 

revolution had profound economic and agricultural system benefits for the country; Smith (2000) 

describes the accidental introduction of subclover as “arguably one of the most important events in the 

economic history of Australia”.  

Together with the use of superphosphate, subclover use in Australia has led to increases in soil fertility, 

productivity and sustainability, enabling greater animal production and crop yields. Subclover was vital 

in the development of ley farming, which transformed the landscape of agriculture in southern Australian 

during the 20th century (Donald and Williams, 1954; Peoples and Baldock, 2001; Puckridge and French, 

1983; Smith, 2000). The use of subclover created a very stable pasture-livestock-crop system that 

increased agricultural productivity (in both pasture and crop phases), while also providing soil protection 

through the replacement of year-long fallows (where paddocks were kept free of plants through frequent 

tillage) with annual pastures (Nichols et al., 2012; Puckridge and French, 1983). This system also allows 

enterprise diversification (Pannell, 1995) and thereby reduces economic risk to producers in the face of 

a changing climate, unpredictable markets and trade-wars, and changing community expectations.   

Subclover has enhanced farming system yields and sustainability by provision of biologically-fixed N; 

especially important in Australia, where the majority of soils have inherently low N content (Angus and 

Peoples, 2013; Angus, 2001; Smith, 2000). Despite the continent’s naturally low N there was little 

fertiliser applied to Australia’s cereal crops (predominantly wheat) prior to the 1990s, because the 

required N was produced by rotation with pasture legumes (Angus and Peoples, 2013; McDonald, 1989; 

Peoples et al., 2017; Wolfe, 2019). While Australian N fertiliser use increased sharply in the 1990s, the 

reliance on fertiliser for N remains low in Australia compared to the rest of the world and biologically 

fixed N is still an important part of Australia’s farming systems (Angus and Peoples, 2013; Angus, 2001). 

Reed (2014) estimates that it would add approximately AU$5 billion per year to Australian farmers’ 

                                                      
5 The importance of superphosphate in the Australian economy was recognised by the federal 

government with the “Superphosphate Bounty Act” of 1941, which subsidised the production of 
superphosphate in Australia with a “bounty” of 25 shillings per ton paid to superphosphate 
manufacturers. When the government proposed to remove the superphosphate bounty in 1974, there 
was significant farmer backlash. At an election rally, aggravated farmers threw fruit and cans at the 
Prime Minister and cut the cord to his microphone (Sydney Morning Herald, 1974). 
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costs if the N fixed by pasture legumes were to be purchased as fertiliser. Moreover, the organic N 

provided by pasture legumes enhances the fertility and productivity of millions of hectares of land. 

The success of subclover in Australia can be attributed to several distinctive features (Nichols et al., 

2013):  

I. It buries its seed underground (particularly ssp. subterraneum and ssp. yanninicum), 

protecting seed from predation by grazing animals. 

II. The plant’s growing points are close to the ground, making it highly tolerant of close grazing. 

III. The majority of freshly ripened seeds have physical dormancy induced by the seed coat 

(typically referred to as ‘hardseededness’), which breaks down over time and regulates the 

timing of germination, both within the summer-autumn period and over several years. 

IV. It has a wide range of cultivars with different flowering times allowing it to be grown 

successfully in environments with a wide range of growing season lengths and with average 

annual rainfall from 300 mm to over 1200 mm.  

V. It has high nutritive value with high voluntary intake for sheep and cattle production when 

grazed, used as hay, or fed as silage.   

Traits I to III make subclover particularly well suited to the ley farming crop-pasture rotation system; 

notably its suitability relates to its minimal requirements for management once established in what is a 

relatively complex system of crops, pastures and livestock. In particular, it is well adapted to continuous, 

intensive grazing with no requirement for livestock to be removed during flowering or seed set. Also, its 

seed protection strategies (seed burial and physical dormancy) aid in the formation of a seed bank able 

to persist through a cropping phase. Following a cropping phase, the pasture can self-regenerate from 

this seed bank from seed set up to several years previously (Loi et al., 2005).  

This suite of characteristics makes the subclover ideotype highly compatible with sustainable 

intensification, as fossil fuel use associated with seed re-sowing is reduced and persistence of a diverse 

mixed agricultural system is enabled. However, although subclover pastures are often self-

regenerating, a seed production industry remains essential for a stable commercial seed supply. 

Commercial seed availability is required to re-sow and renovate weedy, unproductive pastures or to re-

establish subclover after a cropping phase of several years. This seed production industry aids the 
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expansion of subclover and the adoption of new, improved cultivars. However, the unusual biology of 

subclover has shaped the unique development of this seed production industry.   

1.3 Subterranean clover seed production 

Widespread use of subclover as a pasture plant requires a well-functioning commercial seed industry. 

Some subclover seed harvesting has been conducted in the USA, New Zealand, Africa and the Middle 

East (McGuire, 1985). However, it is an inherently challenging process and Australia (where subclover 

seed is an important export) has been the only country to develop significant subclover breeding 

programs and a seed production industry (Porqueddu et al., 2016). The quantity of certified subclover 

seed produced annually in Australia has ranged between 1000 tons to 2000 tons in the past 10 years 

(Australian Seeds Authority, 2020), with a similar amount of uncertified seed also produced (Holland, 

2012). The current number of subclover seed producers is unknown, but is relatively low. Hassall and 

Associates (2001) estimated 114 certified seed producers, in addition to those producing uncertified 

seed. However, the area registered for certified subclover seed production has decreased from a recent 

high of 7041 ha in 2005 to 2525 ha in 2019 (Australian Seeds Authority, 2020), suggesting the number 

of subclover seed producers has decreased further.  

Seeds being buried under the soil makes harvesting subclover seed inherently difficult and prohibits the 

use of conventional harvest equipment. This challenge spurred the development of innovative 

machinery to harvest and process the seeds. Of these machines, the Horwood Bagshaw Clover 

Harvester – or “HB” – has been the most common in recent use for subclover seed production (Avery 

et al., 2001). Depicted in an advertising leaflet from 1964 (Figure 1.5), the HB is towed by a tractor and 

uses suction to pick-up material from the soil surface in order to collect and process burrs. The leaflet 

proclaims the HB as “new and revolutionary”, which proved accurate as it had a significant impact on 

the subclover seed production industry. Although it was produced from 1962, it did not undergo any 

significant design changes before going out of production in the early 1990s (Boyle, 1995).  

Harvesting with the HB takes place during summer, when conditions are hot and dry. By this time the 

plants have completely senesced, which allows the burrs to separate easily from the plant (Avery et al., 

2001). Prior to harvesting with the HB, the paddock is prepared to bring the burrs to the surface. This 

involves multiple passes using various cultivation techniques, such as raking and harrowing, and 

contributes to soil structure degradation (Hassall and Associates, 2001). The HB then sucks up burr, 
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soil and other plant matter through a pickup duct at the rear of the machine, where it is threshed and 

processed to remove foreign material, before delivering seed to a storage bin. This process is depicted 

in Figure 1.6.  

 

 

Figure 1.5. Horwood Bagshaw Clover Harvester leaflet, 1964. Image from Museums Victoria Collections.   
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Figure 1.6. Flow diagram of the major processes during operation of the Horwood Bagshaw Clover Harvester. 

Labelled image of harvester for reference. Rotary sand screens are on the underside of the harvester and cannot 
be seen.  
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The invention of the HB represented a significant advancement in harvest technology, quickly replacing 

earlier innovations. This suction-based harvest method is effective and has been the industry leader for 

the past 60 years. However, commercial subclover seed production faces a number of reported issues: 

I. The harvest process can result in soil degradation and erosion (Avery et al., 2001; Loi et al., 

2005).  

II. Although effective at recovering burr, the slow, labour-intensive harvest process also incurs 

higher production costs than the harvesting of other agricultural crop species (Avery et al., 

2001; Hassall and Associates, 2001; Loi et al., 2005).  

III. Harvest machinery is no longer commercially produced or supported (Horwood Bagshaw, 

personal communication, March 12, 2019).  

Environmental and productivity challenges are threatening the economic viability and sustainability of 

subclover seed production (Avery et al., 2001; Loi et al., 2005). Hassall and Associates (2001) report 

that seed producers believe that the improvement of harvest technologies to minimise or avoid soil 

damage should be a top priority of the industry. However, the pasture seed market is reported to be too 

small for the agricultural machinery manufacture industry to expend large amounts of capital to develop 

new technology (Hassall and Associates, 2001). Efforts to address these issues are further hindered 

by a lack of recent studies of harvesting practices and equipment. Avery et al. (2001) reported there 

had been little research in this area in the four decades prior to their report and the limited research 

since then has focused on the agronomic, and not the mechanical, aspects of seed production.  

1.4 Motivation and objectives 

In the battle to sustainably intensify food production, legume systems are a powerful tool for supplying 

natural nitrogen to the soil and reducing our reliance on synthetic fertilisers. As the world’s most widely 

grown annual pasture legume, subclover has an important role to play in sustainable food systems. 

However, the supply of subclover seed is under threat due to the challenges of harvesting the seed and 

the small size of the global seed production industry. Therefore, there is a pressing need to address 

seed harvesting issues in order to ensure a stable and sustainable supply of subclover seed.  

In response to the issues facing subclover seed production, the Pasture Seeds Program of AgriFutures 

Australia has implemented the project “Profitable and environmentally sustainable subclover and 

annual medic seed harvesting” (PRJ-011096). This project is funded with levies collected from pasture 
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seed sales in recognition of the serious economic and agronomic challenges facing subclover seed 

production. The research presented in this thesis was undertaken as part of this project and seeks to 

facilitate real world solutions to benefit the subclover seed production industry. 

This thesis aims to improve outcomes in subclover seed production by investigating new methods and 

machinery to more effectively and sustainably harvest seed. Positive outcomes from this research have 

the potential to improve the profitability of seed producer’s operations, reduce negative environmental 

impacts of harvesting and increase the stability and longevity of subclover seed supply. The use of 

subclover has had a significantly positive effect on agricultural systems and advancements in seed 

production developed in this thesis can support subclover’s continued role in sustainably intensified 

food production into the future.  

1.4.1 Thesis overview  

The research described in this thesis is presented in ten chapters stemming from three journal 

publications, one book chapter and two conference papers published during doctoral candidature (refer 

to Appendix A for full publication details).  

Chapter 2 - Lessons for sustainable intensification from a historical review of innovations in 

subterranean clover seed production. 

This chapter gives an account of historic subclover seed production methods and technology with 

insights to inform future seed harvesting solutions. Additionally, the history of subclover in sustainable 

Australian agricultural systems provides lessons for the use of pasture legumes and other systems in a 

sustainable intensification future. This account is generated from a review of patents, family histories 

and interviews.  

The chapter is adapted from Moss et al. (2021c) “A century of subclover: Lessons for sustainable 

intensification from a historical review of innovations in subterranean clover seed production” published 

in Advances in Agronomy volume 171. 

Chapter 3 – Farmer driven innovation: lessons from a case study of subterranean clover seed 

production. 

Building upon the historical review from Chapter 2, this chapter examines the technology developed in 

the subclover seed industry as a case study of farmer-driven innovation. Subclover seed machinery 
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patents (75% of which were patented by farmers) are analysed using innovation frameworks to extract 

lessons for on-farm innovation in other industries. Analysis of previous innovations in subclover seed 

harvesting also provides insight and ideas for future solutions for the subclover seed industry.  

This chapter is adapted from Moss et al. (2022a) “Farmer driven innovation: lessons from a case study 

of subterranean clover seed production” published in Prometheus – Critical Studies in Innovation 

Volume 37. 

Chapter 4 – Current subterranean clover seed production technology, methods and issues 

The current state of subclover seed production is described to provide an up-to-date understanding of 

the practices, technology and issues in the industry. This is generated through case studies, interviews, 

workshops and a survey of subclover seed producers. This contemporary understanding of the seed 

production industry supports the development of new solutions to address issues as well as secure and 

advance the industry.  

This chapter is adapted from Moss et al. (2021b) “Harvesting subterranean clover seed – current 

practices, technology and issues” published in Crop & Pasture Science volume 72 and Moss et al. 

(2021a) “Vacuum harvesting sucks: improving the Horwood Bagshaw Clover Harvester” published as 

part of the Australian Grasslands Association Symposium 2021. 

Chapter 5 – Evaluation of Horwood Bagshaw Clover Harvester operation and performance 

Building upon the picture of contemporary seed production generated in Chapter 4, this chapter details 

experiments undertaken to evaluate the operation of the HB Clover Harvester. Field testing of HB 

harvesters operating in a commercial seed paddock was conducted to measure the machine’s baseline 

harvest performance and impact. Approximately 70% of seed in the paddock was harvested in one 

pass. The HB harvest operation was associated with a decrease in soil particle size, increasing the risk 

of erosion. A significant amount of aerosols were ejected from the harvesters into the air. These results 

support the understanding of the current harvest machinery to develop future improvements and provide 

a benchmark to compare alternative solutions.   

Chapter 6 – Aerodynamic measurements of subterranean clover burrs 

To further understand the suction harvest process, experiments were conducted to measure the 

aerodynamic properties subclover burrs. Given the importance of current suction harvesting and 
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pneumatic seed processing, burr aerodynamic properties have a significant impact on seed production. 

A specifically designed and built vertical wind tunnel was used to measure the terminal velocities and 

drag coefficients of burrs from the three subspecies which ranged from 4.5 to 5 m/s and 1 to 1.3, 

respectively. As expected burr terminal velocities were lower than the mean HB inlet velocity of 10.6 

m/s.  

Chapter 7 – Conceptual design for improved subterranean clover seed production 

This chapter explores the conceptual design process undertaken to develop new solutions for improved 

subclover seed production. Design frameworks such as Quality Function Deployment, Human Centred 

Design and TRIZ are utilised to understand the design problem and develop concepts to address issues 

facing the industry. This process draws on the information gathered in previous chapters to build an 

understanding of customer requirements, constraints and design context. Potential design solutions are 

then analysed against these customer-focused criteria to identify which solutions appear most 

promising and should be explored further. Of the potential solutions explored, peanut harvest 

technology was identified as having the greatest potential ability to meet client requirements and 

industry constraints.  

Chapter 8 – Subterranean clover burr detachment mechanics and implications for seed harvestability 

This chapter discusses the methods and results of experiments conducted to further understand the 

physical properties of subclover burr attachment. These experiments were designed to provide the 

biological and mechanical knowledge needed to support the development of new seed harvest 

technology. Experiments evaluated burr attachment and peduncle tensile strength during burr maturity 

until plant senescence across the three subspecies. Peduncle tensile strength was greater than burr-

to-peduncle attachment strength for each subspecies, with peak mean peduncle strength 30% to 130% 

greater than peak mean burr-to-peduncle attachment strength. Both strength measurements decreased 

significantly (>50% for each subspecies) as the plant senesced, which was associated with reductions 

in burr moisture content, and burr and peduncle diameters. Microscopy indicated a ductile to brittle 

transition as peduncles senesced, reducing energy absorption and increasing the likelihood of failure 

at defects. These results inform subclover seed harvest timing using dig-invert machinery, similar to 

that used for peanut harvesting.  
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This chapter is adapted from Moss et al. (2021d) “A chronology of subterranean clover burr detachment 

mechanics and implications for seed harvestability” published in Journal of the Royal Society Interface 

volume 18. 

Chapter 9 – Peanut harvesting systems as a potential method for subterranean clover seed production 

Peanut harvest technology was identified as a high ranking potential solution for use in subclover seed 

harvesting during the conceptual design process (Chapter 7). This chapter discusses initial testing and 

evaluation of peanut harvesting technology in subclover seed production systems. Initial testing with a 

KMC 2-row peanut digger was able to successfully cut, lift and invert swards of subclover plants with 

seed germination >85%. Further evaluation of machinery modifications, harvest timing and seed impact 

are still required, but results are sufficiently promising to encourage further investigation.  

This chapter is adapted from Moss et al. (2022b) “Harvesting subterranean clover seed with peanut 

technology” published as part of the Australian Agronomy Conference 2022. 

Chapter 10 – Overview and future work 

The final chapter summarises key findings from previous chapters and provides an outlook on future 

work.  
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Chapter 2 

Lessons for sustainable intensification from a 

historical review of innovations in subterranean 

clover seed production 

 

Preface: This chapter was published as “Moss, W. M., Nichols, P. G. H., Foster, K. J., Ryan, M. H., 

Erskine, W., and Guzzomi, A. L., 2021. A century of subclover: Lessons for sustainable intensification 

from a historical review of innovations in subterranean clover seed production. In "Advances in 

Agronomy" (D. L. Sparks, ed.) 171. Academic Press.” The introduction has been modified to avoid 

repetition with other chapters of this thesis.  

2.1 Introduction 

As the global context for agriculture rapidly changes due to population increases and climate change, 

we seem to rarely look into the past. Yet, there are lessons to be learnt from past farming system 

adaptions and innovations that are directly relevant to sustainable intensification today. Current 

production of subterranean clover (subclover) seed is based around the use of the Horwood Bagshaw 

Clover Harvester (HB). However, prior to the HB, many other inventions helped progress the seed 

industry and therefore a review of the past is crucial to evaluating future directions. Most of these 

previous harvesting machines are not well documented and many that have survived today are 

unfortunately rusting in sheds or paddocks. The research and development (R&D) of this harvest 

machinery was primarily the result of local ingenuity from remarkable farmers and forms part of a rich 

history of pioneers, inventions and innovation that has had a significant positive effect on agriculture in 

Australia.  

In an attempt to collate the ingenuity of innovators in Australia and identify lessons for the future, this 

chapter explores the history of subclover seed harvesting; in particular it discusses and evaluates the 

inventions, innovations and technological progress which drove the subclover seed industry over the 

last century. This history was established from a review of literature, patents, primary sources, personal 
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interviews and family histories. By reflecting on the past it is hoped to provide insights for the future of 

the subclover seed production industry, but also identify lessons for the innovative implementation of 

pasture legumes in sustainable intensification systems globally. Despite the benefits of pasture legume-

crop rotation systems, they are not widespread globally (Howieson et al., 2008; Loi et al., 2005). This 

provides the opportunity to learn from systems that have been successfully implemented. This chapter 

explores future approaches to sustainable intensification through an examination of the history of 

subclover seed production in Australia.    

2.2 History of subclover seed harvesting in Australia 

Subclover was first recorded in Australia by Baron von Meuller in 1887 (Nichols et al., 2012), but he did 

not recognise its significance. Subclover was accidently introduced to Australia by European settlers in 

the 19th century (through contamination of clothing, livestock and other agricultural products) and was 

able to colonise the Mediterranean climatic regions of the country (Ghamkhar et al., 2015; Gladstones, 

1966; Morley and Katznelson, 1965; Porqueddu et al., 2016). Its arrival was met with no celebration at 

the time and it took decades for this plant to be fully appreciated. The plant was known in Europe prior 

to this but was considered of little economic value. Subclover’s recording in Australia was no different, 

with botanists regarding it as a harmless weed and the New South Wales government botanist 

remarking in 1896 “it is not an introduction which needs to render us uncomfortable” (Smith, 2000). It 

was not until several years later that the agricultural and economic significance of subclover would be 

realised, when it was discovered by the man responsible for the plant’s commercialisation. 

Amos William (AW) Howard (Figure 2.1), a farmer and nurseryman from Mt. Barker South Australia, 

discovered subclover growing in a field in 1889 and noticed the plants around it appeared greener and 

more productive (Ghamkhar et al., 2015; Morley and Katznelson, 1965). Like the plant’s introduction to 

Australia, Howard’s discovery was an accident. Hill (1936) describes Howard visiting Mr Daley, a 

livestock dealer, in order to purchase a cow; it happened Daley was not home and so Howard walked 

through one of the valleys to fill in the time, where he made his serendipitous discovery. Howard 

immediately recognised the value of the clover, but did not know its name and later found the plant 

growing on his own property, as well as many nearby farms. With his experience as a nurseryman, he 

set out to produce and sell subclover seed, becoming the first vocal advocate and pioneer of this 

remarkable plant.  
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Howard gave subclover seed to local farmers and friends, and in 1900 began in earnest to harvest 

commercial quantities (Hill, 1936). He initially faced difficulties in collecting seed, but persisted and by 

1903 was eventually able to produce small quantities of clean and viable seed (Symon, 1961). To 

produce clean seed, the plant was raked, put through a hand chaffcutter, winnowed and then the burrs 

were hand rubbed between bricks and sieves (Hill, 1936). This was a very labour intensive process and 

in 1905 Howard contracted F.I. Dutch of Mt. Barker, who had previously built pea harvesters, to create 

a machine to help with seed cleaning. Later that year Dutch built a “huller” to remove seed from the 

burr. The machine, which required two men to operate, helped increase the productivity of Howard’s 

operation and would be the first in a long line of technological advancements in the subclover industry 

(Hill, 1936; Symon, 1961).  

With commercial-scale productivity available, Howard sent a letter in 1906 to the Adelaide Advertiser 

newspaper, titled “A valuable weed”, advocating the virtues of subclover (Howard, 1906).6 

“In your issue of January 17 appears an article on plants that gather nitrogen by the aid of bacteria on 

the roots. I do not believe that inoculation of the soil with artificially-cultivated bacteria will be successful 

except in specially suitable patches of soil. In the Mt Barker district we have a weed which I believe will 

go far to solve the problem of introducing nitrogen into the soil. This plant is an annual one of the trefoil 

family. It first made its appearance in a grass paddock at Blakiston some 12 or more years ago, and 

now it may be seen in most of the grazing paddock in the district. Although it may be well known to 

some botanists, the nearest approach to a name for it that I have been able to get is Trifolium 

subterraneum. Whatever its botanical name may be, it is here called a clover. It is an annual, easily 

grown and easily destroyed. Its roots are laden with the nitrogen producing nodules to a greater degree 

than any other plant of this family. It is eaten ravenously by stock both in the green and the dry state, 

cattle eating the dry branches after the seed is ripe quickly spread it wherever they go. The seed is 

sown naturally on the surface, and appears to require no covering, as soon after the early autumn rains 

we find the plants established and racing away from all other herbage. The seed will grow if scattered 

amongst grass or scrub without further attention. Where it grows heavily it is cut for hay, and is equal 

                                                      
6 It is interesting to note that the ability of certain plants to supply nitrogen to the soil and the need for 
bacterial inoculation was already known by farmers at the time. In fact, Australian scientists had been 
studying root-nodule bacteria (rhizobia) since the late 19th century and Australia later become a hub of 
nitrogen fixation research, stemming from the widespread use of subclover and pasture legumes 
(Brockwell, 2004).  
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to lucern [sic] or clover for fattening purposes either for sheep or cattle. One of its most valuable 

characteristics is that it will grow and reproduce itself in any soil and situation without human aid. 

Although valuable as a fodder plant where little else will grow, it can never be recommended for a crop, 

as its stems grow close to the ground and cannot well be harvested; but its value as a nitrogen-gathering 

plant cannot be over-estimated. At the same time when it is growing amongst grass a large quantity 

can be harvested, as may be seen in the grass stacks in the district.” 

One month later Howard wrote again to the Advertiser and offered seed. This letter was copied around 

Australia and Howard distributed over 300 packets of seed across the country and as far as South 

Africa and New Zealand. This led to the first commercial sale of subclover seed in 1907, with the Hackett 

brothers buying 13.5 kg of seed. This sale needed to be delivered in 3 lots over 2 months, indicating 

how slow seed production was at the time (Symon, 1961). This modest initial sale sowed the seed 

which would grow into a significant industry, spurring innovation and establishing subclover as an 

important part of Australian agriculture. 

The quantities of seed produced slowly grew from this initial 1907 sale. A significant increase in 

production occurred during the 1920s as more farmers began to harvest and distribute seed, and 

demand increased after World War One (Symon, 1961). Additionally, in 1920 the South Australian 

Department of Agriculture recommended sowing subclover (Smith, 2011). As a result, seed production 

increased from 1.5 tons in 1920 to 254 tons in 1929 (Hill, 1936; Smith, 2000). A key driver of this boom 

in seed production was innovative farmers recognizing the benefits of subclover and becoming 

engaged.  

Sydney Shepherd from Kybybolite, South Australia is attributed as a major influence in establishing 

subclover in the Naracoorte region. In 1915 Shepherd visited his friend AW Howard in Mt Barker and 

returned with a small amount of subclover seed, carried back in a matchbox. This small quantity of seed 

would contribute to Naracoorte later becoming one of the major subclover seed production centres of 

the world. Shepherd was so impressed by this clover that he kept going back to Mt Barker for more and 

started threshing and selling seed himself in 1922 (Smith, 2000). Shepherd also proved a successful 

inventor, patenting a subclover collecting rake in 1925 and in 1927 he patented the Shepherd 

Superbroadcaster – an important superphosphate spreading machine utilised in the sub and super 
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revolution7. In 1949 Shepherd was recognised by the Commonwealth for his service to agriculture 

(being appointed to the Order of the British Empire). Shepherd’s family still produces subclover seed in 

Kybybolite today. 

 

Figure 2.1. AW Howard, responsible for the initial commercialisation of subclover, holding a subclover plant. Image 

from The State Library of South Australia.  

2.2.1 Early harvest innovations 

2.2.1.1 Threshing machines 

Seed production was extremely challenging for the early subclover pioneers; due to the burial of burrs, 

conventional harvesting and cleaning techniques could not be used. In AW Howard’s initial efforts all 

production was done by hand; the dried plants were hand raked, chaff cut and the burrs rubbed and 

sieved. The seeds were even washed to remove dust and make them appear brighter (Hill, 1936). Thus, 

                                                      
7 The Superbroadcaster used principles borrowed from centrifugal water pumps to spread 
superphosphate and soon became very successful. Manufactured by Horwood Bagshaw’s of Adelaide, 
over ten thousand of these machines were sold in Australia, England, South Africa and New Zealand 
and were used until at least the 1960s (Smith, 2000).  
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until the 1920s, seed production was extremely slow and labour intensive. Some mechanisation was 

used to thresh and de-hull the seeds, but this needed two operations; threshing machines first broke 

up plant material before it was transferred to hullers (still being made by F.I. Dutch). Although this 

process was inherently labour and cost intensive, the high price of seed made it worthwhile8. 

Nevertheless, seed producers were still searching for better and more efficient methods and greater 

mechanisation allowed significant increases in seed production from the 1920s (Hill, 1936).  

In 1923 Cecil Howard, AW Howard’s son, imported a Birdsell Clover Huller from the USA. This machine 

could thresh and de-hull in one operation and greatly improved the efficiency of production (Hill, 1936; 

Smith, 2000). However, the machine was not designed for subclover and was prone to cracking seed. 

Recognising this opportunity, Rheinhold (Ronald) and George Kaesler of Hahndorf, South Australia, 

invented a machine specifically for the task - the “Kaesler Clover Thresher”.  

The Kaesler brothers, working as blacksmiths and engineers, lodged a patent for their thresher in 1926. 

The patent related to “machines for threshing and cleaning clover seed, and in particular to means for 

separating earth and stones and other foreign matter from the seed before it enters the thresher” 

(Kaesler and Kaesler, 1926). The Kaesler Clover Thresher – known as the “Kaesler” - worked well and 

was a marked improvement over previously available equipment. A Kaesler was operated at the 

Shepherd farm in Kybybolite, by the descendants of Sydney Shepherd, up until the 1980s (Figures 

2.2b, 2.2c & 2.2d) when it was replaced by newer equipment. It would be parked in the corner of a 

paddock and the collected chaff and burr manually fed into the machine. The Kaesler was originally 

belt-driven by external stationary engines and tractors, before being modified to operate by power take 

off (PTO). The Shepherds also upgraded the original cast iron wheels with pneumatic tyres and added 

an elevator to the front to assist feeding material into the top of the machine. However, even with these 

upgrades the process was still very physical and dirty, particularly when the wind changed direction.  

Other inventors attempted to improve subclover seed processing. In 1927 Western Australian Earnest 

Ford patented a machine that utilised a shaker table, screens and threshing plates to process seed 

(Ford, 1927). Frank Hill of “Hillside” Victoria also patented a seed huller and winnowing device 

                                                      
8 Subclover seed prices in the 1920s could range from AU£2 to AU£20 per kg (AU$160 to AU$1600 in 
2019 dollars), with short supply and high demand driving up prices. For reference, seed prices were 
approximately AU$5 to AU$10 per kg in 2019. However, despite these high prices there was a strong 
demand for subclover seed as the plant produced abundant livestock feed and increased the value of 
the land on which it grew (Littlehampton, 1924).  
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specifically suited to subclover (Hill, 1925; Hill, 1926). Frank Daniel from Mt Barker, South Australia 

patented his own threshing machine in 1929. The major claims of this patent involved materials being 

beaten through bars of a cylindrical or sloped drum before falling into a subsequent drum to repeat the 

process (Daniel, 1929). Daniel attempted to improve the model in 1931, but his invention did not prove 

a success and Daniel himself would later use the Kaesler Thresher on his own farm (Smith, 2000).  

The Kaesler and other inventions of the 1920s were part of a decade of major technical progress driven 

by Australian innovation and technological advancement that enabled substantial increases in seed 

production. However, there was still great difficulty in picking burrs up from the soil. Teams of up to 20 

men would sweep burr into heaps and shovel them into a thresher (Figure 2.2a) (Quick, 2007; Tuncks, 

1981). With the progress in threshing technology, there needed to be similar advancement in efficient 

collection of material from the ground. 
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Figure 2.2. Stationary threshing of harvested subclover material. a) Clover pile waiting to be threshed at Kybybolite in 1923. 11 HP Ronaldson-Tippett engine pictured in front. 

b) Kaesler Thresher in operation at the Shepherd farm, circa 1980s. c) Collected ground material tipped in front of the inlet conveyor of the Kaesler. d) Ground material being 
manually shovelled into the Kaesler inlet. Images courtesy of Andrew Shepherd.  
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2.2.1.2 Brush harvesters 

Rowland Hill, in his account of the subclover industry in 1936, described the seed collection process: 

“the Campbell rake is used to collect the surface growth and this is followed by sweeping with revolving 

brooms with considerable pressure applied, sweeping the pods and some surface soil into rows from 

which it is collected on to trollies and stacked ready for threshing, or carted direct to the thresher” (Hill, 

1936). The Campbell rake was patented in 1928 for hay, clover or clover seed. A spring attached to a 

transverse rock bar applied pressure to the tines into the ground. Two chain wheels and a clutch were 

used to lift the tines; the operator’s foot depressed a pivot bar causing the smaller wheel to contact the 

larger and wind the chain, lifting the tines as shown in the patent diagram (Figure 2.3a).  

Hill’s description of revolving brooms used after raking were most likely similar to that presented in a 

1928 patent application by M.S. Hack of Western Australia (Figure 2.3b). This invention utilises a 

“rotatable cylindrical wire brush resiliently supported in juxtaposition to the ground so as to collect the 

clover material” (Hack, 1928). In this device the harvested material is swept backward up a curved plate 

and into a collection area, however there are other designs where material is swept forward or simply 

windrowed to be collected by another means. Hack’s patent also included means to separate burrs from 

heavier and lighter material through use of an on-board winnower. It states “the present method of 

obtaining subterranean clover burr is expensive. It is customary to cut the clover with a mower, and 

then to rake and transport to a winnower for separation of the burr.” Hack intended to reduce costs by 

combining these steps into a single machine. His description gives an indication of the disjointed 

process at the time, where many separate processing steps were required.  

This style of sweeping machine, which utilised a rotating brush to pick up subclover and other seeds 

from the ground, appeared to be popular. There 14 patent applications catalogued in the Australian 

database for such machines. These patents range from simple machines that only collect burrs, to more 

complex equipment that process burr as well. It is unclear how common these inventions were or if they 

were even built, but it does not appear any of them went into widespread commercial production. One 

of these patents was filed by Alf Hannaford of Riverton in South Australia, who was responsible for 
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commercialising annual medic (Medicago spp) seed production (Hannaford, 1960; Trumble, 1939). The 

patent depicts an intricate harvester using a combination of brushes and rakes (Figure 2.3c).9  

 

Figure 2.3. Patent diagrams of rake and brush harvesters. a) Campbell rake, 1928, used to collect surface material 

prior to sweeping. b) Hack revolving brush harvester, 1928, designed to sweep clover material backwards up a 
conveyor to be collected and subsequently threshed. c) Hannaford brush harvester, 1938, utilising a combination 
of large brushes and rakes to collect clover material from the ground.    

2.2.1.3 Sheepskin rollers 

The next major harvest innovation was the sheepskin roller. This Western Australian invention was 

developed by P.D. Forrest in 1932 and a patent application was made in 1933 (Figure 2.4a). The roller 

utilised the natural tendency of the burr to attach itself to wool and proved an effective technique for 

                                                      
9 Hannaford’s invention was originally intended for subclover seed harvesting, however he turned his 
attention to barrel medics (Medicago truncatula) at the insistence of Dr. H. G. Trumble. This variety was 
later renamed the “Hannaford” barrel medic in recognition of his efforts in commercialising medic seeds  
(Hannaford, 1960).  
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harvesting10. The wool was wrapped around a wooden drum and rolled over the prepared paddock to 

collect burrs, which were then brushed or combed off the wool into a collection tray as the drum rotated. 

Wire mesh was sometimes used to adhere to burrs but was not as common as wool. To increase the 

quantity of burrs collected, rollers were connected in parallel and series, enabling the same crop section 

to be rolled over multiple times in a single pass. In its largest incarnations, these sheepskin roller “plants” 

could have up to 32 cylindrical rollers, with the rollers going over the same spot 8 times (Quick, 2007; 

Tuncks, 1981). Later advancements included on-board threshing, which combined with the high number 

of rollers, meant that these machines were large, complex and prone to breakdown. The resulting high 

cost meant that few producers purchased their own harvester and instead relied on specialist 

contractors (Tuncks, 1981).  

Hepburn and Lovett of Wagga Wagga, New South Wales, were such contractors, using sheepskin 

rollers to harvest subclover seed during the 1950s and 1960s with their patented “Heplov” roller. Their 

roller (Figures 2.4b & 2.4c) is preserved today at the Museum of Riverina. Hepburn and Lovett started 

with 6 rollers and expanded their operation to 24 behind a single tractor. They would stitch together 6 

sheepskins per roller, buying hundreds of sheepskins per year for themselves and other contractors. 

These would be tacked onto the wooden roller or held on with springs and wire, but there were issues 

with the sheepskin separating from the roller, particularly when turning. The sheepskin would also wear 

down and need to be replaced at the end of the season or more frequently on abrasive paddocks 

(Museum of Riverina, 2017). Despite these issues, sheepskin rollers were described as effective and 

were popular from the 1940s to at least the 1960s.  

                                                      
10 Sheepskin roller harvesters were based on the burr’s ability to attach to wool. This innovation was 
nearly a decade before Swiss engineer George de Mestral made a similar observation about burdock 
burrs clinging to fabric in 1941, leading to the development of Velcro.  
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Figure 2.4. Sheepskin roller harvesters. a) Forrest’s patent diagram of the first sheepskin roller, 1933. Burrs attach 

to wool wrapped around a wooden drum, which are brushed off into a collection tray as the drum rotates. b) & c) 
Heplov seed harvesting operation circa 1960s. “Plants” consisting of multiple sheepskin rollers are used to 
maximise burr collection in a single pass. Images from Museum of Riverina. 

2.2.1.4 Suction harvesters 

In addition to brushes and sheepskin, harvesters that used air to lift burrs from the ground were also 

invented. The first suction harvester (Figure 2.5a) was patented in 1927 by Frank Hill - whose seed 

huller was mentioned previously. Hill’s suction patent describes a “travelling machine having a suction 

head adapted to be moved over the surface of the ground to pneumatically gather the seed burr 

therefrom” (Hill, 1927). A suction nozzle with tracking wheels collected burrs from the ground, with 

airflow generated by a centrifugal fan. Hill’s design included a baffle mounted directly above the fan 

outlet to collect burrs and other solid material, while allowing dust and chaff to escape along the edges. 

The patent also describes using a brush “in advance of the suction nozzle to initially loosen the seed 

burr”. Ten years after Hill’s patent, William Lowe from South Australia patented his own suction 

harvester design (Figure 2.5b). This used a suction pickup close to the ground to collect burrs in a 

similar way to Hill’s invention, with the addition of a thresher to process the seeds after collection. While 

the success or popularity of these two machines is not known, it is clear that they foreshadowed the 

next major leap in harvesting technology. 
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2.2.2 Earnshaw Harvester 

Although produced by Horwood Bagshaw Ltd, like many of the other inventions described, the HB 

Clover Harvester was designed by a farmer, Western Australian Ronald Earnshaw. Earnshaw 

describes eating lunch during a hard day of harvesting, when he saw burrs being lifted by the wind and 

was struck with an epiphany. A document in Earnshaw’s personal records recounts this event, “after a 

few hours use of sheep skin rollers in 1944 it was obvious that the heavy concentration of dust inhaled 

would have to be injurious to the health of pasture seed producers, and that to lift production to satisfy 

the increasing demand for seed, a more efficient and rapid method was essential. Immediately, an 

experiment was devised using a lunch wrap rolled to form a tube, and clover burr was sucked and blown 

to indicate that suction was clearly the most efficient method of harvesting the burr”. 

Earnshaw pursued this idea and developed three experimental machines between 1944 and 1946. His 

initial experiments were concerned with solely picking up material, before next looking into threshing 

and processing. Earnshaw’s notes recount, “with knowledge so gained [from previous experiments], a 

machine was constructed in 1946 mounted on an Army scout car chassis [Figure 2.5c] which was an 

immediate success, producing cleaned seed in one operation at such a rate never before seen in the 

industry, and for the first time the ton a day barrier had been broken with the production of four bags of 

Dwalganup clover seed per hour in March 1946. Whilst moving between farms at speeds up to 40 miles 

per hour motorists encountered on the way were visibly shaken at the sight of such a large and strange 

machine, and on one occasion a motorist overtaken in this manner promptly took to the bush and 

caused some measure of amusement”. Despite Hill’s suction harvester being patented 19 years prior, 

it appears that Earnshaw was unaware of it and developed his suction system independently. This has 

often been the case for pasture seed innovations, with farmers working in isolation from one another 

and unaware of other inventions even in nearby districts11.  

With the success of Earnshaw’s 1946 machine, he began work on a second prototype. Resources were 

scarce, but after inheriting a 450 ha property in 1949, he was able to complete and patent this harvester. 

                                                      
11A multi-nozzle suction harvester was patented the same year (1949) as Earnshaw’s harvester by Keith 
David Moore of Benjinup, <100 km away from the Earnshaw property. It does not appear that Earnshaw 
and Moore had knowledge of each other’s invention and arrived at their solutions independently. The 
reduced ability for farmers to collaborate and access knowledge (due to their isolation and lack of 
connectivity) likely offered the ‘necessity’ catalyst for innovation and extensive activity in the industry, 
while also leading to inefficiencies and duplications of effort.  
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Earnshaw spent the subsequent years modifying and improving this machine, before sending it to the 

property of a Mr Hill in Keith, South Australia, in 1958 (Figure 2.5d). From this location the harvester 

was showcased to a large machinery works, in order to find a manufacturer. Port Implements Limited 

inspected the harvester in Keith, but declined to produce it, as acknowledged in a 1958 letter to 

Earnshaw, “the harvester appears to be a very comprehensive machine, but from a manufacturer’s 

angle, it is really much too large and would be much too expensive for the average grower. Admittedly 

you will sell some to the bigger grower or contractor. We are aiming at a very much simpler design, 

cheaper to manufacture”. This relays a similar sentiment that still exists in the industry today and is the 

main reason no new harvesters have been commercially produced since the 1960s; there is not enough 

perceived demand from growers to support the research, development and subsequent manufacture 

of new harvesting equipment.  

Horwood Bagshaw Ltd also took notice of Earnshaw’s harvester and agreed to produce it under royalty. 

The company began work on their prototype based on Earnshaw’s design in 1959, which experienced 

initial failures harvesting barrel medic (Medicago truncatula) and raised concerns the whole venture 

would be a failure. Despite these challenges, Horwood Bagshaw developed a new prototype and in 

1962 began sale of the Horwood Bagshaw Clover Harvester. Earnshaw was originally intended to 

supervise assembly, but was replaced by an engineering student who incorrectly placed bearings 

causing loss of grease and machine breakdown (Wagin Argus, 2004).  

During this time Earnshaw provided input on Horwood Bagshaw’s design and also built a new prototype 

of his own. This prototype is located on the Earnshaw property in Bokal, Western Australia and was 

inspected by the authors Moss and Guzzomi in 2019 (Figure 2.5e & 2.5f). It appeared to operate in the 

same manner to Horwood Bagshaw’s harvester, but with a slightly altered layout. Earnshaw also had 

ambitious plans for a new machine of a much larger scale. This harvester would be twin engine, 

mounted on a military chassis and have a 3.7 m pick up front, compared to the common 1.2 m on the 

Horwood Bagshaw12. He manufactured the threshing drum, but abandoned the rest of this project when 

relations with Horwood Bagshaw deteriorated in the 1960s. After a number of disputes between the two 

parties, Earnshaw eventually moved on from designing and building clover harvesters.  

                                                      
12 The Horwood Bagshaw Clover Harvester was supplied with either a 1.2 m or 2.1 m pick up front, but 
the smaller 1.2 m option is used in nearly all instances. 
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It is worth noting the high quality and attention to detail evident in Earnshaw’s prototypes, especially 

considering he conceived and built them himself in a shed on his property. Despite having little formal 

education or training, he was clearly a brilliant inventor and a highly skilled metal worker and engineer13. 

Ronald Earnshaw’s design was the result of years of determination and has left a lasting impact on the 

industry. He passed away in 2004, but the legacy of his invention lives on. 

2.2.3 Horwood Bagshaw Clover Harvester 

From Earnshaw’s original design, the HB Clover Harvester would go on to have a huge impact in the 

pasture seed industry. It represented an advancement in technology, but harvesting was still slow and 

repetitive. Harvesting with an HB requires a number of machinery passes to prepare the soil surface 

and bring burrs to the surface prior to HB harvesting, typically consisting of 11 total passes including 

multiple HB passes (Moss et al., 2021b). Despite this the HB was still an improvement over previous 

methods and has become synonymous with subclover and annual medic seed harvesting. 

The HB is towed behind and powered by a tractor. Burrs, sand and other plant matter are sucked up by 

a pickup duct at the rear of the machine, where it is threshed and processed to deposit relatively clean 

seed into a storage bin. Nine models (A-J series) were produced from 1962 to the early 1990s. However, 

there were no significant design changes and the final machines were very similar to the initial 1950s 

design (Boyle, 1995; Didar, 2003).  

Despite the limited changes from Horwood Bagshaw themselves, there have been a number of 

innovative modifications aimed at improving efficiency and capacity developed by farmers and 

engineers working with the machines. Modifications are discussed in Moss et al. (2021a), with the most 

notable being the tandem drive. This modification allows multiple HBs to be run in series behind a single 

tractor, which greatly increases the area harvested with a single pass. This was increasingly important 

for harvesting large areas as the HB’s narrow pickup width (1.2 m) and slow forward speeds (1 to 4 

km/h) resulted in low harvest rates, when operating a single HB machine.  

                                                      
13 This should not be surprising considering Earnshaw’s inventing pedigree: his grandfather Charles 
Earnshaw built one of the first all Australian automobiles, called the Earnshaw (Darwin, 2017) and his 
cousin Dennis Earnshaw invented a gas-powered, semi-rotary engine. 
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The tandem drive is claimed to have been developed by Ken Schultz and Alex Haynes in Naracoorte, 

South Australia (K. Shultz, personal communication, March 12, 2019)14. Murray I’Anson, a colleague of 

Schultz’s, endeavoured to drive two HBs together in the 1970s. This setup reportedly attempted to send 

power straight through the first machine by utilising numerous universal joints, but it experienced a 

number of issues. Intrigued by this idea, Schultz and Haynes worked to create a different method of 

connecting multiple HBs and developed the dual and triple drive system. This modification proved 

extremely popular and Horwood Bagshaw subsequently released their own tandem drive kits (Boyle, 

1995). However, even with this increased harvest width, multiple tractors and operators were still 

required to effectively harvest large areas. Farmers therefore tried to further increase the amount of 

HBs towed behind a single tractor, going up to 5 in tandem (Figure 2.5g) by using an improved 

arrangement to reduce load on the front harvester (Moss et al., 2021a). Many other modifications have 

also been made to the HB, mainly by farmers trying to improve aspects of their machines. These 

include: enlargement of seed storage bins, external seed carrying trailers, repositioned seed fans, fitting 

of high wearing components, and addition of brushes to fluff up the ground prior to suction (Moss et al., 

2021b).  

                                                      
14There is evidence that other tandem drive systems were also invented independently in different 
regions. However, the design from Naracoorte appears to have been the most influential.  
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Figure 2.5. Progress of suction harvesters. a) Patent figure of the first suction design, Hill 1927, utilising a 

centrifugal fan to pneumatically lift burr. b) Figure from Lowe patent, 1937, suction design included an on board 
thresher to process burr. c) Earnshaw’s first complete prototype mounted on a scout car chassis. d) Earnshaw’s 
second prototype, which was transported to SA for inspection and would attract the attention of Horwood Bagshaw 
Ltd. e) & f) Earnshaw’s third prototype, pictured on the Earnshaw family property in Bokal, WA 2019. g) Five HB 
Clover Harvesters operating in tandem behind a single tractor, 2019. Images c) & d) courtesy of Tim Earnshaw. 
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2.2.4 Alternatives to the HB 

In addition to implementing modifications to the HB, some farmers and engineers have developed 

harvesters in an attempt to improve on the HB and increase efficiency. These were mostly developed 

on-farm and while several patents were registered, none were successful enough to rival the HB.  

In a similar principal to suction, several machines were developed after the HB that used blown 

airstreams to collect seed. Two Western Australian blower-based machines were the Dickerson Mod-

Matic and the Barrow Linton BL63 Clover Harvester (Figure 2.6a). Tuncks (1987) describes these 

machines. The Dickerson blows material from the ground onto a chute, which is then conveyed by 

suction from a fan and blown into the threshing drum. The Mod-Matic was Dickerson’s eighth prototype 

and the result of over 15 years of experimenting, but Tuncks reports that the machine was not popular, 

with the fan “exploding” due to the high operational speeds. The Barrow Linton BL63 Clover Harvester 

used two fans to blow the burr from the ground in 0.9 m strips. It was patented in 1963 by John Barrow 

Linton, who also patented a sheepskin roller harvester that collected, threshed and cleaned seed. The 

BL63 blows plant material on the surface in the direction of travel, into what the patent specifies as a 

“substantially accurate pickup tube”, prior to being threshed and processed. This was reported to be 

particularly dusty (note the tractor operator wearing a mask in Figure 2.6a), as the exhaust was directed 

onto the ground and the chain drives experienced issues in these dusty conditions. Only three each of 

the Barrow Linton and Dickerson machines were known to exist in 1973 (Tuncks, 1981). Both machine 

variants were commercialised, but neither was widely successful. 

South Australian Robert Moore was another farmer who invested significant time and money to develop 

a harvesting machine throughout the 1980s and 1990s. His invention, patented in 1992, utilised a 

sweeping brush to collect material that was then threshed and cleaned on-board. Powered by a tractor, 

the design was broadly based on the Kaesler thresher with the addition of a pickup component. This 

machine was built and operated by Moore on his farm. Moore claimed the threshing aspect worked well 

and could process a large amount of material, however there were issues related to pick up that were 

not resolved before Moore’s declining health forced the project to be abandoned. The “Moore Machine” 

as it came to be known, has not been used for years and is stored in the Moore family shed (Figure 

2.6b).   
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Figure 2.6. a) Barrow Linton BL63 harvester driven behind a tractor, 1966. Note the operator wearing a mask due 

to dusty conditions. b) Moore Harvester, being inspected by two researchers: Guzzomi (left) and Moss (right) 
(2019). Note the scale of the machine, significantly larger than a HB. Figure a) sourced from the collections of the 
State Library of Western Australia and reproduced with the permission of the Library Board of Western Australia. 

Reginald Dutschke, a farmer from Brinkworth, South Australia, developed alternative harvest machines, 

primarily for annual medic seed. He never owned a HB, considering them “too slow”. Dutschke 

purchased a Barrow Linton pneumatic harvester in the 1960s (the only one he knew of in SA) and 

increased the blowing capacity, which caused the thresher to overload and so he used a stationary 

thresher instead. He subsequently developed a suction harvester with a fellow farmer, Collin Bush. 

Using this self-propelled, 90 kW, 4-wheel-drive harvester, Dutschke and Bush operated as contractors 

harvesting medic seed in the 1960s. Dutschke’s next invention sought to overcome the high power 

requirements of open return suction systems (where air is exhausted to the atmosphere) by designing 

a closed return system, where the exhaust air is utilised to blow burrs into the pickup inlet.  

Trevor Polkinghorne, also a South Australian farmer, was involved with further developing this system. 

Polkinghorne adapted an HB based on Dutschke’s design, to recycle the air from the system and direct 

it in front of the pickup duct to aid collection. However, the 1991 collapse in wool price also negatively 

impacted pasture seed prices and limited further development of the Dutschke and Polkinghorne 

harvesters. Dusthcke later created a “universal seed processor” intended to process seed from a range 

of plants and a number of other inventions for various agricultural processes. Polkinghorne also shifted 

his focus to developing stationary threshing machines, based on principles from rotary combine 

harvesters. He did not attempt to commercialise these inventions, believing the size of the pasture seed 

production industry was too small to justify the cost and effort required.  
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2.3 A century of farmer-driven innovation 

From AW Howard’s initial endeavours at the turn of the century, the subclover seed production industry 

has been characterised by farmer-driven innovation. Farmers, who were often isolated and without 

formal education, have contributed the ingenuity that was necessary for the success of subclover. 

Coccia (2017) proposes that innovation is driven from the need to solve problems and support a 

competitive advantage. This has been the case in the subclover seed industry where farmers have 

recognised problems and opportunities relating to this novel plant and developed solutions to advance 

production. The significant agricultural and economic benefits of subclover systems have also provided 

strong motivation to develop a competitive advantage and drove innovation. This same drive is needed 

today in the development of sustainable intensification. There is an existential global need to adopt 

sustainable intensification in farming with associated economic opportunities. This need and its related 

benefits must be communicated to empower farmers and others to drive the necessary innovation.  

The activity and development in subclover seed harvesting can be visualised by looking at patent filings 

over time, noting that these are not all-inclusive as many inventions were not patented. Figure 2.7 

depicts 48 Australian subclover seed harvesting patents over the last century15. Most of these patents 

only claim improvements on existing technology and only a few key inventions represent a step change 

in seed harvesting. However, patents provide an indication of the level of activity and innovation at the 

time. Patent activity began in the 1920s as more farmers started to harvest seed and an expansion in 

production areas provided motivation for more efficient technology. An increase in seed demand (due 

to growing subclover pastures and rising sheep numbers) caused another growth period in the 1930s, 

but patent activity was greatest during the 1950s. This decade saw a large increase in cleared land and 

pastures, which resulted in substantial demand for subclover seed as the “sub and super revolution” 

gained momentum (Nichols et al., 2012; Quinlivan, 1965). This demand and resulting high prices 

spurred innovation in the industry. However, from the 1960s there was a sharp decline in patent activity 

and innovation, with little subsequent change.  

                                                      
15 While there is a mix of invention types through each period, it is worth noting Frank Hill’s suction 
harvester appears to be well ahead of its time. This 1927 patent was relatively early in seed harvesting 
history, coming in a time of simpler brush harvesters, where pneumatic style patents did not become 
common for another two decades. It is likely Hill’s early suction system would have been constrained 
by tractor power output and fan capacity at the time, limiting the harvest rate. Competing with simpler 
machinery, it is probable pneumatic harvest systems only became viable later on with improved 
technology. 



Chapter 2 Historical lessons 

37 
 

The plateau in patent activity coincided with the release of the HB. Sixty years later, despite not having 

been in production for almost 30 years, the HB is still the dominant subclover seed harvester. The 

sustained popular use of the HB can be attributed to the fundamental Earnshaw design being effective 

and robust, but the most likely factor was timing. It was released at a time when subclover harvesting 

was extremely profitable, with anecdotes of many producers paying off their farms after a single season 

of harvesting. The HB cost AU£1562 when first sold in 1962, which could be paid back after harvesting 

only 15 ha16. The HB was effective at harvesting and processing a wide range of pasture legumes 

(including subclover, annual medics and yellow serradella (Ornithopus compressus L.)) and provided a 

step change in harvesting technology. Its commercial machinery production provided a foothold in an 

industry where manufacturing companies were reticent to create new harvesters, due to the small size 

of the market, and the subsequent reduction in new innovation meant the HB has not been replaced. 

From the 1960s, the few subsequent patent applications focussed on brush and pneumatic system 

harvesters. The progress in brush systems involved increasing the size of the harvesters and adding 

other improvements in threshing and processing, although the actual brush pickup component 

remained relatively unchanged. Different pneumatic systems were trialled, experimenting with suction, 

blowing and a combination of the two in different configurations. Decreasing profitability in seed 

production and commercialisation challenges would have contributed to this decline in invention activity. 

However, all of these inventions were attempts to improve existing techniques and did not represent 

significant innovation nor produce a step change in the industry.  

Patent activity for subclover seed harvesters ceased in the early 1990s. During the 1980s there was a 

marked reduction in land clearing which resulted in a decline in opportunistic seed producers (who use 

cleared land free of varietal and weed contaminants to grow subclover seed) in regions such as 

Esperance, Western Australia (Rossiter, 1989). In 1991 the Australian reserve price scheme for wool 

collapsed (due to decreased demand for wool with the growing popularity of synthetic fibres) resulting 

in a decline in sheep numbers (Henzell, 2007; Pearson, 2020). This reduced the demand for pasture 

seed and saw a corresponding decrease in seed prices, forcing many seed producers out of the 

industry. The introduction of break crops in the 1990s, together with decreased sheep populations, 

contributed to an increasing proportion of agricultural land sown to crop, at the expense of pastures. 

                                                      
16 Assuming seed yields of 500 kg/ha and AU£0.2 per kg seed price as indicated by Boylen (1962). 
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National sheep numbers were further reduced by prolonged drought in the 2000s (Millennium Drought), 

further impacting the pasture seed industry17 (Kirkegaard et al., 2011; Nichols et al., 2012).  

Today, the industry’s reliance on ageing HB harvesters poses a number of challenges. In particular, 

economic viability and environmental sustainability issues of subclover seed production have led to a 

decline in the number of commercial seed growers, raising concerns over the future of the industry 

(Abdi et al., 2020; Loi et al., 2005). Harvest efficiency and soil degradation issues have made subclover 

seed harvesting less appealing, which has been exacerbated by declining profitability per hectare. 

During the initial clover boom of the 1920s and the later “sub and super revolution” seed prices were 

sufficiently high to justify the arduous harvest process. However, this is no longer the case and low seed 

prices in the past few years have contributed to farmers leaving the industry for easier to harvest crops 

(Moss et al., 2021b). As such, there are few to no new seed producers entering the industry. Many 

current seed producers (for example the Shepherds) are the descendants of the early pioneers and 

have been harvesting subclover seed for generations. This period of low profitability might be ending, 

as recent demand for beef and positive outlooks for sheep and wool prices (Ghahramani et al., 2020) 

have seen subclover seed prices reach recent highs (Miller, 2018). This may encourage new seed 

producers, spur innovation and produce a new period of advancement for the industry. 

 

                                                      
17 Other factors contributing to declines in Australia’s pasture area from the 1990s: the advent of no-till 
farming, increased usage of synthetic N fertiliser and the removal of government superphosphate 
subsidies (Kirkegaard et al., 2011). 



Chapter 2 Historical lessons 

39 
 

  

Figure 2.7. Australian patents of subclover seed harvesting technology. Cumulative numbers indicate the amount 

of total patent activity as time progresses. Patent activity declined significantly from the 1960s, coinciding with the 
patent of the HB in 1961. No patent applications related to subclover seed harvesting have been made after 1992. 
Important historical events and periods are annotated in italics.  

2.4 Lessons from the past for a sustainable intensification future 

In order to overcome the challenges facing global agriculture, there will be value in deploying lessons 

from the past to aid the pathway to sustainable intensification. The success of subterranean clover in 

Australia led to the development of ley farming pasture-crop rotations, and is a clear example of how 

legumes can increase overall system productivity and enable system diversification, while reducing 

environmental impacts and synthetic N fertiliser use. This example is the story of a well-adapted plant 
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with recognised economic and agricultural benefits, leading to an innovative seed industry driven by 

pioneering farmers. The history presented in this chapter has salient lessons in regards to the factors 

contributing to the success of subterranean clover. Some key lessons are: 

I. There is great value in utilising plants already well-adapted to the target environment. 

II. The biology of the plant plays a significant role in shaping farming systems and technology. 

III. Adoption of new species can drive beneficial changes in a sustainable intensification 

framework at a landscape scale.  

IV. On-farm pioneers can be significant sources of innovation. 

V. Innovation is driven by the perceived benefits of overcoming problems. 

The success of ley farming and the “sub and super revolution” are rooted in the fact that subclover is 

very well-adapted to the environment of southern Australia. Despite being non-native, by the time it was 

recognised by AW Howard, subclover was thriving throughout southern Australia. In a similar way that 

biomimicry inspires engineering (e.g. Velcro) (Bar-Cohen, 2006), natural adaptions can inspire 

agricultural systems. This utilises existing positive attributes of a plant and removes the need to breed 

for adaptation, which can be challenging and onerous (Morris and Bellon, 2004; Weltzien et al., 2003). 

The downside of utilising an existing plant is that while it may already be well-adapted to the 

environment, there could be biological or ecological characteristics that present challenges to 

agricultural use.  

The unusual geocarpic seed production of subclover has both advantages (grazing tolerance and 

seedbank persistence) and disadvantages (seed harvesting). However, the species has been 

embraced by farmers and helped to shape the ley-farming systems and technology. This provides an 

example of how systems can be designed around a plant, in order to maximise benefit. Sustainable 

intensification approaches can therefore reduce resource inputs by understanding and exploiting 

natural aspects of the farm system, for example reducing N fertiliser through the use of N fixing legumes 

in rotation. However, this also presents challenges, as the biological characteristics of species shape 

not only the agronomic systems, but also the commercial aspects.  

New species can be adopted to create significant benefits and aid in developing sustainable 

intensification systems, e.g. the development of ley farming through subclover adoption. Only a few of 

the 18,000 species of legumes are commercially utilised (Howieson et al., 2008), so there is 
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considerable scope for their expanded use. However, the success of farming systems is also reliant on 

commercial systems. In the subclover example, a commercial seed production industry was crucial to 

its widespread adoption. Lack of commercial support from the 1960s onwards stymied the efforts of 

later innovators. For new sustainable intensification systems to be successful, they need to be 

implemented, maintained and supported, which may require the involvement of commercial industry 

partners. This industry should be shaped by the farming system, plant biology and stakeholders - with 

key input from farmers.  

The subclover seed production industry has been driven primarily by farmers. Its genesis, innovations 

and advancements were the result of innovative farmers working to overcome challenges. On-farm 

observations of burrs blowing in the wind resulted in the development of suction harvesters. An 

understanding of subclover seed dispersion and farming system synergies led to the use of wool (a 

product of pastures) to collect burrs. Stakeholder collaboration is key to successful agricultural R&D 

(Sneddon et al., 2009) and the high degree of farmer-driver innovation in the subclover industry 

highlights the value of on-farm involvement. However, farmer innovation in the subclover story took 

place in a past era and increasingly complex modern technology creates challenges for on-farm 

innovation. Therefore, future sustainable intensification systems should actively engage with farmers 

and recognise them as valuable sources of innovation.  

While farmers can be extremely innovative, the practical benefits need to outweigh the costs. Without 

firm or research institute level R&D capabilities, farm innovations can take years or even decades to 

develop (as was the case for many subclover inventions). Farm innovation is driven by the perceived 

benefits of overcoming a problem and these benefits must be sufficient to justify the effort. This is 

apparent in the subclover case study, where the recognised economic and agricultural value of 

subclover provided the impetus for waves of innovation through to the 1960s. However, lack of 

commercial support and changing economic conditions hindered subsequent innovation in this area. 

Understanding the drivers behind innovation will be crucial for supporting farm-level innovators 

developing solutions for sustainable intensification. The benefits of advancing sustainable 

intensification need to be clear and commercial collaboration should be available to support farmer 

innovation.  
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Collaboration will be vital on the pathway to sustainable intensification. Sadras et al. (2020) advocate 

for multiple perspectives in research to improve the return of agricultural R&D investment. For example, 

a recent Australian innovation, the “Weed Chipper” targeted tillage project attributes the success of the 

program to the multi-skilled team: agronomy, engineering, manufacturing and farming18 (Walsh et al., 

2020). A multidisciplinary approach will also aid with “translational research” – our ability to translate 

basic scientific discoveries into realised productivity improvements (Passioura, 2020). Government 

support will also be important in this collaboration, as public investment in agricultural R&D has 

historically produced excellent returns, but in order to increase the likelihood of this funding producing 

tangible outcomes, the practical context must be clear and early efforts for multi-disciplinary 

engagement should be made (Sadras et al., 2020). So while the past century of subclover seed 

production has been distinguished by farmer innovation, future systems will likely require a multi-

faceted, collaborative approach to support the road to sustainable intensification.  

2.5 Chapter supplementary material 

Timelines of significant pneumatic and brush subclover seed harvesting patents are presented in 

Figures 2.8 and 2.9, respectively. 

  

                                                      
18 The targeted tillage project is a positive example of strong farmer collaboration in research. The 
project was inspired by a farmer’s anecdote of walking around a paddock kicking out weeds, which was 
then developed into the “Weed Chipper” platform with sensor activated tines replacing the farmer’s 
boot. 
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Figure 2.8. Timeline and images of a selection of patented pneumatic subclover seed harvesters in the Australian patent database 
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Figure 2.9. Timeline and images of a selection of patented brush system subclover seed harvesters in the Australian patent database 
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Chapter 3 

Farmer driven innovation: lessons from a case 

study of subterranean clover seed production 

Preface: This chapter was published as “Moss, W. M., Nichols, P. G. H., Foster, K. J., Ryan, M. H., 

Erskine, W., and Guzzomi, A. L., 2022. Farmer driven innovation: lessons from a case study of 

subterranean clover seed production. Prometheus: Critical Studies in Innovation 37.” The introduction 

has been modified to avoid repetition with other chapters of this thesis.  

3.1 Introduction 

3.1.1 Farmer driven innovation 

Agricultural innovation is essential to sustainably intensify global agricultural production (Gaffney et al., 

2019; Läpple et al., 2015; MacMillan and Benton, 2014; OECD, 2013). Recognition of the challenges 

facing global agriculture (feeding the growing population while reducing environmental impacts), and of 

the economic, environmental and social benefits for overcoming these challenges, is driving innovation 

in agriculture. Approximately US$26 billion was invested into agricultural food and technology “AgriFood 

Tech” start-up firms in 2020 (AgFunder, 2021). In addition there is significant investment from large, 

established corporations, for example, Bayer’s Crop Science division plans to invest €25 billion 

(~US$30 billion) into research and development (R&D) over 10 years (Bayer, 2019). This increasing 

investment from private firms and venture capitalists contrasts stagnating (in real terms) public 

agricultural R&D investment from high-income countries like the USA (Heisey and Fuglie, 2018). 

However, corporate or government R&D are not the sole drivers of advancement in agriculture and 

farmers are often key sources of innovation (Biggs and Clay, 1981; Hoffmann et al., 2007; Rhoades 

and Booth, 1982; Sauer, 2017; Sneddon et al., 2009).  

On-farm innovation is often overlooked (Bragdon and Smith, 2015; Läpple et al., 2015; MacMillan and 

Benton, 2014; McKenzie, 2013) and farmers are frequently only considered in terms of adoption of 

knowledge and technology, rather than its creation (Dolinska, 2017). The US Department of Agriculture 

estimates US$20 billion in annual private sector agriculture R&D investment, but counts $0 of farmer 
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research in this total (MacMillan and Benton, 2014). This figure underestimates the contribution of on-

farm R&D and there is significant untapped potential to harness farmers as sources of agricultural 

innovation.  

The term “agricultural innovation” has become increasingly synonymous with Information and 

Communications Technology (ICT) and “digital” advancements (Cavallo et al., 2014). Particularly in the 

developed world, “innovation” often involves adding technology to existing systems. For example, an 

international manufacturer sells the same basic concept of an 80 to 100 hp tractor in India for 

US$150/hp, in China for US$250/hp and in Europe and North America for US$1400/hp. The primary 

difference between these products is increasing levels of safety and comfort (Cavallo et al., 2014; Von 

Pentz, 2011). While advancements in safety and comfort are important, there is still the need to innovate 

in the foundational functionality of equipment and systems. The term agricultural innovation is also often 

used to encompass innovative agronomy and on-farm practices (Bellotti and Rochecouste, 2014; 

McKenzie, 2013). In this chapter the focus of agricultural innovation is in relation to the historical 

generation of intellectual property, which has produced increased agricultural system productivity and 

sustainability.   

As historical context can be a valuable tool for developing new solutions to existing challenges (Díaz 

Lankenau and Winter, 2019; Guzzomi et al., 2012), this chapter presents a history-based perspective 

of farmer innovation through a case study of subterranean clover (subclover) seed production in 

Australia. One of the strengths of subclover as a pasture plant is its ability to bury its seed, which 

protects the seed from desiccation and grazing by livestock, and establishes a seed bank for self-

regeneration in future years (Loi et al., 2005; Nichols et al., 2012). However, harvesting this seed from 

below the soil surface presents significant difficulties compared to harvesting aerial-seeding crops. 

Overcoming this challenge necessitated innovation to develop specialised machinery and techniques, 

and farmers played a key role in the development of solutions that advanced this seed production 

industry (Moss et al., 2021c). This relatively small industry - the size of the Australian subclover seed 

production is measured in the thousands of tonnes each year, while Australian wheat production is 

measured in millions of tonnes (ABARES, 2020; Australian Seeds Authority, 2020) -  is analogous to 

agriculture in developing countries. 



Chapter 3 Farmer driven innovation 

47 
 

This chapter explores the drivers of innovation in subclover seed harvesting and the impact of farmers 

in developing this industry. In particular, the chapter looks at the generation of patented machine 

designs for harvesting subclover seed and the factors affecting technology development and success.  

Understanding the processes driving on-farm innovation and recognising farmers as valuable sources 

of ingenuity could provide the tools to enable or empower farmers to contribute novel and grassroots 

innovation to assist meeting the challenges facing global agriculture. 

3.2 Research design  

3.2.1 Innovation frameworks 

TRIZ, or The Theory of Inventive Problem Solving as it is often referred to in English, is a problem-

solving framework developed to support the generation of innovative solutions (Altshuller, 1984). From 

a study of over 200,000 patents, the TRIZ proponents observed that systems evolve towards increasing 

“ideality”, in which inventions increase ideality by improving an attribute of the system (Dieter and 

Schmidt, 2013; Mann, 2001). In its simplest form, TRIZ defines ideality as:  

𝑖𝑑𝑒𝑎𝑙𝑖𝑡𝑦 =  
useful effects of the system 

harmful effects of the system
 

Innovations and improvements progressively increase the ideality of the system over time. Central to 

TRIZ is the recognition that the strongest inventions emerge from addressing contradictions – trade-

offs where improving one aspect of the system has a negative effect on another. Overcoming 

contradictions leads to high levels of innovation and paradigm shifts in the technology.  

The evolutionary trajectory of technology is often represented schematically through use of the S-curve, 

as depicted in Figure 3.1 (Christensen, 1992; Sunding and Zilberman, 2001). The S-curve comprises a 

period of slow development in the technology’s infancy, followed by a growth phase, which slows at 

maturity and eventually plateaus in the decline stage. This is not necessarily a permanent decline for 

the product and performance can continue to increase with innovation and the advent of new 

technology. In this scenario, a new period of growth is produced by new technology improving or 

replacing the previous system. 
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Figure 3.1. a) Technology S-curve stages and b) progression with multiple technologies. Technology progresses 

incrementally from infancy through to decline, but performance can be increased further with the advent of new 
technology, causing a paradigm shift. 

The investigation by Coccia (2017) into sources of technological innovation has the central hypothesis 

that “relevant and consequential problems/needs of consumers induce problem solving activities of 

firms (by learning processes and acts of insight) that generate incremental and radical innovations in 

markets, ceteris paribus”. His framework is in line with S-curve theory; an initial technological paradigm 

or radical innovation occurs in response to a relevant problem or need and subsequent problems/needs 

result in further incremental innovations over time until there is a new radical innovation that results in 

a paradigm shift and substantial progress. Here, Coccia’s hypothesis is expanded to the agricultural 

context, where farmers, rather than firms, drive innovation. However, farmers also act as “consumers” 

having to solve problems that affect themselves, in addition to addressing problems of outside 

consumers.  

Singh and Fleming (2010) examined whether lone inventors are more or less likely to invent 

breakthroughs. The Australian subclover seed case study provides an opportunity to examine this 

question in an on-farm context, where seed producers were often geographically isolated from each 

other with limited communication between them (until recent advances in communication technology 

and especially the advent of social media).  

3.2.2 Data Analysis 

These innovation frameworks are applied to analyse technological development in subclover seed 

production and identify the key innovations that drove the industry forward. This is primarily achieved 

through analysis of the 48 Australian patents related to subclover seed harvesting technology, which 

span 1924 to 1992 when the last patent was granted. Patents were located and compiled from the IP 



Chapter 3 Farmer driven innovation 

49 
 

Australia Patent Database. To classify the technological type represented by each patent, this chapter 

adapts the standard five-tier TRIZ innovation ratings  (Dieter and Schmidt, 2013) into three levels to 

offer greater clarity: 

Level 1: Minor corrections made to an existing system by well-known methods.  

Level 2: Substantial improvement in an existing system that resolves a basic behaviour 

compromise by using the knowledge of the same technology area; the improvement typically 

involves adding a component or subsystem. 

Level 3: Paradigm shift solutions based on application of a new principle to eliminate basic 

performance compromises.  

Patent data is classified into these innovation levels. Patents are also classified by inventor profession 

and locations, recorded from information specified in the patent filing. Where these details are not 

available in patent records, primarily after 1955, inventor information is sought through other literature 

– mainly Moss et al. (2021c) and Smith (2000). Professions are classified as: farmer, engineer (including 

related trades e.g. blacksmith), firm (patents filed by corporations) and researcher. Patents are 

classified by invention type on the basis of method or purpose: thresher or huller, rake, seed cleaner, 

pneumatic harvester, brush harvester and sheepskin roller. 

The cumulative number of patents over time is plotted in frequency charts to display trends in patent 

activity to analyse technology development and reveal S-curve patterns (Daim et al., 2006; Park et al., 

2013) based on inventor occupation (where noted), invention type and TRIZ innovation level. A stacked 

column chart is used to present the relative proportions of inventor professions and innovation levels 

across the patent data. 

Adapting the recent methods of Díaz Lankenau and Winter (2019), who used a flow diagram to 

represent the contextual factors shaping technological development in tractors in the USA, a flow 

diagram is used to depict the contextual factors driving the evolution of subclover seed production 

technology.  

3.3 Results and discussion 

Farmers have been very powerful sources of innovation and have driven progress in the subclover seed 

industry. Seventy-five percent of identified subclover patents were patented by farmers (Figure 3.2b). 
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With the exception of threshing technology, all of the paradigm-shifting advancements in seed 

production were the result of farmer innovation. In contrast, over a similar time period (1900-1950s), 

major developments in tractor technology in the USA were dominated by firms rather than farmers, for 

example International Harvester and Ford (Díaz Lankenau and Winter, 2019). Figure 3.2 depicts the 

cumulative number of Australian subclover production patents with inventor profession, invention type 

and innovation classification level and denoted in panels a, c and d respectively. A full list of Australian 

subclover seed production patents, with their innovation classifications and inventor details, is provided 

in Tables 3.2 and 3.3 of the chapter supplementary material.  
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Figure 3.2.  Australian subterranean clover seed production patents. Cumulative number of patents over time 

represented in a, c and d. a) Inventor profession denoted. b) Number of patents at each innovation classification 
level and profession, with 8 patents by unknown professions omitted. c) Type of subclover invention denoted. d) 
Level of innovation denoted, where 1, 2 and 3 represent minor corrections, substantial improvements and paradigm 
shift innovation, respectively. Details are provided for Level 3 patents and patents related to the Horwood Bagshaw 
Clover Harvester. No relevant patent activity has occurred since 1992. 

 



Chapter 3 Farmer driven innovation 

52 
 

3.3.1 Drivers of innovation 

The factors driving innovation in the subclover seed industry meet the Coccia (2017) framework for 

problem-driven innovation: relevant and consequential problems induce problem solving activities and 

generate incremental and radical innovation. However, in the case of technology development for 

subclover harvesting it was primarily farmers and not researchers or firms that developed the new 

solutions. The economic and social context of this industry is important to understand the progression 

of innovation. Although driven by a consequential problem, the value proposition of undertaking 

innovation must be readily apparent to the farmer because of their reduced ability to invest time and 

capital into research activities compared to firms. The contextual factors driving the evolution of 

subclover seed production technology are depicted in Figure 3.3.   
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Innovation occurred from farmers’ desire to overcome a problem and recognition of the benefit of doing 

so. However, these farmers were not fulltime inventors and their approach likely differed significantly 

from that of research entities or firms. Many inventions were the result of over 10 years of work and 

significant personal investment (Moss et al., 2021c). As opposed to a systematic research effort to 

overcome a problem, most innovations stemmed from on-farm observations and experience. For 

example, in subclover harvesting seed burrs sticking to wool inspired the sheepskin roller method (i.e. 

wool covered drums rolled over a paddock to collect seed burrs) and the observation of seed blowing 

in the wind led to the development of a suction harvester (Moss et al., 2021c). These farmer insights, 

born from years of experience and trial and error, were key drivers of innovation. The innovative nature 

of the sheepskin roller is noteworthy when considering it was first patented in 1933, nearly a decade 

before Swiss engineer George de Mestral made a similar observation about burdock seeds clinging to 

fabric in 1941, leading to the paradigm shifting development of Velcro (Holyoak et al., 1995).  

All Level 3 inventions were patented prior to 1934 (Figure 3.2). These innovations introduced a new 

principle to subclover production technology, but were often adapted from other industries. Threshers 

and brush systems in particular were well known in similar agricultural sectors and it is unsurprising that 

subclover-specific adaptions were invented early on. Sheepskin and suction harvesters were derived 

from elements of existing systems, but were applied in much more novel ways that stemmed from 

farmer experience. Subsequent advancements in technology came from Level 2 inventions that 

combined different systems to overcome problems and increase performance.   

The Horwood Bagshaw (HB) Clover Harvester has been the most significant of these inventions in the 

industry. This suction style harvester, manufactured by Horwood Bagshaw Ltd, but based on a farmer’s 

design, remains the most common subclover seed harvester used today (Moss et al., 2021b). Suction 

harvester designs prior to the HB were limited in their adoption by lack of commercial support. The 

original patent, filed by farmer Ronald Earnshaw, had little effect on the industry until commercialised 

by Horwood Bagshaw Ltd. However, commercial manufacturers were hesitant to be involved in the 

subclover seed industry in this period – even Earnshaw’s original design was rejected by firms prior to 

being developed by Horwood Bagshaw Ltd. Firms believed there was insufficient demand by seed 

producers to justify the research, development and manufacture of complex harvesting equipment 

(Avery et al., 2001; Hassall and Associates, 2001; Moss et al., 2021c). This lack of commercial support 

inhibited innovation and highlights the importance of industry support and collaboration with farm 
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innovators in creating widespread benefit, as farmers often lack the resources to commercialise 

inventions themselves.  

3.3.2 Innovation plateau  

As shown in Figure 3.2, there are clear successive S-curve trends in subclover patents with periods of 

initial high activity that decreased over time before the next upswing. From the 1960s there was a shift 

in the level of innovation and a significant decrease in patent activity through the subsequent decades. 

This coincided with the patent and commercial release of the HB (denoted in Figure 3.2d). Although 

this harvester represented a paradigm shift in the industry, its release also began a period of reduced 

innovation.  

The release of the HB was perfectly timed at the heart of the “sub and super revolution” (a period of 

widespread subclover pasture expansion) and it became very popular with seed producers. This period 

of rapid adoption of subclover by graziers created a need and tangible incentives to improve seed 

production. However, instead of leading to increased innovation there was a marked reduction in patent 

activity in this period. There are several explanations for this decrease.   

First, seed producers were interested in increasing seed production and a great deal of effort went into 

improving the HB. Numerous HB modifications, representing incremental improvements, were 

developed by farmers (Boyle, 1995; Moss et al., 2021a). These modifications were not patented (they 

did not represent the “novel” step required to be patented) and therefore are not reflected in patent data. 

The most significant of these modifications was the tandem drive which allowed multiple HBs to run 

behind a single tractor, but the majority of modifications were only minor improvements (Moss et al., 

2021a).  

Second, the HB’s patent provided it with protection and restricted other inventions. This conforms with 

the theory that intellectual monopolies act to stifle innovation by providing too much power to the existing 

patent holders (Boldrin et al., 2008; Chu et al., 2012). The HB would also have acted as a commercial 

monopoly, being the only suction harvester on the market produced by an established manufacturer. 

To be commercialised, other inventions would have needed to compete with the incumbent HB, 

something manufacturers were reluctant to do.  

Third, complacency is likely another factor in the decline of innovation in the subclover seed industry. 

While high demand for seed during the “sub and super revolution” would have provided incentives to 
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innovate, the marginal benefits might not have outweighed the capital costs necessary to develop the 

new technologies. The HB was effective and subclover seed harvesting could be highly profitable, with 

anecdotes of farmers paying off their properties after a single harvesting season (Moss et al., 2021c). 

Farmers continued to work on new equipment and techniques, but with harvesting activities already so 

financially lucrative, there was likely reduced incentives to invest time, money and effort into developing 

new innovations. This, in particular, would have reduced the likelihood of paradigm-shifting innovations, 

which require higher development costs and longer timeframes for farmers to develop. 

Innovation stagnated through to the 1980s and declined further as economic conditions deteriorated 

and subclover seed demand decreased. Farmers still had an interest in improving seed production, but 

this focused on utilising modern technology already on farm (e.g. cereal combines, mostly 

unsuccessfully) and forming trade secrets rather than commercialisation (Moss et al., 2021b). The 

financial incentives have not been strong enough to support high levels of innovation and consequently 

there has not been a significant advancement in subclover seed production since the 1960s. This 

contrasts with earlier periods of subclover seed production, where strong economic incentives 

supported high levels of innovation. However, stagnating conditions inhibited innovation in the last 

several decades and highlights the need for collaboration to support farmer invention.  

3.3.3 Isolation and collaboration 

A continuous feature of technological development in the subclover case study has been the isolation 

of farm inventors, which acted to both encourage and impede innovation. The vast majority of patents 

were filed by a single inventor (Figure 3.4). Single inventor patents represented paradigm-shifting Level 

3 innovations as well as lower level incremental improvements, and there is no evidence that multiple-

inventor patents were more likely to result in a technological breakthrough. This illustrates that lone 

inventors can be powerful sources of agricultural innovation.  

 

Figure 3.4. Proportion of non-firm subclover related patents (n=44), invented by single and multiple inventors.  
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The predominance of single inventors may have been out of circumstance rather than choice. In 75% 

of patents with multiple inventors, all listed inventors on the patent had the same surname, suggesting 

they were related (Moss et al., 2021c). If this is the case, then <5% of non-firm patents were the result 

of collaboration between non-family inventors. This suggests significant barriers to collaboration existed 

for farmers likely resulting from: geographical isolation, lack of communication technology and a highly 

competitive industry that disincentivised farmers from sharing ideas. 

There does not appear to be notable collaboration between inventors of subclover seed harvesting 

techniques, even in similar locations. The location and year of each identified patent is shown in Figure 

3.5. While groupings of patents appear in similar locations and timeframes, this research found no 

evidence to indicate this was the result of inventors working together or sharing ideas. Instead, these 

clusters of activity are likely due to high subclover seed production in those regions creating conditions 

favourable to invention and patent protection. For example, Western Australian farmers Earnshaw and 

Moore both patented suction harvest systems in 1949. Despite their properties being located <100 km 

from each other (Bokal and Benjinup, respectively) and working on similar systems for years in close 

proximity, they did not have knowledge of each other’s inventions and developed their harvesters 

independently (Moss et al., 2021c). At this time, there were limited means for farmers to share 

information and there would also have been reluctance to do so in order to obtain a competitive 

advantage. These factors resulted in reduced knowledge transfer in the industry.  

Success in the subclover seed harvesting industry necessitated a high level of inventiveness from 

farmers. However, there has also been a clear duplication of effort, with farmers devoting time and 

resources to overcoming the same problem, without sharing knowledge gained or lessons learned. 

Limited communication and reduced knowledge sharing created barriers to commercialising useful 

inventions, incentivising farmers to focus on developing a competitive advantage, rather than a 

commercial product. So while isolated inventors may have been driven to innovate, the lack of 

communication and collaboration has had negative consequences for the overall seed production 

industry. 

Singh and Fleming (2010) hypothesise the diversity of experience across team members increases 

inventive outcomes. As a result of their isolation, subclover seed harvesting inventors have utilised their 

own diversity of experience as skilled fabricators, mechanics and trouble shooters, in addition to being 
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3.3.4 Commercialisation  

In the subclover seed industry, as inventions became more complex, it was increasingly important to 

have commercial support for the innovation to have widespread positive impact. Lack of commercial 

support inhibited innovation and contributed to the decline in the industry. Therefore, collaboration with 

industry, government and research is a key component to support innovation in agriculture. Sadras et 

al. (2020) advocate for multidisciplinary research to improve the return of agricultural R&D investment. 

Multidisciplinary approaches also increase the ability to translate scientific discoveries into realised 

productivity improvements (Passioura, 2020). This “translational research” approach is a core TRIZ 

principle for achieving high levels of innovation (Altshuller, 1984). Therefore, collaboration between 

research and industry can support high levels of innovation, but on-farm stakeholders must still be a 

key part of this process to maximise benefits (McKenzie, 2013). The Rhoades and Booth (1982) “farmer 

back to farmer” model for generating agricultural technology stresses that applied research must begin 

and end with the farmer. This includes the need for farmer participation in initially setting priorities 

(Sadras et al., 2020). The subclover case study has shown how innovative farmers can be and why 

farmers should be utilised in generating agricultural innovation. 

Farmers cannot afford to conduct large research projects themselves, but frameworks exist to directly 

involve farmers in funding R&D. Australia, Canada, USA and the UK have created R&D organisations 

that are funded by levies on agricultural output and controlled, at least partially, by farmer 

representatives (Sadras et al., 2020). These organisations collectively invest hundreds of millions 

(USD) in R&D annually. In Australia, the Grains Research and Development Corporation (GRDC) is the 

largest of these organizations, with annual revenue of AU$200 M (Sadras et al., 2020). The high farmer 

involvement of these organisations and collaboration with research and industry, allows them to create 

and leverage new innovations. These Rural Development and Research Corporations were key in 

supporting innovative farmers to develop Conservation Agriculture systems in Australia (Bellotti and 

Rochecouste, 2014). Recent examples of GRDC funded innovations are the Harrington Seed 

Destructor and the “Weed Chipper”. The Harrington Seed Destructor (Walsh et al., 2012), which 

devitalises weed seeds that exit grain harvesters in the chaff fraction, has had a significant impact on 

global grain production. The evolved technology is now commercially available in an integrated version 

(iHSD) compatible with many combine harvester makes and models and is increasingly demonstrating 

weed control success internationally. The Weed Chipper is the first fallow mechanical weeder 
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compatible with large scale cropping systems (Walsh et al., 2020). The success of the Weed Chipper 

is attributed to collaboration with stakeholders in farming, research (agronomy and engineering), 

manufacturing and industry.  

Farmer-funded organisations like these could be valuable in accelerating agricultural innovation in small 

industries and developing countries. There are relevant and significant agricultural issues that need to 

be addressed, but solutions to these problems may not have sufficient market size to attract investment 

from firms. Farmer-funded organisations can fill the gap left vacant by firms, and align those who pay 

for R&D with those who benefit from it. However, collecting agricultural tax or levies in developing 

countries can be challenging due to the absence of standard account-keeping and are often only 

effective in large-holding contexts (Rajaraman, 2004). While a levy approach may not work in all 

contexts, systems are needed to support on-farm innovation and enable the commercialisation or 

dissemination of useful inventions.  

It is likely that farmers generally have less motivation to commercialise their ideas than firms. In previous 

decades the high price of subclover seed provided financial incentive to innovate, but there are several 

instances of subclover harvesting inventions, both patented and unpatented, where commercialisation 

was not attempted (Moss et al., 2021c). The prospect of developing techniques to provide a competitive 

advantage in seed production would have been sufficient in some cases, particularly in a highly 

competitive and guarded industry (Avery et al., 2001; Moss et al., 2021b). Farmers tend to be less likely 

than firms to document or patent their inventions (Rhoades, 1989) and can forego the cost of patent 

protection, instead protecting the IP of their inventions through trade secret. Many unpatented and 

unadvertised subclover seed harvester inventions likely developed from the farmer’s desire to make 

their own jobs easier (and the urge to tinker and improve practices/equipment), rather than to pursue 

commercialisation. A drawback of this approach is that the benefits of the innovation can become 

restricted to its inventor or region. Therefore frameworks should be put in place to support farmers to 

share or commercialise useful inventions.    

Promoting knowledge sharing between farmers can be challenging, as farmers are competitors in the 

same industry. However, collaboration does not have to rely on altruism. Knowledge sharing can result 

in net positive benefits for the industry, which will benefit individual farmers as members of that industry. 

Innovation is likely to proceed more efficiently when networks of informal know-how sharing are 
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encouraged. Networks of knowledge sharing between competitors have enabled important discoveries 

in industries from steam engines to semiconductors (Pedraza-Fariña, 2016). These networks should 

be supported and shared knowledge can still be protected. Research collaboration is becoming 

increasingly common among firms, universities and institutes, but is navigated with intellectual property 

protection (Slowinski et al., 2006). Governments and research development corporations can provide 

financial or logistical support to farmers to protect or commercialise their inventions. This will secure 

farmers’ intellectual property, while allowing valuable innovations to have widespread benefit.  

3.3.5 Application of TRIZ principles 

The progression of technology in the subclover case study aligns with TRIZ literature. The proportions 

of each level of innovativeness for subclover patents closes matches results from the initial Altshuller 

TRIZ study (Table 3.1). The majority of subclover inventions were lower level and contributed to 

incremental progress by developing improvements to existing technology. The more seldom, higher 

level innovations were able to overcome a performance compromise and resulted in a paradigm shift 

in seed production and technology. Analysis of these higher level patents reveals application of TRIZ 

fundamental principles.  

Table 3.1. Comparison of the proportion of patents in each TRIZ innovation level (where 1, 2 & 3 represent minor 

corrections, substantial improvements and paradigm shifting innovation, respectively) between subterranean clover 
seed harvesting patents and patents examined in the initial Altshuller TRIZ study (Dieter and Schmidt, 2013) 

 

Subclover 
case study 

Initial TRIZ 
study 

Level 1 75% 77% 

Level 2 17% 18% 

Level 3 8% 5% 

   
All Level 3 inventions were achieved relatively early in the subclover timeline, 1924 to 1933 (Figure 3.2). 

These introduced a new principle to subclover seed production technology, but were often adapted from 

other industries. Threshers and brush systems in particular were well known in similar agricultural 

sectors and it is unsurprising that subclover specific adaptions were invented early on. Sheepskin and 

suction harvesters were derived from existing systems, but in much more novel applications and 

stemmed from farmer experience. Therefore, since this knowledge already existed for farmers it could 

be applied early in the industry. 

The principle behind the sheepskin roller is simple, but particularly innovative and was the last of the 

Level 3 inventions to be patented. This system employs wool wrapped around a drum and rolled over 
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a paddock to collect seed, which clings to the wool. Subclover seed is encased in hooks that have 

evolved to attach to animal fur as a method of seed dispersal. By directly targeting the seeds, the 

sheepskin roller began to address the significant contradiction of seed harvesting at the time: collecting 

unwanted gravel, soil and straw when trying to capture seed. These unwanted by-products increased 

seed processing costs and were a major drawback of brush and suction systems at the time.  

The sheepskin roller is an excellent example of the “use of resources” TRIZ principle, which advocates 

for maximising the use of everything contained in a system. This principle particularly emphasises the 

use of what may be perceived as a negative resource or attribute of a system in addition to only the 

positive (Mann 2001). Hooks and spines encasing the seed can be deleterious to seed production as 

they may cause seeds to clump together and attach to bags (especially prior to on-board threshing). 

This also causes issues in the wool industry as subclover burrs and spiny medic pods need to be 

combed out of wool, which led to selective plant breeding to produce spineless varieties of annual 

Medicago species (which inadvertently meant they could not be harvested with sheepskin rollers) 

(Didar, 2003; Nichols et al., 2012). The sheepskin roller turned this potentially negative resource (hooks 

and spines) into a positive and utilised it to aid with seed harvesting. This invention also highlights 

farmers exploiting farm system synergies; utilising a product of pastures (wool) to harvest pasture seed. 

It is unclear what inspired the first suction harvester, however it is known that a later suction system 

was independently invented by Earnshaw after observing seed blowing in the wind (Moss et al., 2021c). 

Inadvertently, this inventor had utilised the TRIZ principle of replacing mechanical with pneumatic 

action. This allowed the suction system to increase harvest rate compared to mechanical brush and 

sheepskin harvesters. Even though a suction harvester was first patented in 1927 and represented a 

paradigm shift in this technology, it did not result in a paradigm shift in seed production for decades and 

suction systems would not become widely used until the 1960s. Subsequent Level 2 innovations were 

needed to combine suction with other systems and create an effective product. This is likely because 

pneumatic technology was not advanced enough at the time to allow initial harvesters to compete with 

simpler brush and sheepskin systems. The benefits of suction harvesters were only fully realised when 

other systems were subsequently developed. The design of the Horwood Bagshaw Clover Harvester 

combines the high harvest rate of suction, with on board threshing and cyclone separation to overcome 

the contradiction of harvesting at high harvest rates while still collecting clean seed (relatively 

uncontaminated by soil, gravel and straw).  
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One of the most significant issues affecting subclover seed harvesting is soil disturbance and ingestion 

by harvesters, which leads to machinery wear and increases the risk of soil erosion (Moss et al., 2021b). 

This issue has not been satisfactorily addressed by any previous inventions. Because subclover seed 

is buried in the ground, harvesting the seed without disturbing the soil is a physical contradiction. In 

TRIZ, physical contradictions represent high level problems, the solutions to which are often not found 

in technology, but in science – usually in seldom utilised physical and chemical effects or phenomena19. 

Solving high level problems of this sort can be beyond the limits of contemporary science, as the 

understanding may not yet exist to overcome the physical contradiction (Altshuller, 1984). Therefore, it 

might not currently be possible to completely eliminate the contradiction of harvesting buried burrs 

without soil impact and new innovations may only be able to reduce rather than completely exclude soil 

disturbance. 

3.4 Lessons to support future agricultural innovation 

The subclover seed production industry offers a number of lessons for agricultural innovation in the 

future. The high proportion of farmer invention reflects the innovativeness of farmers in this industry, 

but also highlights the reluctance of larger firms to invest unless there is a significant market size. These 

lessons are particularly applicable to small-scale farms and the developing world. Constraints in the 

developing world often lead to radically different solutions to those found in resource-rich countries 

(Mattson and Winter, 2016; Mattson and Wood, 2014). Farms in the USA, where a significant amount 

of R&D takes place, are 100 times larger than 80% of all farms globally (Díaz Lankenau and Winter, 

2019) and Australian farms are significantly larger than US farms (Australian Bureau of Statistics, 2016; 

USDA, 2021). However, half the world’s food is produced by 1.5 billion small-scale farmers and for non-

industrialised nations, 80% of food is produced by small-scale farmers (Bragdon and Smith, 2015). 

Significant positive impacts in global agriculture can be realised if innovation from these farmers is 

supported and focused.  

To maximise farmer innovation the drivers must be understood. There must be a relevant problem and 

perceived benefit to overcoming it. This aligns with current economic and management technology 

                                                      
19 An example of a physical contradiction solved by advances in science is a doctor’s requirement to 
view bones inside of a body, despite them being covered by skin, muscle etc. A solution to this problem 
was made possible by the discovery of X-Ray radiation, which permits denser bones to be imaged 
through a patient’s skin and muscle.  
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theory (Coccia, 2017), but the approach of farmers is different to firms. Favourable economic conditions 

will encourage farmers to invest in innovation. However, the costs and time of developing an invention 

can act as a roadblock to farmers, which can be overcome with research and industry collaboration. 

The absence of this support can inhibit farmer innovation particularly in small markets.  

Farmers are also less likely than firms to develop inventions for commercialisation, instead aiming to 

improve their own production and competitive advantage. Industry engagement is crucial to increase 

commercialisation of useful inventions and enable maximum benefit. However, farmers can be hesitant 

to share ideas and knowledge, and keep inventions as closely guarded trade secrets. Knowledge 

sharing amongst farmers, industry and research can contribute positively to innovation, therefore 

frameworks and incentives are needed to encourage farmers to communicate and collaborate. External 

support on intellectual property protection can encourage farmers to share or commercialise inventions 

while still maintaining ownership. 

Farmer funded research and development corporations are one avenue of support to farmers to enable 

innovation and reduce the amount of valuable knowledge localised in a person or region. While isolation 

was a key driver of innovation in subclover seed harvesting, collaboration will be key to creating new 

advances in a more complex and connected future. Harnessing the creative power of farmers has the 

potential to accelerate agricultural innovation and contribute to solving the considerable challenges 

facing global agriculture.   
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3.5 Chapter supplementary material 

Table 3.2. Full list of Australian subterranean clover seed production patents and classifications used in this study. 

No relevant patent activity has occurred since 1992. 

Year Innovation 
classification 

Patent type Inventor/s No of 
inventors 

Inventor 
profession 

Location State 

1924 3 Thresher or Huller Dutch 2 Engineer Mt Barker SA 
1924 1 Thresher or Huller Hill 1 Farmer Cobden Vic 
1925 2 Rake Schnickel 1 Farmer Kybybolite SA 
1925 1 Rake Shepherd 1 Farmer Kybybolite SA 
1926 1 Seed Cleaner Hill 1 Farmer Cobden Vic 
1926 2 Thresher or Huller Kaesler 2 Engineer Hahndorf SA 
1927 1 Thresher or Huller Ford 1 Farmer Burekup WA 
1927 3 Pneumatic Harvester Hill 1 Farmer Cobden Vic 
1928 2 Rake Campbell 1 Engineer Adelaide SA 
1928 3 Brush Harvester Hack 1 Farmer Boyup Brook WA 
1929 1 Thresher or Huller Daniel 1 Engineer Mt Barker SA 
1933 3 Sheepskin roller or similar Forrest 1 Farmer Boyup Brook WA 
1935 1 Sheepskin roller or similar Nix and Kohlman 2 Farmer Boyup Brook WA 
1936 1 Seed Cleaner Virgo 1 Engineer Strathalbyn SA 
1937 1 Sheepskin roller or similar Doust 2 Farmer Boyup Brook WA 
1937 2 Pneumatic Harvester Lowe 1 Farmer Echunga SA 
1937 1 Seed Cleaner Williams-Ellis 1 Farmer Longford Tas 
1938 1 Brush Harvester Kretsmer N/A Company Adelaide SA 
1938 2 Brush Harvester Hannford N/A Company Woodville SA 
1939 1 Seed Cleaner Henderson 1 Farmer Boyup Brook WA 
1941 1 Brush Harvester Paterson 1 Farmer Longford Tas 
1945 1 Sheepskin roller or similar Moore 1 Farmer Bridgetown WA 
1945 1 Brush Harvester Wright and 

Stephenson 
N/A Company Melbourne Vic 

1948 1 Pneumatic Harvester Earnshaw 1 Farmer Bokal WA 
1949 1 Pneumatic Harvester Moore 1 Farmer Benjinup WA 
1951 1 Sheepskin roller or similar Bailey 1 Farmer Beverley WA 
1952 1 Brush Harvester Thomas 1 Farmer Apsley Vic 
1953 1 Brush Harvester Stephenson 1 Farmer Mt Barker SA 
1953 1 Brush Harvester Rowley 1 Farmer Myponga SA 
1954 1 Sheepskin roller or similar Ellis 1 Farmer Kojonup WA 
1954 1 Sheepskin roller or similar Hepburn and 

Lovett 
2 Farmer Wagga Wagga NSW 

1955 1 Sheepskin roller or similar Barrow Linton 1 Farmer Unknown WA 
1956 1 Sheepskin roller or similar Matson 2 Unknown Unknown Unknown 
1957 1 Pneumatic Harvester Adams 2 Unknown Unknown Unknown 
1957 1 Brush Harvester Presser 1 Unknown Unknown Unknown 
1957 1 Brush Harvester Millington 1 Researcher Unknown WA 
1957 1 Seed Cleaner Clugston 1 Unknown Unknown Unknown 
1957 1 Sheepskin roller or similar Bell 1 Farmer Unknown Unknown 
1958 2 Pneumatic Harvester Garrett 1 Unknown Unknown Unknown 
1958 1 Brush Harvester Thomas 1 Unknown Unknown Unknown 
1959 1 Seed Cleaner Dickerson 1 Farmer Unknown WA 
1960 1 Sheepskin roller or similar Dunn 1 Farmer Unknown Unknown 
1961 2 Pneumatic Harvester Horwood 

Bagshaw 
N/A Company Adelaide SA 

1964 1 Pneumatic Harvester Barrow Linton 1 Farmer Unknown WA 
1965 1 Brush Harvester Wren 1 Unknown Unknown Unknown 
1970 1 Brush Harvester Oswald 4 Unknown Unknown Unknown 
1982 2 Pneumatic Harvester Dutschke 1 Farmer Brinkworth SA 
1992 1 Brush Harvester Moore 1 Farmer Novar 

Gardens 
SA 
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Table 3.3. Number of Australian patents related to subterranean clover seed production classified into their 

profession (specified by patent) and the TRIZ level of innovation demonstrated by the patent.  

                    Inventor Profession   

 
  

 
Farmer Engineer Firm Researcher Unknown Total 

Innovation 

classification  

Level 1 24 2 2 1 7 36 (75%) 

Level 2 3 2 2 0 1 8 (17%) 

Level 3 3 1 0 0 0 4 (8%) 

Total 30 (63%) 5 (10%) 4 (8%) 1 (2%) 8 (17%) 48 
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Chapter 4 

Harvesting subterranean clover seed: 

current practices, technology and issues 

Preface: This chapter was published as “Moss, W. M., Guzzomi, A. L., Foster, K. J., Ryan, M. H., and 

Nichols, P. G. H., 2021. Harvesting subterranean clover seed – current practices, technology and 

issues. Crop and Pasture Science 72, 223-235” with addition of elements from “Moss, W. M., Guzzomi, 

A. L., Foster, K. J., Ryan, M. H., Erskine, W., and Nichols, P. G. H., 2021. Vacuum harvesting sucks: 

improving the Horwood Bagshaw Clover Harvester. In "Australian Grassland Association Symposium" 

(B. Cullen, ed.), 5. Virtual Conference”. The introduction has been modified to avoid repetition with other 

chapters of this thesis.  

4.1 Introduction 

Subterranean clover (subclover) systems are important for sustainable pasture rotations in Australia 

and globally. The Australian seed production industry is vital to supporting the agricultural use of 

subclover, however environmental and productivity challenges are threatening the economic viability 

and sustainability of subclover seed production (Avery et al., 2001; Loi et al., 2005). This has resulted 

in a reduction of seed producing area and likely the number of seed producers (Australian Seeds 

Authority, 2020), which threatens the future of the industry. These issues were discussed in Chapters 

1 and 2 based on current literature, however there is a significant gap in recent studies on subclover 

seed production prior to the work presented in this thesis.  

Seed production issues are not well documented and efforts to address them are hindered by a lack of 

recent studies of harvesting practices and equipment. Avery et al. (2001) reported there had been little 

research in this area in the four decades prior to their report and the limited research since then has 

focused on the agronomic, and not the mechanical, aspects of seed production. Therefore, this chapter 

evaluates the practices, equipment and issues of current subclover seed producers across Australia 

and explores the hypothesis that harvest technology is the root cause of the key problems affecting the 

industry: soil degradation, expensive seed production and a decreasing number of seed producers. An 
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improved understanding of harvest practices and associated problems will permit future work to explore 

alternative harvest systems and develop new technology to upgrade or replace the aging Horwood 

Bagshaw Clover Harvester (HB). 

4.2 Materials and methods  

Three approaches were taken to document current subclover seed production practices in Australia: 

I. On-farm case studies. 

II. Seed industry workshops. 

III. A survey of seed producers. 

On-farm case studies and workshops were conducted in the major seed producing regions of Western 

Australia (WA), South Australia (SA), New South Wales (NSW) and Victoria (Vic). Both approaches 

facilitated engagement with seed producers and helped collect information relating to their practices. 

The information gathered from these interactions helped form questions for a more detailed survey of 

seed producers. These approaches were designed to elucidate seed production practices, harvest 

equipment and issues. Information on annual medic (Medicago spp.) seed production was also 

collected, but will not be presented in this chapter. Human ethics approval for the case studies, 

workshops and survey were obtained from The University of Western Australia (Ref. RA/4/20/5383). 

4.2.1 On-farm case studies 

Six case studies were conducted on subclover seed producers across Australia: two in each of WA, 

NSW and SA. Each was identified as a dedicated, rather than opportunistic, seed producer and were 

considered by the research team to be a representative example of best practice in their district. Seed 

producers were selected in consultation with seed companies and through personal industry contacts 

of the research team. Field visits were undertaken in February and March 2019 to coincide with the 

harvest season. Harvest operations were observed and the seed producers interviewed by the research 

team to understand: their harvest process and history; machinery use and modifications; soil erosion 

impact and mitigation; and issues experienced with harvest processes and machinery.  

4.2.2 Seed industry workshops 

In March 2019, day-long workshops were conducted in the important pasture seed production districts 

of Naracoorte SA, Pingelly WA and Corowa NSW. Workshop participants included pasture seed 



Chapter 4  Current seed production 

69 
 

producers, seed company production managers, agronomists, consultants to the seed industry, and 

members of rural industry research and development corporations. Approximately 80 attendees were 

present across the three events. While the workshops were open to the broader seed industry, they 

were targeted specifically at seed producers in order to gather information about their harvest 

experiences and collect input for the development of new harvesting technology. These workshops 

provided the opportunity to document harvesting practices and issues from a range of seed producers 

and districts.  

4.2.3 Seed producer survey 

Informed by the workshops and case studies, a survey was designed and distributed to subclover and 

annual medic seed producers in Australia. The survey captured information on seed harvesting 

practices, equipment and issues through a similar approach to Masarei et al. (2019), which surveyed 

practitioner experiences and equipment in native seed restoration and identified limitations in direct 

seeding machinery. Survey details are provided in Appendix C.  

The survey was conducted online and all responses were collected anonymously. The link to the survey 

was distributed via email to seed companies and district grower groups, who disseminated it to seed 

producers in their networks. The survey was also sent to attendees of the seed industry workshops who 

registered their interest in being surveyed. Companies and participants were encouraged to forward the 

survey to relevant producers who had not been contacted. This blanket distribution method was used 

because of the small size and fragmentation of the industry, in an effort to maximise the number of 

responses. Due to the nature of this distribution method the total number of survey recipients is 

unknown and therefore the response rate cannot be estimated.  

Survey participants were asked a series of questions about their seed harvesting practices and 

equipment, and the limitations, advantages and issues they perceived with their current harvesting 

system. Harvesting practice questions sought details of the processes taken during paddock 

preparation, the harvesting process and post-harvest erosion control. Questions regarding equipment 

investigated how producers’ HBs were used and the nature of any modifications they had made to the 

standard machine. Information was also gathered on any alternative harvesting processes to the use 

of HB harvesters. General demographic questions were also asked to establish the context of their 

farming activities (e.g. post code, soil type, annual average rainfall and access to irrigation). A 
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combination of multiple choice, quantitative and qualitative text-based questions were used. All 

questions were optional, hence not all respondents completed every question.  

Descriptive statistics were used to analyse and interpret the collected data. Qualitative questions were 

grouped and coded where appropriate to be represented in the dataset. Response statistics are 

reported as a percentage of the total number of responses to that question (denoted as “n”). 

4.3 Results 

4.3.1 Case studies 

A summary of the farming system and harvest procedure for each case study is presented in Table 4.1. 

The techniques and equipment for each stage vary between producers (e.g. different combinations of 

raking or harrowing), but the purposes behind the operations are consistent. Different variants of 

equipment are utilised depending on synergies with other farming activities (e.g. hay producers may 

use a tedder rake because it is already available). The number of HBs used and their configurations 

depend on the equipment available to the producer and the size of their operation. The techniques used 

for post-harvest erosion depend primarily on the equipment available and soil type. 
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Table 4.1. Details of the harvest procedure for each of the six case studies.  

#Data from the Bureau of Meteorology for the closest weather station for 1980 to 2019. 
+Each preparation step may be repeated multiple times depending on cultivar and conditions. 

*A train refers to multiple harvesters behind a single tractor e.g. “2 trains of 3 HBs” refers to 3 HBs behind a single tractor, with 2 tractors operating at once (6 HBs in 

operation). 

  1 2 3  4 5 6 

Farm Details       

State NSW NSW WA WA SA SA 

Soil type Red brown - grey clay Heavy clay Sand Sandy loam Sandy loam over clay Sandy loam 

Annual average 
rainfall (mm) # 547 689 861 417 508 508 

Irrigation Majority irrigated  Rainfed Rainfed Rainfed Majority irrigated  
Irrigated and 
rainfed        

Harvest Procedure+ 

      

Residue reduction Rake and bale Rake and bale  Cattle graze Sheep graze Windrow  Rake and bale  
       

Pre-suction 
preparation 

Heavy diamond harrows Harrow Power harrow Harrow Harrow Prickle chain 
  

Inline rake Chain link harrow Light harrow Rake Inline rake 
    

Chain harrow 

 

Harrow 
      

Chain mesh 

Suction harvest 
passes 

2  2  1  1  2-3  2-3  

 
HB harvest units 

 
2 trains* of 5 HBs 

 
1 train of 4 HBs 

 
1 train of 2 HBs  

 
2 trains of 2 HBs 

 
2 trains of 3 HBs  

 
3 trains of 3 HBs        

Post-harvest 
treatment 

Scarify with airseeder  
Airseeder – sow wheat 
or oats 

None Scarify Rainfed - scarify  
Year 1: Scarify 
with airseeder   

 

Biosolids covering 
every 5th year 

 

 Irrigated – sow oats/barley  

Year 2 : Airseeder 
– sow oats 
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4.3.2 Survey 

A total of 18 survey responses were received from WA (n=3), SA (n=8), Victoria (n=2) and NSW (n=5), 

with 16 currently active and 2 retired. The location of each respondent is shown in Figure 4.1. The 

majority of responses were from the Naracoorte region, an important seed production area in SA.  

 

Figure 4.1. Location of each survey respondent (from postcode supplied).  

 

4.3.3 Harvest process 

The harvest process captured from the survey, case studies and workshops depicts a procedure that 

is time, labour and equipment intensive, while also damaging to the soil structure. Although harvest 

procedures varied among producers and locations, there was a common harvesting structure consisting 

of four stages: 

I. Pre-harvest plant residue reduction.  

II. Pre-suction soil preparation.  

III. Suction harvesting.  

IV. Post-harvest soil treatment to reduce erosion. 

The flow diagram in Figure 4.2 depicts these four stages, together with information on each stage from 

survey data, Table 4.2. A high number (median of 11) of total passes is required in the harvest process.  
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Figure 4.2. Flow diagram of typical subclover seed harvest process as ascertained from the survey data 

Table 4.2. Equipment and methods employed in the four stages of the harvest process. The percentage 

indicates the proportion of survey respondents utilising the corresponding harvest method for that respective stage. 
Seed producers can utilise multiple approaches in each stage and therefore method columns sum to over 100%. 
The number of passes performed for each pre-suction preparation activity is also shown, with statistics for median 
and range. Note the number of passes are for initial preparation prior to suction harvesting and do not include 
subsequent preparation activities between suction harvesting passes. 

Pre-harvest plant 
residue reduction  

(n=15) 

 
Pre-suction soil preparation  

(n=15) 

 
Seed harvesting  

(n=18) 

 Post-harvest 
erosion control  

(n=15) 
   

Method % 

 

Method  % 
No. passes  

Method % 

 

Method % 
 Median Range   

Hay baling 73  Harrowing 100 3 2 to 8  HB Clover 
Harvester 

100  Clod 
formation 

73 

Raking 67  Raking 79 2 1 to 4  
Conventional 

crop 
harvester 

11  Crop 
sown 

47 

Harrowing 60  Chain mesh  40 2 1 to 4   Custom built 
harvester 

6  Irrigation  13 

Grazing 
animals  

40  Total  no. 
passes 

- 6 3 to 14  
   

Straw 
covering 

13 

Mowing 40        
    

Herbicides 20                  
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Pre-harvest plant residue reduction aims to remove excess senesced biomass in order to decrease the 

amount of plant material to be picked up and enable buried burrs to subsequently be brought to the 

surface. The subsequent pre-suction steps are intended to prepare the plant and paddock so that the 

seed can be effectively harvested by the HB. Multiple machinery passes loosen the soil surface, bring 

the buried burrs to the surface and level the ground. Heavy implements (harrows and rakes) break up 

plant material and separate burr from the vine, followed by lighter implements (chain mesh) to position 

burrs on the surface in preparation for suction harvesting. Producers recognise these preparation 

activities degrade the soil structure and remove protective plant cover, leaving the paddock at particular 

risk of erosion. As such, common best practice is to only prepare areas that will be completed in the 

same day (harvested and erosion control applied) in order to minimise the area of exposed land.  

Suction harvesting is conducted as soon as possible after preparation to reduce the time before erosion 

control is applied. Multiple suction passes are usually employed to maximise seed capture. The majority 

of survey respondents (66%; n=15) typically complete two suction passes and high seed yielding 

paddocks sometimes warrant up to three passes. Producers view the decision to complete additional 

harvest passes as a trade-off between potential seed gain and the costs of time, wear on equipment, 

labour and soil damage.  

Preparation tasks are repeated between suction passes to ready the paddock for further harvesting. 

Raking, harrowing, chain mesh and similar are used between suction passes to bring up more burr and 

prepare the surface.  

Post-harvest erosion control is required as the harvesting process leaves the soil bare, loose and prone 

to subsequent wind or water erosion (Figure 4.3). All survey respondents (100%; n=18) indicated they 

performed a post-harvest pass for erosion control. Three general erosion control methods are used:  

I. The most common is to roughen the soil surface to form clods and furrows. This is usually 

accomplished by harrowing, tilling or scarifying the soil. Air seeders with tynes or discs are 

also commonly used to cultivate the soil without sowing seed.  

II. Crops can be sown into the paddock to provide ground cover, particularly when there is 

access to irrigation. The act of seeding forms clods or furrows that reduce erosion. Moisture 

from irrigation can also temporarily reduce erosion. 
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III. Ground coverings are also used in an attempt to reduce wind erosion. These can be straw, 

biosolids or any other material that will provide resistance to soil particle detachment and 

transport. For example, the Kybybolite/Koppamurra Landcare Group (P. Stuart, personal 

communication, March 12, 2019) experimented with the use of a straw covering and 

determined that spreading straw (cut to lengths 150-250 mm) at a rate of 500-750 kg/ha was 

an effective erosion mitigation technique.   

 

Figure 4.3. Subclover seed paddock surface pre-harvest after plant residue reduction, showing burrs brought to 

the surface (left) and immediately post-suction harvest (right). The majority of organic matter ground cover has 
been lost during suction harvest, leaving the paddock bare and prone to erosion.    
 

4.3.4 Harvest equipment 

The HB Clover Harvester remains the most common machine used in Australia for harvesting subclover 

seed. One respondent also uses custom-made seed harvesting equipment to replace the HB. This 

consists of modifications to a rotary combine harvester to adapt it to harvest subclover seed, although 

details of these modifications were not disclosed. In the case studies and workshops some references 
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were made to other harvesting machines previously developed by farmers, however nearly all of these 

are not used today.  

All surveyed current seed producers (100%; n=16) own their own HBs, while one respondent 

additionally utilises contractor HBs. All survey respondents who answered on the quantity of HB 

ownership (100%; n=12) owned multiple HBs (Figure 4.4). Case study discussions indicated producers 

commonly kept at least one machine as a spare for break downs during harvest. Typical HB operating 

parameters are summarised in Table 4.3. 

 

Figure 4.4. The number of HB Clover Harvesters owned by each survey respondent (n=12). 

Table 4.3. Horwood Bagshaw Clover Harvester operating parameters. Summary of survey responses (n=15) 

indicating how producers typically set up and operate their machines to harvest subclover seed. The number of HB 
passes is a trade-off between seed capture, time and soil impact. Forward harvesting speed is affected by paddock 
seed yield, weather conditions and subclover variety. 

  Median Range 

No. of total HB passes 2 1 to 3 

No. of HBs in tandem behind single tractor 
 

3 1 to 5 

Forward harvesting speed (km/h) 2.5 1 to 4 

Respondents utilising 1.22 m duct 89% 

Respondents utilising 2.14 m duct 11% 

 

4.3.5 Modifications to standard HB Clover Harvesters 

HBs have been widely modified by farmers and local engineering workshops to improve on the original 

design and adapt to local conditions. All survey respondents (100%; n=18) and case study producers 

have implemented modifications, the most common being the tandem drive (89%; n=18), which allows 

multiple HBs to be towed and powered by a single tractor. Other modifications to increase performance 

were aimed at increasing seed storage (with enlarged bins or external trailers), or utilising modern 
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components (fan and bearing replacements). Some producers have added brushes to their harvesters 

in an attempt to aid seed pick up, although the effectiveness of this is unknown and many brush 

modifications were later removed by producers. The majority of modifications have focused on making 

HB operation and maintenance more convenient (adding inspection panels or fill sights, and relocating 

components for easier access). Modifications reported in the survey are listed in Table 4.4, categorised 

into whether their purpose is to: increase harvest efficiency; maintain machinery and/ or reduce future 

maintenance; or increase convenience in ease of operation and maintenance. Three common 

modifications are depicted in Figure 4.5. 

Table 4.4. Number of survey respondents utilising each Horwood Bagshaw modification (n=18), with the in the 

intended purpose of the modification.  

Modification Purpose 
No. of 
responses 

Tandem drive  Harvest efficiency 16 

Bearings upgraded Maintenance, convenience 16 

Increased drive shaft size Harvest efficiency 16 

Access/inspection slots for monitoring and maintenance Convenience 14 

Seed delivery fan relocated Harvest efficiency, convenience 14 

Seed storage bin fill sights added Convenience 14 

Seed storage bin size increased Harvest efficiency 14 

Modification for easier rotary valve removal Convenience 14 

Wear-resistant coating in main cyclone Maintenance 11 

Hydraulic lift on pick up duct Convenience 10 

Drive ratios modified Harvest Efficiency 9 

Covering / guide below riddle box exhaust Harvest Efficiency 9 

Brush ahead of pick up duct Harvest Efficiency 8 

Seed delivery fan upgraded Maintenance, harvest efficiency 7 

Main fan upgraded Maintenance, harvest efficiency 6 

Mesh replaced with punched screen in thresher  Maintenance 6 

Thresher bars relocated Harvest Efficiency 4 

External storage bin added Harvest efficiency 3 

Secondary sand screen removed Maintenance, convenience 3 

Double flighted auger added to sand screen Harvest efficiency 2 

Pick up duct roller replaced with wheels Harvest efficiency 2 

Main cyclone cone removed Harvest efficiency 1 

Pre-cleaner Harvest efficiency 1 

Roller moved behind pick up duct Harvest efficiency 1 
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Figure 4.5. Examples of HB modifications. a) An external seed storage bin. b) Broom ahead of pick-up duct. c) 

Tandem drive kit allowing five HBs in a train behind a single tractor. 

4.3.6 Issues related to seed harvesting 

The key issues identified by subclover seed producers in the survey, case studies and workshops were: 

 Soil erosion and degradation during pre-harvest preparation and suction harvesting. 

 Negative public perception of dust plumes during harvest and subsequent paddock erosion. 

 HB Clover Harvester reliability and maintenance. 

 The time and labour-intensive harvest process, with high fuel and labour costs. 

 The impact of weather conditions on harvesting rate. 

 The risk of harvest rain causing germination and reducing saleable yield. 

 The high amount of foreign material picked up with the burr, which needs to be subsequently 

screened out. 

 Soil and weed contamination biosecurity issues when selling interstate and internationally. 

The survey respondents’ perception of the single “most significant” issue were (n=11): efficiency and 

cost (36%), soil degradation and erosion (27%); harvester reliability and maintenance (27%); and 

weather impacts on harvest (9%).  



Chapter 4  Current seed production 

79 
 

4.4 Discussion 

4.4.1 Harvest process 

The harvest process for subclover seed is time and labour-intensive, and has a significant negative 

impact on the soil. The process involves a high number of passes to prepare the paddock, work burr to 

the surface, harvest and thresh seeds, and finalise the paddock post-harvest. The median total (11) 

seed harvesting passes found in the survey is in line with the estimated 12 passes reported by Virgona 

(1996). While harvest principles are similar across producers, the pre and post-harvest equipment and 

techniques employed can vary widely. Research is required to identify the most effective practices and 

develop techniques that address issues in the harvest process. However, the current harvest process 

is inherently linked to the suction harvest system, which is the root cause of many of these issues.  

4.4.1.1 Pre-harvest preparation  

Pre-harvest preparation is a vitally important aspect of the current suction harvesting process, but takes 

time and degrades the soil. New harvest technology or methods are needed to reduce the amount of 

preparation required and its impact on the soil. 

Alternative preparation techniques are possible. Case study three provides an example of a novel 

procedure using only three passes following grazing: vertical blade power harrow, chain harrow and 

suction harvest. The European style power harrow (Breviglieri Mekfarmer 220), set 2.5 cm deep, utilises 

blades rotating around a vertical axis to break up plant material and bring burr to the surface without 

inverting the soil layers. A chain link harrow further prepares the soil before a single suction pass with 

a HB harvests the subclover seed. This producer operates on light, sandy soil where erosion is a key 

concern and forgoes post-harvest cultivation so not to disturb the soil further. It should be noted that 

seed yields here are relatively low (<500 kg/ha clean seed) compared to other districts with irrigation, 

where yields can exceed 1000 kg/ha. The power harrow approach may not work as effectively on higher 

yielding paddocks or heavier soil textures, however it does provide a contrast to other more intensive 

harvesting systems. This case study was the only recorded instance of a power harrow being used in 

the industry and its potential for more widespread use should be investigated further.   

4.4.1.2 Post-harvest erosion control 

Control of erosion is an important part of the harvest process. While it does not affect harvesting of the 

seed, it helps to protect producers’ soil and the sustainability of their operation. McIntosh et al. (2006) 
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recommend maintaining greater than 50% groundcover or 50% large soil aggregates (clods) in order 

to reduce the risk of wind erosion on cultivated paddocks. Most seed producers attempt to implement 

this post-harvest, however the techniques used vary widely and there has been no formal evaluation of 

their efficacy. The erosion controls applied by producers depend on local soil conditions and resources 

available. For example, the equipment used to form clods varies depending on the equipment available 

to the producer from their other farm activities and there is no available best practice. In case study two, 

the use of a biosolid covering is the result of close proximity to a paper mill, which allows easy access 

to this material. The range of methods used highlights the need for more research in this area. Further 

investigation should evaluate different erosion control methods and provide guidance on which 

treatments are most effective. However, this only attempts to mitigate the erosion issue and therefore 

new solutions should also seek to address the underlying cause of this problem: the harvest system 

and technology.  

4.4.1.3 Suction harvesting 

Suction harvesting is the quintessential feature of current subclover seed production, however it is 

almost completely reliant on early 1960s technology. This system is effective at harvesting seed, but 

only when burrs are brought to the surface. Bringing them to the surface requires soil disturbance and 

degradation. Suction harvesting then further impacts the soil and leaves the paddock bare and 

vulnerable to erosion. Refined methods of preparation and post-harvest erosion control may address 

some of these issues, but the root cause is the suction harvest system. Therefore, the most effective 

way to address the negative impacts of the current subclover harvesting system on the soil will likely 

come from the development of alternative harvesting technology that avoids the use of suction.  

4.4.2 Harvest equipment 

The HB remains crucial in subclover seed production. Nearly 60 years from its release, and three 

decades after the cessation of its manufacture, it is still used by practically all producers. While this is 

a credit to its design, it does underscore the need for innovation and new technology in the industry. 

This conclusion is particularly apparent when comparisons are made to the harvesting equipment for 

other crops, which have seen significant investment and innovation over the past decades to produce 

advances in production.  
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The HB harvest width (most commonly 1.22 m) is narrow for modern agricultural standards and 

represents a significant disadvantage. Grain combine harvesters developed from an average harvest 

width of 3 m in 1960 to 5 m in 1986 (Biondi et al., 1996) and today widths extend up to 13.8 m (Claas, 

2020). Peanut harvesting “diggers” are manufactured in widths up to 8 m (KMC, 2020). Suction peat 

harvesters utilise multiple pickup ducts for an effective width of 3.64 m (Premier Tech Chronos, 2020). 

The HB’s limited width is becoming increasingly salient when compared to advances in other 

equipment, however the major bottleneck in the machine is the material processing capacity. If this 

were increased, a larger pickup duct could be used, which would increase the harvest rate.  

The harvest width and speed produce the harvest rate. The survey indicated HBs are typically driven 

at 2.5 km/h to harvest subclover seed, which equates to an average harvest rate of 0.3 ha/h for the 1.22 

m duct. This is an overestimate of the overall harvest efficiency, as turning, unloading and other 

operations add time when the machine is not harvesting. However, the overall efficiency can be 

increased by adding machines in tandem. Harvest rates for modern cereal combines are much higher 

than the HB. For example, Busato et al. (2007) estimated a wheat combine (9 m width, 9.24 km/h 

average speed) in SA operates at 8.3 ha/h.  

Although the rate at which the HB actually harvests subclover seed is low, the overall seed harvesting 

process is even slower, given suction harvest passes are generally repeated and numerous other pre- 

and post-suction steps are required. With a median of 11 passes, the HB process results in a 

comparatively low overall harvest efficiency for subclover seed. Most crop harvesting with a combine 

harvester can be completed in a single pass, including aerial-seeded pasture legumes such as balansa 

clover (Trifolium michelianum Savi), Persian clover (T. resupinatum L.) and arrowleaf clover (T. 

vesiculosum Savi) (Nichols et al., 2012). However, subclover seed is buried, which presents unique 

harvesting challenges among the pasture legumes. There are other agricultural and horticultural crops 

harvested from beneath the soil surface; for example potatoes (Solanum tuberosum L.) are harvested 

from the ground in a single pass, but being significantly larger than subclover burrs they are easier to 

separate from the soil. Peanuts (Arachis hypogaea L.) are a legume harvested from the soil in two 

passes -  a digger cuts the tap root and lifts peanut clusters from the soil, leaving them in inverted 

windrows (peanuts facing up) to dry out on the surface, followed by a peanut combine harvester to pick 

up and thresh pods from the vines (Bader and Sumner, 2009). While none of these other crops are 

perfectly analogous to subclover seed, they do provide examples of the advantages of harvesting with 
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modern technology and methods. The comparisons also highlight the relatively low productivity of 

current subclover harvesting equipment and the need for new technology. Harvest rates for agricultural 

equipment are shown in Table 4.5, which all significantly exceed that of the HB. 

Table 4.5. Harvest rates of various agricultural equipment. *Harvest rate estimated from average harvest speed 

and width, but will vary by conditions and equipment. 

Equipment Harvest rate* (ha/h) Source 

Wheat combine harvester 8.3 Busato et al. (2007) 

Peanut digger 5.2 Bader and Sumner (2009) 

Suction peat harvester 2.7 Premier Tech Chronos (2020) 

Potato harvester 1.0 Olukunle (2010) 
 
Single HB subclover  
seed harvester  0.3 Survey 

 

4.4.2.1 Alternatives to the HB 

While the HB is ubiquitous in the industry, there have been attempts at utilising alternative harvesting 

methods. Some seed producers have attempted to harvest subclover burrs with conventional or 

modified cereal combines, where the plant is typically windrowed prior to being picked up and threshed 

by the machine. This appears best suited to varieties of subspecies brachycalycinum, which has limited 

burr burial compared to ssp. subterraneum and ssp. yanninicum (Nichols et al. 2012). Utilising cereal 

combine harvesters has achieved varying levels of success, however the general consensus of seed 

producers is that the practice leaves too much unharvested seed in the paddock, requiring deployment 

of a HB harvester to collect the remaining burr. Furthermore, the cereal harvester’s large threshing 

drum, sieves and threshing bars are designed for coarse grains and are not well suited to the smaller 

subclover seeds, which can cause seed loss through the machine. Another significant issue is that large 

amounts of soil are ingested while harvesting material from the ground, which increases the rate of 

wear in the combine. In order to reduce soil ingress into the combine, an intermediary step or process 

is needed to remove soil from the plant matter and burrs. Being able to harvest subclover seed with a 

combine would be extremely advantageous for the industry, however it appears significantly more 

research is required to design systems to make this viable, particularly for all three subspecies of 

subclover.  

The other harvest equipment mentioned in the survey, case studies and workshops included alternate 

custom-built suction style harvesters or systems using brushes to collect burrs, but only minimal 
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information was provided. These harvesters were developed and built on-farm and were not 

commercialised, and as such there is limited information available on their design and use. Chapters 2 

and 3 expand on this to document the alternatives to the HB that have been created, in order to 

understand what has already been attempted, the reasons for their lack of success and to aid the design 

of new technology.   

4.4.3 HB modifications 

There have been various and extensive modifications made to the HB over the decades (Moss et al., 

2021c). Despite some of these modifications (most notably the tandem drive) providing significant 

improvements over the original design, harvesting issues remain. Many modifications have been 

implemented, but there is not a clear understanding of their effectiveness. Benefits from modifications 

that aid maintenance and convenience are clearer, but advantages in harvest efficiency are more 

opaque. Further work should aim to analyse and test modifications to determine their efficacy and 

provide guidance to seed producers on which modifications might be valuable for their operation. 

Although modifications can be beneficial, after 60 years of adapting the HB new modifications may have 

reached a point of diminishing returns. Furthermore, HB modifications have primarily produced only 

incremental improvements e.g. increasing harvest rate by adding machines in tandem or reducing 

stopping frequency by expanding seed bin sizes. These efforts have focussed on improvements, rather 

than innovation. Therefore, while there is potential for further improvement from modifications, there is 

a ceiling imposed by reliance on the underlying technology and new technology is needed in the 

industry. Since many problems stem from the current harvest equipment and procedures, future 

modifications are constrained by the original design and appear unable to substantially address the 

underlying issues affecting subclover seed harvesting. 

4.4.4 Industry issues 

This study has reinforced that there are issues currently affecting the subclover seed industry, 

principally the slow, inefficient and labour-intensive harvest process that negatively impacts the soil. 

Problems specifically related to operation of the HB were also highlighted: reliability and serviceability 

issues; material processing efficiency; seed harvest losses; seed contamination with soil and between 

different cultivars; and excessive wear from sand. The root cause of these issues appears to be the 

current harvest technology. Avery et al. (2001), Loi et al. (2005) and Nichols et al. (2013) have noted 
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the decline in the number of subclover seed producers, a decline that has the potential to continue if 

new harvest machinery is not implemented to address these issues. 

The potential for erosion during the harvesting process was expressed as a key issue in the survey, 

case studies and workshops. Degradation of soil structure from mechanical action and removal of plant 

cover increases the risk of erosion, which can result in the removal of soil nutrients (Pimentel, 2006). In 

addition to soil damage in their paddocks, producers also expressed concern about negative public 

perception. The extremely dusty nature of suction harvesting is highly visible to the public and can affect 

air quality in the surrounding area. Bare paddocks and post-harvest erosion impact the industry’s 

reputation amid increased awareness of “Sustainable Agriculture” and “Conservation Agriculture” 

systems, which incorporate soil cover and nil or minimum mechanical soil disturbance for soil 

conservation (Kassam et al., 2019; Pretty et al., 2018). Harvesting practices are also at odds with the 

widespread Australian adoption of no-till stubble retention systems in cropping (Llewellyn et al., 2012; 

Mehra et al., 2018). These negative perceptions threaten seed producers’ social license to operate. 

Harvest-related soil degradation is inherently linked to the HB technology and is a further reason new 

harvest equipment and methods are required.  

There are also issues with reliability and maintenance of the HB. The newest machines in use approach 

30 years old and some are nearly 60 years old. The age of the machinery, combined with the lack of 

commercially-available parts, means the HBs are prone to breakdown. Bespoke parts are then required 

to maintain the equipment. The harvesters themselves can be difficult to obtain, with producers reticent 

to sell machines even if they are no longer used, which acts as a significant barrier to the entry for new 

producers. HBs are only getting older and their numbers fewer, driving the need for new equipment in 

the industry.  

The high labour rates, fuel and equipment use time of the current HB harvest systems represent a 

significant cost to seed producers. The low harvest efficiency, from old machinery and many passes, 

results in a high harvest cost for subclover seed and unless the price of seed is sufficiently high, these 

activities are no longer profitable compared to performing other farming operations. It is not solely the 

efficiency of modern equipment with which the HB must compete, but also the increases in convenience 

and technology. Olukunle (2010) notes the most important improvements in modern combine 

harvesters have been in comfort and ergonomics, making equipment easier, less tiring and safer for 
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the human operator. Technology in modern equipment also allows farmers an ever-growing 

understanding of their operation, which is increasingly important as data becomes a valuable farm 

commodity (Kamilaris et al., 2017). These advances in other areas make subclover seed harvesting 

comparatively less attractive, disincentivising new producers from entering the industry and highlighting 

the need for advances in subclover seed technology.   

The impact of weather conditions is another important factor for harvesting operations. The HB’s slow 

harvest speed can be further reduced by adverse weather. Harvesting efficiency is negatively affected 

by low temperature and high humidity. Producers reported that the HB functions best in hot, dry 

conditions; it is more difficult to thresh the plant material in high humidity. Anecdotes from seed 

producers relate that areas that can be harvested in a week during hot weather can take over a month 

in cooler weather. Longer harvest times increase the financial risk for the seed producer, as significant 

rainfall events can cause seed germination, impact seed viability and reduce the amount of saleable 

seed. While the weather cannot be controlled, harvest equipment with greater flexibility could help 

mitigate this issue. These harvesters could have the ability to collect burr in any conditions to be 

processed later, or have internal climate control to create the correct conditions for threshing. The 

feasibility and practicality of this adaptable machinery is unclear, however the current weather 

dependence of harvest operations is directly linked to the HB’s design and could be improved with new 

technology. 

Another design issue associated with the HB is the high amount of soil and plant material picked up 

with burrs, requiring harvested seed to be transported to a cleaning facility to remove material before 

the seed can be sold. Didar (2003) found that Paraggio barrel medic (Medicago truncatula Gaertn.) 

pods and some soil particles were aerodynamically similar and could not be distinguished at pickup by 

the HB, which is likely also true for similarly-sized subclover burrs (investigated in Chapter 6). This 

contamination, particularly that of soil, incurs extra transport costs for seed producers and creates 

biosecurity difficulties for seed companies selling seed interstate and internationally. Interaction with 

soil for buried burrs is inevitable and soil adheres to the burrs themselves, however there are negative 

characteristics associated with suction harvesting that compound the issue. Inevitably, the HB system 

will ingest soil along with burr, which is a fundamental challenge of the suction harvest system.  
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4.4.5 Compatible technology from other industries 

This chapter has highlighted the need to investigate new technology for subclover seed harvesting. 

However, to provide tangible benefits to the industry this equipment would need to be economically 

developed, manufactured and marketed to seed producers. As noted by Hassall and Associates (2001), 

the small size of the pasture seed industry presents challenges in profitably producing new equipment.  

Therefore, new subclover seed harvesting machinery should aim to utilise technology from other 

industries. 

Modern suction harvesters are produced for peat and turf industries (e.g. Premier Tech Chronos peat 

harvesters and Trilo turf equipment). These harvesters could potentially be adapted to effectively pick 

up burrs, however this material would still require subsequent threshing and processing. The paddock 

would still need to be prepared to bring burrs to the surface and issues of soil erosion and degradation 

remain. Therefore, alternatives to suction systems need to be investigated.  

Industries that harvest products from below the ground, such as carrots, potatoes and peanuts, are 

likely to be a better avenue for exploration. Of these, peanuts are the most similar to subclover seed, 

both being legumes harvested from beneath the soil. Peanut harvesting has developed to efficiently 

extract pods from the ground with no preparation passes, minimal product loss or soil impact, and both 

stages of the harvest process (digger and thresher) have an emphasis on reducing soil retention and 

ingestion into equipment (Bader and Sumner, 2009). This peanut system strongly aligns with the 

objectives of subclover seed harvesting. Peanut harvesting technology therefore has the potential to be 

adapted for subclover seed harvesting and, with its existing commercial supply chain, it could provide 

modern technology to subclover seed producers. However, different seed production agronomy, 

harvest timing and soil types may need to be investigated for these alternative systems to be most 

successful in subclover seed production.  

4.4.6 Aerial-seeding annual pasture legumes as alternatives to subclover 

Prior to 1990, the annual pasture legume options in southern Australia were largely confined to 

subterranean clover and annual medics. However, a number of sustainability and economic challenges 

to farming systems led to a targeted expansion in the range of pasture legume options in order to 

provide producers with new cultivars and species with traits to meet the needs of current and 

prospective farming systems. For instance, over the past three decades, cultivars of several aerial-
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seeding annual pasture legume species adapted to similar soil types to subclover have been released 

in Australia, including French serradella (Ornithopus sativus Brot.), biserrula (Biserrula pelecinus L.), 

gland clover (Trifolium glanduliferum Boiss.), bladder clover (T. spumosum L.), balansa clover (T. 

michelianum Savi), arrowleaf clover (T. vesiculosum Savi), Persian clover (T. resupinatum L.), crimson 

clover (T. incarnatum L.), purple clover (T. purpureum Loisel.) and Eastern star clover (T. dasyurum C. 

Presl.) (Loi et al. 2005; Nichols et al. 2007, 2012). Two key drivers for this diversification were the shift 

away from traditional regenerating ley systems, which created a need for lower cost seed for use when 

frequently re-sowing pastures following cropping phases, and environmental concerns about the soil 

erosion caused by the suction harvest of subclover seeds (several other perceived weaknesses of 

subclover may also have been drivers) (Ewing 1999; Loi et al. 2005; Nichols et al. 2007, 2012). A major 

advantage of the aerial-seeding annual pasture legumes is they are suitable for seed harvest with 

conventional crop harvesting machinery, resulting in lower-cost seed. However, there are many regional 

and ecological differences across southern Australia and the management of aerial-seeding pasture 

legume species to maximise their productivity and persistence often needs further work as their cultivar 

development and agronomy has a very short history compared with that of subclover. For instance, 

Boschma et al. (2019) found that many current serradella cultivars have unstable flowering dates and 

hence when germinating on an early break in eastern Australia may flower too early, during severe frost 

periods, and thus set insufficient seed for adequate pasture regeneration the following season. At this 

stage, these alternative species can be regarded as complementary to subclover, often for use in 

specific situations, rather than as broad-scale replacements for the species. Thus, in spite of the release 

of many new species and cultivars, subclover remains popular with Australian producers for its grazing 

tolerance and general ease of management, as reflected in it comprising 52% of all annual legume 

certified seed tonnage in 2018/19 (Australian Seeds Authority 2020b). This ongoing demand for 

subclover seed justifies efforts to develop improved seed harvesting technology. 

4.5 Limitations of the study 

The response size of the survey is small and is a limitation of this study. The distribution method and 

unknown industry size mean that a survey response rate cannot be calculated. However, the authors 

believe the 18 responses to be representative of the seed production industry, given the low estimated 

number of seed producers. Survey results are consistent with findings from case studies and 

workshops, which are discussed together to draw insights into seed harvesting practices. The survey 
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size of 18 is an improvement from the 11 subclover seed producer respondents in the Hassall and 

Associates (2001) survey.  

4.6 Conclusions and future work 

This study concludes that current subclover seed harvesting practices are time, labour and resource 

intensive contributing to soil degradation and erosion. It also highlights a number of reliability, 

maintenance and efficiency issues associated with the aging HB. The results of the survey, workshops 

and case studies support the hypothesis that the primary cause of these issues is the HB Clover 

Harvester technology and its associated harvesting procedures.  

Results from this study provide insights into how producers use HBs, the modifications they have made 

and the problems they still face. These insights will support future development of solutions relevant to 

seed producers and capable of addressing issues in the industry. Aerial-seeding annual pasture legume 

species are able to be collected with conventional crop harvesting equipment, but limitations of these 

species and the continued demand for subclover justifies the need for further research to improve 

subclover seed harvesting. Future work should focus on: 

I. Evaluation of the different harvest preparation techniques. 

II. Evaluation of the common post-harvest erosion control treatments.  

III. Evaluation of the effectiveness of existing HB modifications. 

IV. Development of new HB modifications. 

V. Documentation and evaluation of lesser-known subclover seed harvesters. 

VI. Development of new seed harvesting equipment. 

Recommendations I to IV could provide benefits to the seed industry, however they do not address the 

issues’ root cause: the suction harvest system itself. Therefore future subclover seed production 

research should primarily focus on investigating innovative new solutions to harvest seed in order to 

replace the Horwood Bagshaw Clover Harvester.  
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Chapter 5 

Evaluation of Horwood Bagshaw Clover Harvester 

operation and performance 

Preface: Results of seed yield and soil size measurements discussed in this chapter are also presented 

in the Master’s thesis of Daniel Otwani (Agricultural Science Master’s Dissertation, The University of 

Western Australia 2020) which I co-supervised. Otwani’s thesis focused on nutrient impact of 

harvesting, whereas this chapter focuses primarily on evaluating the harvest performance of the 

Horwood Bagshaw Clover Harvester.  

5.1 Introduction 

In Chapter 4, the practices of subterranean clover (subclover) seed producers were investigated, but 

this did not include a quantitative measure of harvest machinery performance. While Chapter 4 

recommended moving away from the Horwood Bagshaw Clover Harvester (HB), evaluating the 

performance of current subclover seed harvesting techniques is essential to establish a baseline to 

compare potential solutions against and inform areas of improvement. The primary metrics for 

agricultural harvest machinery performance are how much of the available crop is able to be collected, 

the time taken to collect it and the impact of the harvest operation, which have been evaluated for 

various harvest machinery in different crops (Busato et al., 2007; Cavalieri et al., 2016; Kirk et al., 2017; 

Quick and Buchele, 1974; Šotnar et al., 2018). However, there appears to be no reported formal testing 

of the HB to establish its subclover seed harvest performance.  

The performance of the HB has been evaluated in medic seed production and reported by Didar (2003), 

who tested a HB with a 1.22 m pickup duct on an annual medic (Medicago truncatula cv. Paraggio) 

seed paddock, in Balaklava South Australia. Annual medics drop their seed-bearing pods on the soil 

surface and are harvested in a similar approach to subclover seed, but with less pre-suction preparation. 

In this paddock the HB was able to harvest 75% of available medic pods in a single pass after 

preparation activities, equating to harvest losses of 25%. HB harvest operation also coincided with a 

reduction in surface soil particle size. Machine operating parameters were varied in testing (primarily 
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harvester ground speed and pickup duct height) and Didar determined seed producers operate at close 

to the optimal set up. The performance of the HB in subclover seed production is expected to be 

comparable to medics, as harvest operations are similar after pre-harvest preparation – with the primary 

difference being slower HB speeds for medic seed harvesting (Horwood Bagshaw Sales Pty. Ltd., N.D.).  

The performance of other agricultural harvesters have also been evaluated. Harvest losses are a key 

criteria across machinery and crop species, as they provide a measure of what is being successfully 

collected and processed by the harvester. Harvest losses vary based on machinery setup as well as 

plant, soil and weather conditions, but an estimate of harvest losses, out total available yield, for 

common crops are: <1% for spring wheat and winter barley (Šotnar et al., 2018), 1 to 5% for rice 

(Chinsuwan et al., 2002; Hasan et al., 2019), 5% for canola (Cavalieri et al., 2016), 5% for carrots (Bond, 

2016) and 5 to 20% for peanuts (Kirk et al., 2013),.  

This chapter discusses field testing and experiments designed to quantify the performance and impact 

of the HB harvester in subclover seed production. It is expected that the performance of the HB will be 

significantly lower than machinery in larger industries and particularly when compared with harvesters 

of aerially seeded crops. Impact on soil properties is investigated to evaluate reported harvest effects 

on soil erodability. Additionally, greater understanding of the operation of the HB informs areas of 

potential improvement.   

5.2 Methods 

5.2.1 Site description 

Experiments were conducted at a commercial seed production property in Capel, in the south west of 

Western Australia (33.56° S,115.66° E) in an uncertified crop of ssp. yanninicum cv. Gosse subclover 

seed. This paddock was sown as a commercial seed crop in March 2019 following an annual ryegrass 

(Lolium rigidum G.) seed crop. The paddock was maintained as per the seed producer’s standard 

commercial procedure, with excess biomass reduced by cattle grazing. The soil in the test area is 

predominantly deep grey sandy duplex, with moderate to high organic carbon content, moderate acidity 

and low salinity, corresponding to Western Australia soil classification 403 (Schoknecht and Pathan, 

2013). 

To investigate harvest operations in varied soil types, producer practices and locations, the same 

experimental procedure was carried out at two seed production paddocks in (i) Victoria and (ii) South 
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Australia in February 2020. (i) Benayeo, Victoria: a certified subclover seed (ssp. subterraneum cv. 

Campeda) paddock in of primarily sandy loam soil. (ii) Kybybolite, South Australia: a certified subclover 

seed (ssp. subterraneum cv. Woogenellup) paddock also on primarily sandy loam soil. However, due 

to travel restrictions relating to the COVID-19 pandemic, it was not possible to analyse collected 

samples for inclusion in this chapter. Samples are stored in Adelaide, South Australia and are intended 

to be processed in future research.  

With the exception of aerosol dust measurements, all presented data in this in chapter refers to the 

Western Australian location.  

5.2.2 Experiment design 

In February 2020, harvesting data was collected at the Western Australian location. Two HB harvesters 

were used for testing denoted ‘Harvester A’ and ‘Harvester B’, respectively. Each harvester operated 

with a standard 1.22 m pickup duct. Two tandem test configurations were used with the HBs towed and 

powered by a New Holland TM140 tractor, with power take off at 540 RPM. For configuration 1, 

Harvester A was operated in tandem behind one other harvester and, for configuration 2, Harvester B 

was operated in tandem behind two other harvesters. Harvesters A and B were tested on separate 

standard runs in the paddock. Each run was divided into four replicates of 100 m length plots, equal in 

width to the pickup duct. A 20 m buffer was present between each plot (Figure 5.1a). Prior to sampling 

and testing, the seed producer’s standard pre-suction preparation was conducted, which consisted of 

power harrowing followed by chain link harrows.  

Three sets of samples were collected in each replicate:  

I. Pre-harvest - 8 soil and burr quadrats collected prior to suction harvesting. 

II. Post-harvest - 8 soil and burr quadrats collected immediately after suction harvesting. 

III. Seed harvested by the HB - taken from the HB seed bin. 

Eight pre-harvest quadrat samples (0.2 m x 0.25 m each) were then taken in each replicate. Each 

quadrat was taken to a depth of approximately 30 mm to collect burr, soil and plant material. The HB 

harvesters were then run over all replicates to harvest seed. Immediately following harvesting, eight 

post-harvest samples were collected in each replicate using the same procedure as before. Post-

harvest quadrats were placed approximately 1 m apart from pre-harvest quadrats (Figure 5.1b).  
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The seed actually harvested by the HB in each replicate was evaluated by measuring the seed captured 

in the machine’s seed bin. Prior to harvesting each replicate, the seed bin of each HB was emptied and 

the machine run for 2 minutes to clear out material. After harvesting each 100 m replicate, all material 

in each seed bin was collected for subsequent processing.  

 

Figure 5.1. Field measurements to evaluate Horwood Bagshaw Clover Harvester (HB) performance at the Western 

Australian site. a) Diagram of experiment design (not to scale). Four replicates of 100 m, where 8 quadrats were 
sampled before and after harvest (16 total per replicate). The HB operated over all four replicates. b) Photograph 
of sampled harvest run marked by red lines. The previously harvested area (containing chaff dropped from the 
harvester to the left of the pickup duct) and the unharvested area are on the left and right respectively of the 
sampled harvest run. The collection of a post-harvest quadrat (1 m a part from a pre-harvest quadrat) is also shown.  

5.2.3 Seed yield measurement 

5.2.3.1 Quadrat samples 

Each collected quadrat sample from the West Australian site was processed through two sieves (7.5 

mm and 2.5 mm aperture) to separate burrs from soil particles. For each sample, the sieves were gently 

agitated by hand for 3 minutes; burrs were then collected and the soil stored for further processing. 

Seeds were then extracted from the burrs and pods using a laboratory thresher (Kimseed Multithresher) 

set to the Standard Operating Procedure for subclover seed processing. The threshed seeds were then 

cleaned with an aspirator (Kimseed Vacuum Separator) to remove remaining contamination. The total 
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weight of seed in each quadrat sample was recorded to estimate quadrat yield. Seed weight of a random 

sample of 100 seeds from each quadrat was also recorded to measure seed mass.  

5.2.3.2 HB seed bin samples 

The material harvested into the HB seed bin, collected in each 100 m replicate, was weighed to 

determine the mass of seed and other debris collected. Samples were aspirated (Kimseed Vacuum 

Separator) to remove large foreign material (primarily chaff) and then sub-sampled per International 

Seed Testing Authority sampling standards, with each sub-sample being greater than 250 g (Australian 

Seeds Authority, 2012). Sub-samples were further divided into equal portions using a riffle seed divider 

and the mass of yanninicum seed, seed in pods, foreign seed and inert matter recorded (Figure 5.2).  

 

Figure 5.2. Sub-sample of aspirated material obtained from Horwood Bagshaw Clover seed bin, separated into: 
ssp. yanninicum subclover seed (target seed), subclover seed in pods, foreign seed (primarily ssp. subterraneum) 
and inert matter.  

5.2.4 Soil size analysis 

Soil quadrat samples (burrs previously removed) were weighed and sieved (2 mm aperture) to remove 

gravel and plant material. The sample was then processed through a series of sieves (1000 µm, 500 

µm, 250 µm, 125 µm and 63 µm aperture) on a mechanical sieve shaker (Endecotts EFL2000) for 5 

minutes and the weight of fractions in each sieve recorded. Fine fractions (<63 µm) were captured in 

the basal tray.   

5.2.5 Dust monitoring 

Aerosol dust readings were taking during harvest at various distances from harvesters using an aerosol 

monitor (SidePak Aerosol Monitor AM520). Results are presented for the West Australian, Victorian 

and South Australian test sites.  
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Western Australia and Victoria sites – harvest run measurements:  

Measurements were taken as the harvesters completed 100 m runs. Readings were taken with 

the aerosol monitor inlet held at approximately 2 m above the ground and maintained 50 m or 

100 m downwind of the harvest operations completing a 100 m replicate. Impactor inlets (2.5 

µm, 5 µm and 10 µm) were used to measure particle concentrations in different size ranges. 

Wind speed readings were recorded at the test sites with a hot wire anemometer (Testo 440 

Hot Wire Kit) held 2 m in the air for 5 minutes.  

South Australia site – continuous measurement: 

To measure continuous aerosol conditions during harvest operations the aerosol monitor 

(10 µm impactor inlet attached) was positioned in the centre of the paddock (200 m by 200 m) 

and recorded aerosol concentrations for 4.5 hours. Six HB harvesters (three in tandem behind 

two tractors) operated in the paddock during this time, which included when the machines were 

not harvesting i.e. emptying seed bins or making adjustments.  

5.3 Results 

5.3.1 Seed yield 

The mass of seed collected in each quadrat provides an estimate of paddock seed yield. Mean quadrat 

yields differed significantly between pre-harvest and post-harvest samples (p<0.0001) at the Western 

Australian site, Table 5.1. Mean seed yield decreased between pre and post-harvest samples, by 0.38 

t/ha and 0.15 t/ha for Harvesters A and B respectively, giving an indication of seed removed by the 

harvesters. The mean cleaned seed yields from the seed bins were 0.38 t/ha and 0.37 t/ha for 

Harvesters A and B respectively, with no significant difference between the two tested harvesters 

(p>0.05). The Harvester A seed bin figure matches the predicted harvest yield from pre and post-harvest 

samples. However, Harvester B results do not align well, with the seed bin yield more than double the 

predicted harvest yield from pre and post-harvest samples. Seed bin measurements are an indication 

of what was physically collected by the machine and are a more accurate measure of harvested yield 

than quadrat samples.  
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Table 5.1. Seed yields estimates for two Horwood Bagshaw Clover Harvesters (A&B) operated in the same test 

paddock in Western Australia.  Pre and post-harvest quadrats taken immediately before and after harvesting. Seed 
bin yields taken from the collected seed of each harvester. Mean ± standard error.  

  Harvester 

  A B 

Pre-harvest yield (t/ha) 0.53 ± 0.04 0.39 ± 0.05 

Post-harvest yield (t/ha) 0.15 ± 0.02 0.24 ± 0.04 

Seed bin yield (t/ha) 0.38 ± 0.02 0.37 ± 0.01 

 

Mean seed weight increased significantly (p<0.05) between the pre to post-harvest quadrat samples, 

increasing from 8.6 mg to 9.1 mg per seed. The mean weight of seed collected into the seed bin is 9.5 

mg. There was no significant difference in seed size between the two harvesters (p>0.05). 

The fractions of components collected in the seed bin of both harvesters are listed in Table 5.2. One 

half of the material collected into the HB seed bin was the targeted seed and 44% from “other” material 

(chaff, plant matter, rocks and charcoal from the paddock). Foreign and unthreshed seed accounted for 

the remaining 6% of contents. 

Table 5.2. Mean mass of components collected in seeds bins of both Harvesters A & B, in each 100 m replicate. 

“Other” material comprised primarily of chaff, plant matter, rocks and charcoal from the paddock.  

Clean seed Seed in pods Foreign seed Other 
Total collected 
material  

4.68 kg 0.36 kg 0.21 kg 4.12 kg 9.37 kg 

50.0% 3.8% 2.2% 44.0% 100.0% 

     

5.3.2 Soil size analysis 

There was a change in soil size composition pre and post-harvest of the Western Australian samples, 

with a one-way ANOVA indicating a harvest effect on the soil particle size. The mean proportions of soil 

particle sizes from both harvest areas are provided in Table 5.3, There is a statistically significant post-

harvest decrease in the proportion of particle fractions (s), where s>2000 µm, 1000>s>500 µm and 

500>s>250 µm. There was an increase in the proportions of particles in fractions 250>s>125 µm, 

125>s>63 µm and <63 µm. The proportion of particles s<250 µm increased by 11% between pre-

harvest and post-harvest samples. The 500>s>250 µm fraction was the most prevalent pre-harvest 

(39.6 w%), but this changed to the 250>s>125 µm fraction post-harvest (36.6 w%). 
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Table 5.3. Particle size distribution by mass for samples taken pre and post a Horwood Bagshaw Clover Harvester 

suction pass. Mean ± standard error. Means compared with one-way ANOVA: *** p<0.0001, **p<0.001, *p<0.05, 

ns (not significant) p>0.05. 

      

 Particle size proportion (w%) 

Soil size fraction, s (µm) Pre-harvest Post-harvest 

s>2000 *** 2.3 ± 0.4 0.3 ± 0.1 

2000>s>1000 ns 3.2 ± 0.2 3.4 ± 0.2 

1000>s>500 ** 9.2 ± 0.8 7.6 ± 0.3 

500>s>250 *** 39.6 ± 1.6 31.3 ± 1.1 

250>s>125 *** 31.3 ± 1.4 36.6 ± 0.8 

125>s>63 *** 10.7 ± 0.5 16.3 ± 0.6 

s<63 *** 3.5 ± 0.3 4.5 ± 0.2 

   

5.3.3 Dust monitoring 

Baseline aerosol readings with no harvest equipment operating were <0.01 mg/m3. Aerosol 

measurements indicate that high concentrations of particulate matter are present downwind of the HB 

during operation, Table 5.4. The maximum concentration in each 100 m replicate ranged from 0.66 to 

5 mg/m3. The average aerosol concentration in each replicate ranged from 0.115 to 0.833 mg/m3. Note 

that these ranges are across impactor inlet sizes and number of operating HB harvesters. The smaller 

the impactor size the less particles allowed into the aerosol meter and the lower the measured 

concentration, all things being equal. However, the variation in readings is also affected by wind, as this 

directly impacts the movement of exhausted material from the harvesters to the aerosol monitor.  

At the South Australia test site, with aerosol meter running continuously during harvest activities of six 

HB harvests, aerosol readings (10 µm impactor inlet and 1 second recording frequency) show periods 

of high aerosol concentration. In Figure 5.3, peaks and troughs in aerosol concentration are recorded 

as the harvesters moved around the paddock, stopped and started activities and wind conditions 

changed. The average aerosol reading was 0.05 mg/m3, with a maximum reading of 4.11 mg/m3. Wind 

readings for the day from the Bureau of Meteorology closest station (Naracoorte) were: 15 km/h SSE 

at 9:00 am and 20 km/h S at 3:00 pm. 
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Table 5.4. Aerosol concentration readings at various distances from Horwood Bagshaw Clover Harvesters in 

operation in commercial paddocks in Capel, Western Australia (WA) and Benayeo, Victoria (Vic). Readings taken 
as harvesters operated over a 100 m span. Readings always taken directly downwind of the harvester at distances 
either 50 m or 100 m.  

        Aerosol concentration 
(mg/m^3) 

Wind speed 
(km/h) 

State 
Number of 
harvesters 

Impactor 
inlet 

(microns) 

Distance from 
harvester (m) 

Average Maximum Average Maximum 

WA 3 2.5 100 0.115 1.98 9.0 26.3 

WA 3 10 100 0.432 3.26 9.0 26.3 

WA 2 None 100 0.834 5.00 14.8 24.1 

WA 3 None 100 0.659 0.66 14.8 24.1 

Vic 3 5 50 0.469 2.20 18.0 23.8 

Vic 3 5 100 0.633 2.74 18.0 23.8 

Vic 3 10 50 0.571 2.69 18.0 23.8 

 

 

Figure 5.3. Continuous aerosol readings (10 µm impactor inlet) recorded at the centre of a 200 m by 200 m 

paddock, while 6 Horwood Bagshaw Clover Harvesters operated in Kybybolite, South Australia. Readings include 
time when the machines were not running i.e. emptying seed bins or making adjustments. Mean aerosol 
measurement was 0.05 mg/m3. 

5.4 Discussion  

The results of this study confirm that the HB harvest losses are higher than other agricultural sectors 

utilising more modern equipment20. However, multiple suction passes can increase the harvested yield 

are reduce total harvest losses. Multiple passes should be balanced with soil impact considerations, as 

this study indicates HB suction harvesting reduces soil particle size and generates high levels of 

                                                      
20 The harvest rate of the HB is also lower than other harvest machinery (see Chapter 4). 
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airborne dust. Reduced soil particle size increases erodibility in the paddock and these results support 

seed producer perceptions of increased erosion susceptibility post HB harvest.  

5.4.1 Harvest losses 

The pre-harvest yield provides an estimate of the maximum amount of seed in the paddock that could 

be harvested. Both harvesters collected 0.37 to 0.38 t/ha of cleaned seed in the seed bin, which using 

the pre-harvest yield from Harvester A of 0.53 t/ha equates to HB harvest losses of 28% to 30%. The 

pre-harvest yield from Harvester A was utilised as it showed better alignment with harvested seed bin 

yields. The pre-harvest yield from Harvester B appears to be less accurate as there is less alignment 

with seed bin yields. Discrepancies between pre and post-harvest quadrat seed yield estimates and 

harvested seed bin yields are attributed to the small quadrat size (0.2 m x 0.25 m), which could make 

yield estimates more sensitive to bias from paddock variations (particularly regions of high or low seed 

density) or seeds at the edge of the quadrat. As such, it is recommended to use larger quadrat areas 

in future experiments. 

The estimated subclover seed harvest loss figure of 28% to 30% is similar to the 25% measured for 

medic pods harvested by a HB (Didar, 2003), which is expected as the harvest operation of the HB is 

similar in both subclover and medics. However, HB harvest losses are higher than commercial aerial 

crops harvested with a modern combine harvester, which can be <5% for rice, wheat, barley and canola 

(Busato et al., 2007; Cavalieri et al., 2016; Kirk et al., 2017; Quick and Buchele, 1974; Šotnar et al., 

2018). The differences in harvest losses between these species and subclover are expected as aerially 

seeded crops are easier to access and combine harvesters have seen continued innovation and 

optimisation over the past several decades (Miu, 2015), while the HB has remained relatively 

unchanged.  

Harvest data from peanut production is a more realistic comparison as it is also a subterranean product 

harvested with specialised equipment. Kirk et al. (2013) report harvester losses of 5% to 20% in peanut 

production (in paddocks > 5 t/ha)21. Lower losses in peanut production and other agricultural crops 

suggests there is capacity for improvement in subclover seed production. However, global peanut 

production is approximately 50 million ha (FAO, 2019), which is far greater than subclover seed and 

                                                      
21 It should be noted that seed size of peanut pods is larger than subclover burrs and seeds, which 
makes soil-seed separation more straightforward. 
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indicates significant investment has gone into peanut harvest machinery to reach these levels of 

efficiency. So while it might be technically possible to make these improvements, the relatively small 

market size compared with those industries limits R&D investment – see discussion on barriers to 

subclover machinery commercialisation in Chapter 4. Therefore, adapting technology from other, more 

advanced agricultural industries may allow increases in subclover seed harvest efficiency.   

The harvest figures measured in this experiment must be taken in the context of the location. The yield 

of this West Australian paddock is relatively low (~0.5 t/ha) compared to seed production in South 

Australia, where >1 t/ha paddocks are common (Moss et al., 2021b). Therefore, it is not known how 

harvester losses would change on higher yielding paddocks, but if it is in a similar range for a 1 t/ha 

paddock, then approximately 0.3 t/ha of seed would be unharvested. This is a non-trivial amount of 

unharvested seed and represents a large amount of saleable product for the seed producer, which 

supports the practice of multiple HB passes to maximise seed collection in high yielding paddocks. 

With multiple suction passes it is possible to increase the total harvested yield compared to the single 

pass recorded in the study. Multiple harvest passes are not common in harvesting other crops, 

particularly for aerially seeded crops, and it is often not possible to reharvest product dislodged onto 

the ground. This may present an advantage for the HB system, as it does not need to target maximum 

collection in a single pass. However, subsequent suction passes require further soil preparation, which 

increases soil disturbance and operating time. Therefore, new subclover seed harvest systems should 

likely target maximum collection in the initial harvest pass. Further testing is required on high yielding 

paddocks to investigate the efficacy and impact of the harvest process after a single and multiple suction 

passes.  

The mean seed mass increase in the paddock between pre and post-harvest quadrat samples indicates 

that the HB harvests or displaces a higher proportion of smaller seeds than large seeds. Heavier seeds 

have higher terminal velocities, ceteris paribus, (Mohsenin, 1986), which suggests that lighter burrs 

(containing lighter seeds) are more likely to be picked up by the airstream of the harvester. However, 

the mean mass of seeds collected in the seed bin (9.5 mg) is higher than that of seeds measured in the 

paddock, both pre-harvest (8.6 mg) and post-harvest (9.1 mg). So while smaller seeds are more likely 

to be picked up by the harvester, they appear to be less likely to end up in the seed bin compared to 

larger seeds. This is likely because smaller seeds are being destroyed in the thresher or graded out by 
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the riddle box. Seed is sold by weight and so it is advantageous to harvest larger seeds, however 

smaller seeds are still valuable and reducing small seed loss through the harvester would increase the 

total harvested weight.  

Of the material collected into the HB seed bin, only 50% was the targeted seed and the remainder 

debris, chaff or foreign seed. This result is influenced by the machine set up and the level of biomass, 

debris and foreign seed in the paddock. The seed producer, where testing was conducted, had a seed 

cleaning facility on site. As such, contamination of harvested seed was not a primary concern as the 

harvested product was cleaned at their own facility. This is not common for subclover seed producers 

and the harvested seed purity results may not be representative of the industry.  However, other 

producers also report waste material in their seed bins, which indicates seed cleaning inefficiencies in 

the HB. Subclover seed sales (particularly certified seed) are closely regulated in Australia and 

harvested material is typically cleaned post-harvest. Seed producers bear the cost of transporting 

material to seed cleaners and so aim to reduce the amount of waste material they harvest. Therefore, 

future harvest machinery should aim to reduce the quantity of waste material collected.  

5.4.2 Soil impact 

Soil measurements indicated a clear impact on soil particle size from the harvest process. Following 

HB operation, there was a decrease in the proportion of larger soil particles (>250 µm) and an increase 

in the proportion of smaller particles (<250 µm). This is attributed to the mechanical action of the HB 

reducing particle soil size and supports the seed production industry’s concern of harvest soil damage 

and erosion susceptibility. The findings of Didar (2003) support this result, where HB harvesting on a 

medic seed paddock reduced soil particle size, particularly for particle sizes > 8 mm, but the impact on 

<1 mm particles were not assessed.  

The reduction of soil particle size can have a negative effect on the paddock due to an increase in 

erodability. Soil particles in the range of 75 to 150 µm are the most susceptible to erosion with larger 

particles becoming increasingly harder to move due to their greater mass (Moore, 2001; Shahabinejad 

et al., 2019). The proportion of soil particles in this size range increased after HB operation and would 

increase erosion susceptibility in the paddock. Particles smaller than 50 µm are not easily lifted by wind, 

but are easily carried once airborne and become airborne dust that can be transported considerable 

distances (Moore, 2001). There was an increase in the proportion of this size range post-harvest, but it 
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is likely that a significant quantity these particles ejected from the harvester would travel beyond the 

sampling area and were not fully captured in this data set.  

The measured changes in soil composition are only from the action of a single HB suction pass. If 

harvesting with multiple passes, this impact is likely to be even more pronounced. Additionally, the effect 

of pre-harvest preparation was not measured. Tillage increases soil erosion risks (Pimentel, 2006; 

Tanner et al., 2016) and the multiple heavy implement tillage style pre-suction preparation passes act 

to increase post-harvest erosion susceptibility. Future work should aim to also capture pre-harvest 

preparation in soil measurements as well as investigate multiple HB passes. Soil type likely also has 

an effect on these results and further research should be conducted on different soil types. However, 

while it is necessary to expand this work to create a more detailed understanding of harvest impact, 

these initial results support farmer experience of the negative soil impact of current harvest technology. 

5.4.3 Dust generation 

The aerosol measurements confirm visual observations that a significant amount of particulate matter 

is ejected from the HB during operation, creating plumes of dust. Measurements were not taken on the 

composition of ejected material, but it is expected to constitute fine soil, chaff and plant material 

exhausted from the main fan as well as soil dust from the riddle box.  

Exposure to airborne dust particles derived from farming activities has been associated with a number 

of negative health effects (Pandya, 2006; Rumchev et al., 2019; Schenker, 2010). While dust readings 

are significantly above background levels, they are in a similar range to other agricultural harvest 

activities in Western Australia’s Wheatbelt (Rumchev et al., 2019). Measurements were below Safe 

Work Australia’s grain dust exposure standards of 4 mg/m3, but the exposure times of operators would 

need to be further accounted for, as the long shifts worked by agriculture workers can put their exposure 

above time weighted limits (Rumchev et al., 2019)22. However, the dust measurements indicated in this 

experiment were taken directly in the path of the exhaust and would be significantly lower in areas 

outside of the dust plume and in the enclosed tractor cabin.  

                                                      
22 In Figure 2.6a, a subclover seed producer is pictured operating a suction harvester with a mask on 
(circa 1960s), which gives an indication that suction subclover seed harvesting has a history of high 
dust generation.  
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Direct comparisons to the dust generated by other agricultural activities are unclear. However, one key 

difference is that subclover seed production actively exhausts material into the air from the HB fan 

chute. This has the potential to travel further than dust generated by other harvesters and contributes 

to the negative image of subclover seed production (see Chapter 4). Further research is needed to 

quantify how much airborne matter is generated by the HB and how far this is displaced. However, the 

preliminary results presented here indicate a significant amount of dust is generated by the machine. 

This is an issue which needs to be overcome as the visual aspect is damaging to the industry’s 

reputation. 
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Chapter 6 

Aerodynamic properties of subterranean clover 

burrs 

Preface: Results of burr terminal velocity measurements discussed in this chapter are also presented 

in the Master’s thesis of Steven Paini (Master of Professional Engineering, The University of Western 

Australia 2021) of which I co-supervised. Experiments are based on equipment and protocols that I 

designed.  

6.1 Introduction 

Pneumatic seed harvesters have been the most impactful systems in the subterranean clover 

(subclover) seed production industry. The suction system used by the Horwood Bagshaw Clover 

Harvester (HB) has been the defining feature of subclover seed production for nearly 60 years, but 

there have been many other pneumatic harvest systems that use suction and/or blowing to harvest 

seed (see Chapter 2). Therefore, an understanding of the aerodynamic properties of subclover burrs is 

important to evaluate current harvest systems and develop new solutions. 

The aerodynamic properties of agricultural products have an important influence on their production, 

with the terminal velocity and drag coefficient being the primary aerodynamic properties for agricultural 

production (Gürsoy and Güzel, 2010; Mohsenin, 1986). In addition to relatively rare pneumatic harvest 

systems, pneumatic means are used frequently for conveying, separating, cleaning and drying of 

agricultural products (Gürsoy and Güzel, 2010; Mohsenin, 1986). Therefore, the physical and 

aerodynamic properties of a wide range of agricultural products have been measured, including barley, 

canola, corn and sorghum, as well as mustard, cumin and hemp seed (Table 6.1) (Didar, 2003; Gürsoy 

and Güzel, 2010; Mohsenin, 1986; Sacilik et al., 2003; Shahbazi, 2013; Singh and Goswami, 1996). 

However, there appears to be no reported research into the aerodynamic properties of subclover seeds 

or burrs, despite the important role of pneumatics in commercial harvesting and processing of the seed. 

The drag coefficient of spherical and non-spherical particles are related to the Reynolds number of the 

flow regime. Seed products are typically modelled as solid spheres or ellipsoids and there exists well-
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established physical relationships between the Reynolds number and drag coefficient for these 

geometries (Haider and Levenspiel, 1989). However, burrs have complex geometry and it is expected 

that there will be deviation with results from solid bodies. 

Table 6.1. Aerodynamic properties of agricultural crops (Gupta et al., 2007; Gürsoy and Güzel, 2010; Mohsenin, 

1986; Shahbazi, 2013).  

Crop Terminal Velocity (m/s) Drag Coefficient  

Sunflower seed   2.7 0.3 

Mustard seed   4.2 1.9 

Flax   4.7 0.5 

Canola   5.4 1.3 

Lucerne   5.5 0.5 

Oats   6.6 0.5 

Barley   7.6 0.5 

Wheat   9.6 0.5 

Maize 11.4 0.6 

Chickpea 11.6 0.8 

Soybean 14.5 0.5 

Potatoes 32.0 0.6 

Apricots 34.0    - 

Apples 42.0    - 

 

This chapter discusses the measurement of subclover burr terminal velocity and drag coefficients, in 

order to make comparisons with other agricultural products and assess whether burrs can be accurately 

approximated as simplified spheres or ellipsoids. From a seed production context it is hypothesised that 

burr terminal velocities are higher than soil particles, contributing to greater risk of soil erosion. It is also 

hypothesised that differences in burr morphology between subspecies result in different aerodynamic 

properties, which may have potential implications for seed production.  

6.2 Materials and Methods 

6.2.1 Burr samples 

Three cultivars of subclover were used in this study, one from each subspecies: Dalkeith (ssp. 

subterraneum), Monti (ssp. yanninicum) and Mawson (ssp. brachycalycinum). These cultivars were 

selected as representatives of current cultivars sown in Australia of each subspecies. These plants 

were sown as spaced plants in May 2019 at The University of Western Australia Field Station (31˚ 57’ 

3" S, 115˚ 47’ 35" E) in a loam-dressed sand with a pH (water) of 6.5 in the top 20 cm (Abdi et al., 2020). 

Burrs from each cultivar were collected by hand in January 2020, when the plants had completely 
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senesced. Collected burr samples were stored at room temperature in envelopes for several months 

prior to testing and had negligible moisture content. Fully senesced and dry burs are representative of 

commercial suction seed harvesting. Sixty burrs from each cultivar were tested. 

6.2.2 Burr physical properties 

The mass of each burr was measured with a digital balance (OHAUS) with 0.001 g accuracy. The three 

primary dimensions of each burr – height, length and width – were recorded using digital callipers 

(Kinchrome) with a 0.01 mm accuracy. The connection point of the peduncle to the burr was used as 

the reference axis, as depicted in Figure 6.1. Height (H) was recorded from this connection point, while 

length (L) and width (W) were recorded at the widest points in their respective planes. Length (major 

axis) is defined in this study as being larger than width (minor axis). 

 

Figure 6.1. Schematic of primary dimensions measured on each burr sample– height (H), length (L) and width (W). 

These are taken with respect to the reference axis, measured from the attachment point of the peduncle to the 
burr. Length (major axis) is defined in this study as being larger than width (minor axis). Cultivar Dalkeith (ssp. 
subterraneum) pictured as an example in this schematic.  

Sphericity index (Φ) – the similarity between the sample and a sphere – was measured using eq. (6.1), 

based on Mohsenin (1986).  

             ∅ =
(𝐻𝐿𝑊)1/3

max (𝐻,𝐿,𝑊)
                   (6.1) 

Particles in turbulent airstreams theoretically assume position of maximum resistance (Davies, 1947; 

Davies, 1964). However, agricultural grains have been found to rotate about a vertical axis with their 
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longest dimension orienting towards the horizontal plane (Bilanski et al., 1962; Bilanski and Lai, 1965; 

Mohsenin, 1986). In this experiment, burrs in the airstream were observed to orient themselves such 

that the reference (z) axis was parallel to the airflow. Therefore, the projected area (A) used to estimate 

terminal velocity was calculated using the x-y face of the burr, eq. (6.2). This calculation treats the 

projected face as a solid ellipse. 

𝐴 =
 𝜋𝐿𝑊

4
                     (6.2) 

The volume (V) of each burr was estimated assuming it is a solid ellipsoid.  

𝑉 =
 𝜋𝐿𝑊𝐻

6
                              (6.3) 

6.2.3 Terminal velocity measurement  

An object in a vertical airstream experiences a force due its effective weight (w) in the air (corrected for 

buoyancy) and a drag force from the airstream (Fd), Figure 6.2.  

 

Figure 6.2. Forces acting on an object in an airstream. Fd is the drag force due to the airstream acting on the 

object. W is the weight force of the object due to gravity (corrected for buoyancy).  

The drag force (Fd) of an object in an airstream is given by (Batchelor and Batchelor, 2000)  

                           𝐹𝑑 =
1

2
 𝐶𝑑 𝜌 𝑣2 𝐴                                                  (6.4) 

 where 𝐶𝑑 is the object’s drag coefficient, 𝜌 is the density of the air, 𝑣 is the velocity of the object and 𝐴 

is the projected area of the object.  

The terminal velocity (vt) of the object is the velocity when weight and drag forces are equal 𝐹𝑑 = 𝑤 and 

the acceleration is zero. This is expressed by eq. (6.5)  
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                                                        𝑣𝑡 =  √
2(𝑚𝑔−𝐹𝐵)

𝜌𝐴𝐶𝑑
                                                        (6.5) 

  where m is the mass of the object, g is gravitational acceleration (taken as 9.81 m/s2) and FB is the 

buoyancy force due to air.  

FB is calculated as 

                                                            𝐹𝐵 =  𝜌𝑔𝑉                                                                 (6.6) 

The terminal velocities of burr samples were measured using a specifically designed and constructed 

vertical wind tunnel (Figure 6.3). One burr at a time was measured, placed onto a mesh screen to 

prevent it falling into the apparatus. The blower (variable speed centrifugal fan; Ebm-Papst) was turned 

on and the speed adjusted until the burr was stable and suspended at essentially fixed height in the 

airflow. This was determined to be the terminal velocity and the airspeed at the burr’s position was 

measured using a hot wire anemometer (Testo 440 Hot Wire Kit). Two airflow straighteners were used 

for flow conditioning. The design of the upper straightener was adapted from the approach of Sturos 

(1972) to produce greater air velocities at the tube edges in order to keep burrs in the centre of the 

chamber during testing. 
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Figure 6.3. Schematic of vertical tunnel apparatus used to measure terminal velocity of subterranean clover burrs. 
Example of burr suspended in airstream pictured (cv. Dalkeith spp. subterraneum).  

The drag coefficient was determined for each sample by rearranging eq. (6.5), where 𝑣𝑡  is the measured 

terminal velocity. An air density of 1.192 kg/m3 was used for an air temperature of 23°C as measured 

by the hot wire anemometer.  

                                                             𝐶𝑑  =  
2(𝑚𝑔−𝐹𝐵)

𝜌𝐴𝑣𝑡
2                                             (6.7) 

The Reynolds number (Re) of the flow regime was calculated per Haider and Levenspiel (1989), as 

                                                                   𝑅𝑒 =  
𝑑𝜌𝑣𝑡

𝜇
                                          (6.8) 

 where d is the sphere/ellipsoid diameter parallel to airflow, taken as burr dimension H for tested 

samples, and μ is dynamic viscosity of the fluid, taken as 1.837 x 10-5 kg/ms for air at 23°C. 

6.2.4 Horwood Bagshaw Clover Harvester airflow measurements 

In order to understand burr aerodynamic property measurements in the context of seed production, the 

pickup duct air velocity was measured for the Horwood Bagshaw Clover Harvester (HB). Air velocity 
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measurements were recorded for an unmodified J-Series Horwood Bagshaw Clover Harvester23 with a 

1.22 m pickup duct. Power was provided through the power take off (PTO) of a Lamborghini Crono 564-

60 at 540 RPM. The input shaft of the HB was measured at 535 RPM with a tachometer and the drive 

sprocket of the main fan measured at 2050 RPM. The HB was stationary during measurement and was 

left running for 15 minutes prior to measurement to clear blockages and allow the machine to reach 

steady state operation. The pickup duct was lifted to approximately 0.5 m above a gravel surface to 

facilitate access. The hot wire anemometer measured air velocity at the centre of the pickup duct inlet 

and logged data for 30 seconds and outputted a time averaged result. The anemometer probe was 

flush with the opening and oriented with the hot wire perpendicular to airflow.  

6.3 Results 

The physical and aerodynamic properties of the measured subclover burrs are shown in Table 6.2. 

Dalkeith has the greatest mean mass and projected area, but is the least spherical of the three cultivars. 

The mean mass and projected area of Dalkeith are 85% and 128% greater than Monti, but despite the 

difference in physical size there was not a statistically significant difference in terminal velocity (p < 

0.05) between the two cultivars. However there was a statistically significant difference in drag 

coefficient between Dalkeith and Monti (p <0.05).  Mawson has the lowest mean terminal velocity and 

the highest drag coefficient compared to the other tested cultivars (p < 0.01). 

There is variability in the terminal velocity and drag coefficients across the tested samples, with the 

range indicated in Figure 6.4. The Reynolds number of the tested samples in the flow regime were in 

the range of 2000 to 5000, with a mean of approximately 3000 for each cultivar.  

The mean measured airflow velocity at the HB pickup duct inlet was 10.6 m/s. 

  

                                                      
23 The J-Series HB Clover Harvester tested was manufactured in the late 1980s and represents the 
final production series. However, the minor changes from previous HB iterations are not expected to 
significantly affect airflow characteristics from earlier models.  
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Table 6.2. Summary of measured physical and aerodynamic burr properties of cultivars of subterranean clover: 
Dalkeith (ssp. subterraneum), Mawson (ssp. brachycalycinum) and Monti (ssp. yanninicum). Mean (standard error). 
Note that volume and projected area measurements assume that burrs are solid ellipsoids, which overestimates 
these values as the burrs are not completely solid. 

 Dalkeith Mawson Monti 

Length [mm] 9.21 (0.19) 8.28 (0.16) 6.50 (0.09) 

Width [mm] 8.62 (0.19) 7.72 (0.13) 5.95 (0.09) 

Height [mm] 6.81 (0.12) 7.16 (0.11) 6.34 (0.11) 

Volume [mm3] 300.6 (17.5) 249.2 (11.6) 131.6 (5.4) 

Mass [mg] 94.53 (3.75) 85.93 (4.18) 51.12 (2.07) 

Projected area [mm2] 69.93 (2.66) 51.05 (1.74) 30.67 (0.84) 

Sphericity 1.20 (0.01) 1.07 (0.01) 0.99 (0.01) 

Terminal Velocity [m/s] 4.94 (0.08) 4.58 (0.07) 4.92 (0.07) 

Drag coefficient 1.04 (0.03) 1.30 (0.03) 1.14 (0.02) 

 

 

Figure 6.4. Boxplot of (a) burr terminal velocity measurements and (b) calculated drag coefficient tested 
subterranean clover cultivars: Dalkeith (ssp. subterraneum), Mawson (ssp. brachycalycinum) and Monti (ssp. 
yanninicum).  

6.4 Discussion  

The aerodynamic properties of subclover burrs have important implications for their agricultural 

processing; affecting conveying, separation, drying and crucially, pneumatic harvesting. As expected 

burr terminal velocities are below HB suction inlet velocities, but knowledge of these aerodynamic 

properties can inform pneumatic harvesting improvements. More generally a greater understanding of 

these properties increases our knowledge of the subclover plant and how it relates to other plant 
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species. Subclover burrs have lower terminal velocities and higher drag coefficients than other 

agricultural products (see Table 6.1), which is attributed to the burr’s complex geometry.  

6.4.1 Aerodynamic properties of subclover burrs 

The measured subclover burr drag coefficients (mean ranging from 1.04 to 1.30 for the three 

subspecies) are higher than predicted for a solid sphere or ellipsoids of the same parameters. Reynolds 

numbers for the burrs in the flow regime at terminal velocity were in the range of 1000 to 5000, which 

corresponds to drag coefficients of approximately 0.5 and 0.8 for particles with a sphericity of 1.0 and 

0.9 respectively (Haider and Levenspiel, 1989). Measured burr drag coefficients are higher than for a 

perfect sphere, which is expected as burrs are pseudo-ellipsoids. However, measured coefficients are 

also higher than theoretical particles with similar sphericity of 0.9. This results aligns with initial 

expectations and is attributed to the intricate internal structure of the burr with interwoven hooks and 

hairs (see Figure 1.4 for images of burrs). This intricate internal geometry increases surface area and 

therefore frictional drag (due to friction between the object’s surface and the airflow) would be higher 

for burrs compared to solid ellipsoids of the same diameter. At Reynolds numbers >1000, pressure drag 

is dominant and frictional drag is negligible for solid spheres (Mohsenin, 1986), however frictional drag 

would likely be more prominent in burrs given their shape. Dalkeith has the lowest measured drag 

coefficient, which fits this analysis as ssp. subterraneum burr structures are denser with thicker hooks 

and the projected area is closer to being a solid ellipse than the other subspecies tested. Subspecies 

brachycalycinum and yanninicum, by comparison have finer hooks that would increase skin friction.  

Therefore, it is expected that some assumptions used to calculate drag coefficients are not entirely 

applicable. Projected area was calculated as if the burr were a solid ellipsoid, however there are gaps 

in the internal structure and the actual projected area would be lower than that used in the drag 

coefficient calculations. Therefore, the actual drag coefficient would be higher than that measured. This 

discrepancy would be greatest for ssp. yanninicum as its burrs have a more open structure that is less 

dense. Additionally, the permeability of an object has an impact on its aerodynamic properties (Masliyah 

and Polikar, 1980) and permeable burrs would have different drag coefficients to impermeable (solid) 

objects. Another factor is that burrs were observed to spin (primarily about the reference axis), which 

may have affected the measured aerodynamic values. Rotation of the burr can affect the flow region in 

its wake and thus the drag forces experienced. It has been observed that rotation of grain and straw 

increases drag and decreases terminal velocity (Bilanski and Lai, 1965; Mohsenin, 1986). 
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Physical measurements of burr aerodynamics contribute to empirical data to support modelling of burrs 

in pneumatic agricultural systems. However, results of this study differ from those of other agricultural 

products and suggest that the models used for other seeds will not produce best results for subclover 

burrs, which have lower terminal velocities and higher drag coefficients than typical agricultural 

products. Differences in terminal velocity and drag coefficients between measured subclover burrs, 

other agricultural products and solid bodies are attributed to the burrs’ intricate internal geometry. 

Therefore, efforts to accurately model burr aerodynamic interactions (for example in Computation Fluid 

Dynamics software) will likely require more complex considerations than modelling burrs as solid 

bodies.  

It is expected that subclover seeds have higher terminal velocity than burrs due to their higher density 

and lower surface area. This would place subclover seed terminal velocity closer to that measured for 

other agricultural seeds. Higher seed terminal velocity would explain seed producer observations that 

seed which have fallen out of the burr are not easily picked up by the HB. Greater similarity to other 

agricultural products would make modelling subclover seed aerodynamic properties simpler than burrs. 

However, in the current suction harvest system, burrs are of primary interest. 

6.4.2 Seed harvest implications 

The range of burr terminal velocity measurements was below that measured at the HB pickup duct inlet 

(10.6 m/s). As expected this indicates that the HB is capable of creating an airflow rate greater than the 

terminal velocity of subclover burrs and entraining burrs in the machine’s airflow. This does not 

guarantee that burrs will be collected by the pickup duct as burrs on the soil surface would likely require 

greater than terminal velocity to be lifted. Burrs may also be partially buried or be influenced by other 

factors that impede their movement. Therefore, terminal velocity measurements set the lower bound for 

what is necessary to lift burrs and airflow-rate of practical harvesters will need to be greater. However, 

while increasing suction airflow-rate will increase burr capture, it will also increases the amount of soil 

disturbed by the machine.  

As noted in Chapter 4, soil disturbance is a key concern for seed producers and as expected burr 

terminal velocities are generally greater than that of soil particles. Measured terminal velocity of soils 

from varied locations in New South Wales ranges from 0.2 to 4 m/s (Malcolm and Raupach, 1991) and 

mean terminal velocities of large soil particles from a medic seed paddock in Balaklava, South Australia 
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ranged from 4 to 8.9 m/s (Didar, 2003). Subclover burr terminal velocities are greater than the majority 

of soil particle terminal velocities and therefore suction harvesters will inevitably disturb and ingest top 

soil from the paddock. The primary method seed producers use to control airflow on the soil surface is 

by adjusting the height of the HB pickup duct above the soil surface. This can have a significant impact 

as the air volume required to lift a particle with suction increases with the distance between the particle 

and the suction head (Didar, 2003). It is therefore possible to reduce the level of soil ingestion by raising 

the pickup duct, but this will also reduce the quantity of burr collected. This is a trade-off that seed 

producers currently have to make when operating their machines (Moss et al., 2021b).  

All subspecies require a similar flowrate to capture a high proportion of burrs considering the range of 

measured terminal velocities and small differences in mean terminal velocity between subspecies 

(Figure 6.4). There is potential for plant breeding to produce burrs with lower terminal velocity, by 

increasing projected area and drag coefficient (primarily from internal structures), while reducing 

density. However, if these lower terminal velocity burrs could be produced they would likely still have 

greater terminal velocity than small soil particles and erosion would still occur. Reducing terminal 

velocity would also have potentially negative impact on seed mass.  

Varying moisture content levels was not investigated in this study, but from the behaviour of other seeds 

(Gupta et al., 2007; Shahbazi, 2013) it is expected that burr terminal velocity will increase with moisture 

content. High subclover burr moisture content is associated with issues during harvest – primarily the 

decreased effectiveness of the thresher (Moss et al., 2021b). Increased terminal velocity from higher 

moisture content would increase the required flowrate to lift the burrs and may also increase soil 

ingestion. However, soil particle terminal velocities would also increase if soil moisture content 

increased.    

The results of burr aerodynamic properties provide a greater understanding of pneumatic subclover 

seed harvesting, indicating that soil disturbance is inevitable with current suction technology. This 

results aligns with conclusions from previous chapters and further supports the need to develop new 

subclover seed harvest systems.  
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Chapter 7 

Conceptual design for improved subterranean 

clover seed production 

A conceptual design approach, built upon the information gathered in previous chapters, was used to 

conceive and evaluate new systems for subterranean clover (subclover) seed harvesting. This provided 

valuable insights and design guidance for addressing the actual issues facing the seed production 

industry. Various engineering design approaches and frameworks were employed, with the primary 

design approach adapted from Dieter and Schmidt (2013) and combined with principles of the IDEO 

(2015) Human-Centred Design (HCD) framework. Details of this conceptual design process, 

summarised in Figure 7.1, are discussed in this chapter. 

 

Figure 7.1. Overview of conceptual design process undertaken in this thesis.  

7.1 Problem Definition 

 

The problem statement formulated above summarises the design challenge to be solved. It builds upon 

the initial issues recognised by the industry that led to AgriFutures Australia funding the “Profitable and 

environmentally sustainable subclover seed harvesting” project. The problem statement was updated 
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throughout the design process and guided design efforts. This is the first step of the “problem definition” 

stage of the design process, where the needs of the customer are identified and formalised. This first 

stage is critically important to ensure that the design problem is understood and that any proposed 

solutions effectively address the actual needs of the end user (Dieter and Schmidt, 2013). This was 

achieved through a series of interviews, case studies, workshops and a survey to develop an 

understanding of the wants and needs of seed producers (Chapter 4). Importantly, in line with HCD 

principles, this research aimed to incorporate the human element and take into account the experiences 

and perspectives of seed producers and the seed industry to create outcomes that address their needs. 

7.1.1 Insight Statements 

The main outcomes from this customer research, described in Chapter 4, were developed into insight 

statements, a key practice in HCD (IDEO, 2015). Identified insight statements are broken into themes 

and presented in Figure 7.2. 

 

Figure 7.2. Subterranean clover seed harvesting insight statements developed through interviews, case studies, 

workshops and a survey described in Chapter 4. 

These insight statements provide an understanding of the central issues that need to be considered in 

the design process and how they relate to the four identified themes of: environmental impact, 
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innovation, equipment and producer experience. From these statements two central insights were 

generated: 

 

7.1.2 House of Quality 

To better understand these customer needs and how to design for them, Quality Function Deployment 

(QFD) was employed - a methodology where customer needs drive the product design. Originating in 

Japan, QFD is a problem-solving and planning tool that has been employed successfully by a variety 

of companies and teams throughout the world to develop well-designed, customer focussed solutions 

(Dieter and Schmidt, 2013). The QFD process allows designers to develop a deeper understanding of 

the problem and answer questions that might be ignored in less rigorous methods. This can create 

more robust solutions and the initial investment in completing the QFD process can reduce time later 

in the design process (Chan and Wu, 2002; Dieter and Schmidt, 2013; Hauser and Clausing, 1988). 

The first stage of QFD is building the House of Quality (HoQ). This develops the relationships between 

what the customer wants from a product and the design features that are important to meeting them 

(Dieter and Schmidt, 2013). These customer “wants” are formally described into “customer 

requirements” that can be evaluated and designed toward. An understanding of customer requirements 

was generated through the interviews, case studies, workshops and survey (Chapter 4). These have 

been divided into three categories and are summarised in Figure 7.3.   
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Figure 7.3. Customer Requirements for subterranean clover seed producing equipment, generated through 

interviews, case studies, workshops and survey of seed producers.  

The HoQ was then used to translate these customer requirements, “whats”, into design features termed 

engineering characteristics, “hows”. The engineering characteristics are informed by research into 

harvest technology to define preliminary parameters, variables and constraints for the design. These 

engineering characteristics were evaluated against key client requirements, Figure 7.4. Scoring in the 

HoQ can be subjective and rankings should be taken as a guideline of relative importance rather than 

an absolute ranking.   
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Figure 7.4. House of Quality (HoQ) depicting the relationship between Customer Requirements (CR) and Engineering Characteristics (EC) for subterranean clover seed 

production. EC weighting is a product of CR weight and relationship strength, where relationship strengths are scored as: Θ – strong (9); O – moderate (3) and  - weak (1).  
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The output of the HoQ process is an understanding of the how engineering characteristics relate to 

each other and, crucially, to customer requirements. The engineering characteristics ranked in order of 

importance, with 1 being most important, are:  

1. Number of passes – total number of machinery passes in harvest operation (preparation, 

harvesting and post-harvest)  

2. Soil ingestion – quantity of soil ingested by the harvester 

3. Percentage of available burr collected – the proportion of burr collected from the ground, from 

what is theoretically available to be harvested 

4. Forward speed – operational speed of harvester in typical conditions24 

5. Harvest width – operational width of harvester 

6. Number of custom parts – that are not commercially available and would need to be produced 

by the farmer or an engineering workshop 

7. Level of soil displacement – amount of soil displaced during harvest or eroded post-harvest  

8. Seed storage capacity  - amount of harvested material that can be stored on board the harvester 

before it must be unloaded 

9. Dust emission – concentration of dust aerosols produced by harvest operations  

10. Reliability – machinery operation time before breakdown or efficiency reduction 

11. Material – from which machinery is fabricated  

12. Size – dimensions of harvest machinery 

13. Percentage of impurities in processed sample – amount of soil, plant matter and foreign 

material present with seed sample produced by harvester 

14. Adjustability – screen sizes, flowrates etc. can be adjusted to suit different subclover 

cultivars/subspecies, soil types and harvest conditions 

15. Energy consumption – the amount of energy (fuel) required to power machinery in all stages of 

the harvest operation 

The results of the HoQ provide insight into what design parameters are important for meeting customer 

requirements and are highly relevant in the Evaluation of Concepts phase. For example, the HoQ 

suggests that “the number of passes” has the greatest impact of achieving client requirements. This is 

                                                      
24 Forward speed and harvest width can also be viewed together as a “harvest rate” engineering 
characteristic 
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logical, as the number of passes has a direct impact on time, labour and soil impact. Additionally, the 

HoQ indicates that the system’s “energy consumption” is the lowest ranking Engineering Characteristic. 

This does not mean that it can be ignored completely, as there are practical constraints, but it does 

suggest that energy consumption is less important to satisfying client needs than the number of 

passes25 or proportion of burr collected. The HoQ also elucidates trade-offs between design variables 

that must be considered in potential solutions e.g. increasing forward speed is desirable, but negatively 

impacts the proportion of burr (and therefore seed) collected in a harvest pass The HoQ is not intended 

to be strictly prescriptive and is instead used to generate insights that inform and guide the design 

process. The results of the HoQ are discussed further in subsequent stages.  

7.2 Information Gathering 

The Information Gathering phase of the design process builds upon the Problem Definition phase to 

develop the contextual and technical understanding needed to generate design solutions. This included 

an extensive literature review of related studies, patent analysis, historical review, interviews, 

experiments and investigations into technology from other industries. This is discussed in depth in 

Chapters 1 to 6, but is summarised below.  

Related literature (Chapters 1, 2 and 4): There has been only limited research into subclover seed 

production with existing literature focused on agronomic aspects of subclover seed production rather 

than mechanical harvesting. Issues in the subclover seed production industry are reported in Hassall 

and Associates (2001) and Avery et al. (2001). The studies of Tuncks (1981) and Didar (2003) on 

annual medic seed harvesting and discussion of pneumatic harvesters are particularly relevant.  

Patent Analysis (Chapters 2 and 3): There have been 48 patents filed in the Australian database for 

technology related to subclover seed production. These can be classified into six main groups: 

pneumatic, brush, sheepskin roller, raking, threshing and seed cleaning. Pneumatic harvest systems 

are dominant today, but previous solutions can provide inspiration for alternative design concepts. 

Patents provide valuable context to what was attempted and what ideas were popular in the industry.  

                                                      
25 These characteristics are of course connected. For example, reducing the number of passes can 
reduce energy consumption, unless the approach is more energy intensive per pass than a higher pass 
method. 
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Historical review (Chapters 2 and 3): Evaluation of historical harvest systems provided greater context 

to patents and revealed unpatented inventions. This review provided greater insight into what factors 

led to the success and failure of seed production systems. Primarily, the development and adoption of 

new harvest systems were negatively impacted by a lack of commercial support from machinery 

manufacturers, as they viewed the size of the industry to be too small to warrant involvement. This is a 

crucial consideration in the design of new harvest systems that rely on commercial production to be 

most beneficial to the industry.  

Harvest experience (Chapters 4 and 5): First-hand observations of subclover seed harvesting and 

operation of the Horwood Bagshaw Clover Harvester were acquired in the field. This provided greater 

understanding of harvest systems and machinery.  

Experiments (Chapters 5 and 6): Measurements of the Horwood Bagshaw Clover Harvester harvest 

losses, soil impact and burr aerodynamic properties provided qualitative context to producer 

experiences. This information provides a baseline from which to compare new solutions. 

Technology from other industries (Chapter 4): Investigations into other industries revealed technology 

or principles which could be beneficial in subclover seed harvesting. These included agricultural 

systems that harvest below ground products, modern suction systems, aerial seed harvesting systems 

and technology used to collect material from the ground.  

The outcome of this Information Gathering phase was increased contextual and technical 

understanding of the design problem, and inspiration for idea generation in subsequent phases. 

7.3 Concept Generation  

The Concept Generation or Ideation phase employed a number of creative thinking approaches and 

insights from previous phases to generate design ideas. 

7.3.1 “How might we” questions 

Insight statements, previously formulated in section 7.1.1, identified problem areas in current seed 

production. Following HCD principles, these insight statements were rephrased into “how might we” 

questions. This process aims to turn challenges into opportunities for design. These questions are not 

intended to suggest a particular solution, but rather provide a framework for idea generation (IDEO, 
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2015). A range of these questions were generated and used subsequently to brainstorm design 

solutions; several examples are presented in Figure 7.5.  

 

Figure 7.5. Examples of several “how might we” questions, generated to create opportunities to solve problems 

identified in insight statements. 

7.3.2 TRIZ 

TRIZ (Theory of Inventive Problem Solving) is a problem solving heuristic for generating innovative 

solutions (Altshuller, 1984). It was originally a Russian framework developed from the study of hundreds 

of thousands of patents, in an attempt to identify what features creativity and innovative inventors had 

in common. One of the central insights was that the strongest inventions emerge from addressing 

contradictions – trade-offs where improving one aspect of the system has a negative effect on another 

(Altshuller, 1984; Dieter and Schmidt, 2013; Mann, 2001). The TRIZ system now has a table of 40 

inventive principles which can be used to reduce contradictions and increase the positive benefits of an 

invention (See Triz.org (2013) for details of all 40 principles). Contradictions were identified in the 

subclover harvest system and TRIZ principles used to generate ideas to potentially overcome them. An 

example of one contradiction is presented in Figure 7.6.  

 



Chapter 7  Conceptual Design 

123 
 

 

Figure 7.6. Example of using the TRIZ contradiction table to generate ideas for the design problem. Suggestions 

come from overcoming the contradiction of increasing productivity (TRIZ parameter 39) while reducing system 
generated negative effects (TRIZ parameter 31). For full list of the 40 TRIZ design parameters, see Triz.org 

7.3.3 Ideas from the past 

A powerful design practice is to utilise ideas from the past, with current applications through improved 

technology (Altshuller, 1984). Utilising this approach led to the generation of several concepts based 

on historical subclover harvesting inventions, primarily: 

1) Sheepskin roller systems – utilise the natural ability of burrs to cling to wool to harvest seed. 

This same principle can be applied using modern advances in materials, particularly synthetic 

textiles and hook and loop fastener material.  

2) Brush systems – many past systems utilised brushes to sweep burrs to collect them. There 

have been many advancements in brush technology, increasing adaptability and reducing costs 

of this approach.  

7.3.4 Technology from other industries 

Building from the Information Gathering phase, concepts were generated to utilise technology from 

other industries. This is an important principle advocated for in TRIZ, as ideas from diverse industries 

and disciplines can be powerful methods of overcoming contradictions in a design system (Altshuller, 

1984; Mann, 2001). Examples of promising systems for concept generation are listed below:  

Below soil agricultural systems     Other related technology 

Peanut harvesters   Suction peat harvesters 

Carrot harvesters   Grass seed harvesters 

Potato harvesters   Combine harvester fronts 

   Turf/lawn suction and sweeping systems 

   Municipal road sweeping systems 
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7.4 Evaluation of Concepts 

The final phase of the conceptual design process evaluates generated concepts to determine which 

should be pursued further in the embodiment design process. This involves employing decision making 

criteria and frameworks to rigorously compare and improve concepts. In line with principles of HCD and 

QFD, the key benchmark for candidate solutions is their relevance to meeting customer requirements.  

7.4.1 Concept options 

To illustrate the evaluation process utilised in this thesis, a sample of concept solution options are 

presented in further detail.  

Peanut approach: Employ an approach similar to that used to harvest peanuts. A digger-inverter 

machine cuts the tap roots and lifts the plant with burrs attached. Dirt is shaken off and the plant is 

inverted with the burrs facing up. A second machine subsequently picks up the plant and extracts the 

seed.  

Bespoke suction system: Suction machinery that sucks up burrs in a similar manner to the HB, but with 

increased pickup capacity and throughput. Designed to be built from a new platform that would need to 

be manufactured.  

Peat suction harvesters: Use of suction harvesters from the peat industry that are capable of high 

throughput material pickup and storage. Dual pickup ducts suck surface material into a large storage 

bin.  

Turf maintenance machinery: Utilising machinery from the turf maintenance industry that employs 

brushes and suction to collect surface material.  

Burr hook methods: Use of materials that can attach to burr hooks and lift them from the paddock. 

Utilising the principle from sheepskin roller technology, but with modern materials and hook and loop 

fabrics.  

Brush systems: Machinery utilising brushes to sweep burr into collection units.  

Combine harvester fronts: Design of a combine harvester front that can collect surface material and 

feed it into the combine harvester.  
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Dust reducing spray: Use of a spray or other method of spreading a substance onto the paddock to 

reduce erosion post-harvest. 

7.4.2 Absolute criteria 

The generated concepts were filtered against a set of common-sense and absolute criteria. This acted 

as a go / no-go screening. One of the primary criteria which concepts were assessed against was 

Technology Readiness Levels (TRLs), which can indicate the maturity of concept design and 

development.   

The TRL system was first introduced by the National Aeronautics and Space Administration (NASA) to 

allow effective assessment and comparison of the maturity of technologies (Mankins, 1995). Various 

forms of this system have been adopted by different industries, but they essentially use a 1-9 scale to 

cover the range from concept initiation to mature technology (Figure 7.7). In this project the stages of 

seed harvesting technology can be described: TRLs 1-2 refer to basic research (basic principles 

observed, technology concept formulated); TRLs 3-4 refer to technology development (experimental 

proof of concept, small plot studies); TRLs 5-7 refer to validation and demonstration (technology 

validated in relevant environment, demonstrated on-farm in relevant environments and soil types, 

model/prototype demonstrated in operational seed harvesting conditions); and TRLs 8-9 refer to pre-

commercial machinery manufacture (technology is proven to work, technology is ready to progress to 

commercial deployment). 

Design concepts and technology were also evaluated based on their commercial maturity, using the 

Commercial Readiness Index (CRI). The CRI system was first developed by the Australian Renewable 

Energy Agency (ARENA) for use in the renewable energy sector (ARENA, 2014) and has become an 

accepted process for benchmarking commercial maturity (Animah and Shafiee, 2018). TRLs 8 and 9 

correspond to a pilot scale on the CRI, which can then be progressed through higher CRIs to 

commercial scale and ultimately a commercially competitively system. The relationship between TRL 

and CRI is depicted in Figure 7.8.  
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Figure 7.7. Schematic of Technology Readiness Levels (TRL) adopted in this study. 

 

Figure 7.8. Relationship between Technology Readiness Levels and Commercial Readiness Index, based upon 

ARENA (2014). 
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This TRL and CRI criteria were used to assess the maturity of concept technology and identify which 

concepts required significant research and development (R&D), and which were suitable for further 

embodiment design. Concepts that required significant levels of R&D (e.g. static electricity seed 

collection) were not progressed in order to focus on concepts that were most likely to produce results 

in the timeframe of the project (several years). Additionally, because of the identified difficulty in 

commercially producing subclover seed harvest technology (due a reluctance from industry 

manufacturers, see Chapter 4), design concepts were favoured which were at higher levels of TRLs 

and could produce practically available solutions for seed producers with feasible future CRI 

progression.  

Another key criteria was developing a system that provided a step change in seed harvesting and 

targeted its underlying issues. Therefore, this approach prioritised new harvest systems over concepts 

that considered modifications to the current HB system or only addressed an externality (e.g. dust 

reducing spray systems).  

7.4.3 Pugh chart 

Pugh charts are a popular method for identifying promising design concepts among generated 

alternatives (Dieter and Schmidt, 2013; Frey et al., 2009). A Pugh chart is presented in Table 7.1, where 

several design concepts are evaluated against a datum, the incumbent HB Harvester. Each concept is 

scored to whether its performance is expected to be better, worse or the same as the datum. Selection 

criteria used are adapted from HoQ Engineering Characteristics.  
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Table 7.1. Pugh chart comparing design concepts against the current Horwood Bagshaw Clover Harvester system. 

+ better performance. – worse performance. S is the same performance. Selection criteria used are adapted from 
Engineering Characteristics from the House of Quality. 

                  

  Concepts 

Selection criteria    
Peanut 
system 

Bespoke 
suction 

Peat 
suction 

Turf 
system 

Burr 
hooks 

Brush 
System 

Combine 
front 

Number of passes  + S S S + + + 

Soil ingestion   + S - - + + + 

% of available burr collected  S S S S S S - 

Forward speed  + + + + + S + 

Harvest width  + + + + + + + 

No. of custom parts  S - S S - - - 

Soil displacement  + S S S + + + 

Seed storage capacity   + + + + + + + 

Dust emissions  + S S S S S + 

Clean processed sample  S S - - - - + 

Adjustability    + + S S S S + 

No. of pluses  8 4 3 3 6 5 9 

No. of minuses    0 1 2 2 2 2 2 

         
The absolute values of the Pugh Chart are not of primary importance, but rather the insights about the 

problem and solution alternatives generated from the process (Dieter and Schmidt, 2013). However, it 

is clear from the numerical result of the Pugh process that the Peanut and Combine front systems are 

well suited to meeting the selection criteria and deserve further investigation. Comparing the two 

concepts, a key difference is their ability to collect available burr. A combine front system that uses 

rotating fingers to collect material, will have difficulty harvesting burrs from within the soil and would 

primarily collect burrs already above the surface. This system would still require pre-harvest preparation 

and have similar soil impact issues to the HB. This is a key weakness of the combine front system and 

indicates that peanut harvesting systems could be more appropriate. However, there is potential to join 

the two systems, with a combine front solution being used to collect plant and seed material once it has 

been lifted to the surface by a peanut harvest digger approach. Regardless, the result of this analysis 

suggest that peanut harvest concepts should be the highest priority for further investigation.  

7.4.4 Peanut harvest concept 

The outcome of this concept evaluation is the identification of the peanut harvest technique as a 

potential solution to the design problem. A user-story of what this potential system could look like for 

subclover seed is presented below: 
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I. Seed producer, Amos, prepares and grows his seed crop as usual, with the exception of hard 

grazing/cutting at the end of the season. 

II. At the appropriate time Amos uses a machine that lifts the plant from the soil, shakes off soil 

and inverts the plant with the burrs still attached. This machinery is commercially available for 

purchase and has supported parts when maintenance is required.  

III. The plant, with upturned burrs, is left to dry in the field (likely for several days to a week). Seed 

maturation continues in this time and plant moisture content decreases. 

IV. Amos uses a second machine (also commercially available) to pick up the inverted row and 

extract and thresh the seed. 

V. Amos processes the harvested product in a seed cleaning facility and sells it as usual. 

VI. The two pass process has saved Amos time and fuel compared to suction harvesting and has 

reduced soil damage in his paddock. 

A key component of this system, and the seed producers’ experience, is machinery supply and support. 

Therefore, in addition to seed producers there would ideally be a manufacturer/supplier company that 

sees the value in this process and offers the indicated machinery and support.  

This system is high performing in key engineering characteristics and is able to meet customer 

requirements. Importantly, it has the potential to harvest seed in two passes, significantly fewer than 

the current HB system. Reducing the number of passes was determined as the most important 

engineering variable in the HoQ. Additionally, this system satisfies the critical customer requirements 

identified in section 7.1.2: it reduces soil disturbance, by significantly decreasing the number of required 

machinery passes and avoiding suction; it utilises equipment that is commercially available (if existing 

peanut equipment can be adapted) from a well-established industry; and it also has the potential to 

increase the harvest rate with wider equipment and greater harvest speeds. Other potential benefits 

include: 

I. Time savings from reduced machinery operations. 

II. Harvest earlier in the season and therefore reduce risk of rainfall events. 

III. Harvest performance is potentially less sensitive to weather conditions (particularly heat and 

humidity).  

IV. Simpler machinery resulting in greater reliability. 
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To illustrate the difference between the peanut system concept and the current HB Clover Harvester, 

they are compared against Client Requirements (from the HoQ) in Table 7.2. Both systems have been 

scored between 0 (worst) and 5 (best) for each Client Requirement. This analysis suggests that a 

peanut harvesting system would more effectively meet the needs of the customer than the current HB 

Harvester.  

Table 7.2. Comparison of Horwood Bagshaw Clover Harvester and a peanut style harvest system for meeting the 

client requirements of subclover seed producers. The two systems are scored on a scale of 0 (worst) to 5 (best). 
Dashed line – Horwood Bagshaw, solid line – peanut system. 

 

A peanut style system is also potentially able to use established technology that is commercially 

available from the peanut industry. The system is evaluated at TRL 5 to 6, as the technology exists and 

requires evaluation in relevant conditions for subclover seed production. However, it builds on 

commercially mature technology at a high CRI and has potential for relatively quick commercial 

implementation. Testing, adaption and research into this method for subclover seed production is 

discussed in subsequent chapters. It is aimed to progress this approach to higher TRL and CRI levels, 

where it can be used to make a positive impact in seed production.  

7.5 Outcomes 

The design process facilitated a greater understanding of the problems in subclover seed production 

and produced criteria against which to evaluate design concepts. These criteria and insights into 

customer requirements continue to be used in subsequent stages of the design process to ensure that 

solutions being investigated have the ability to address the actual needs and issues of the industry. 

Principally, new harvest systems should aim to utilise commercially available components/machinery, 

minimise the number of harvest passes and maximise harvest rate.  
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From these criteria, a peanut style harvest system has been identified as a high ranking concept. This 

system has the potential to harvest subclover seed in a two pass process, utilising scalable and 

commercially available machinery from the peanut production industry. This system requires validation 

in subclover production (TRL 5/6) and machinery modifications, harvest efficacy and agronomic impacts 

need to be assessed. These are discussed in subsequent chapters.  

The peanut system is not the sole solution generated from this process and other promising concepts 

continue to be evaluated for embodiment design with the goal of progressing them up TRLs and CRIs. 

The burr hook method, for example, merits further investigation. This system utilises the burrs’ ability 

to attach to material and is inspired by historic sheepskin roller practices. This system has the potential 

to simply and effectively collect seed with reduced soil impact. Despite previous commercial use of 

sheepskin rollers, the use of modern materials in this approach is not well developed and would be at 

a TRL of 3. Research would be required to understand which materials would perform best with a range 

of cultivars and conditions, prior to small scale testing to establish its efficacy at collecting burrs in field 

conditions. Additionally, a modified combine front has the potential to leverage powerful pieces of 

modern harvest equipment. However, the challenge of raising seeds to the surface first needs to be 

addressed for this system to produce best results.  
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Chapter 8 
 

Subterranean clover burr detachment mechanics 

and implications for seed harvestability 

Preface: This chapter was published as “Moss, W. M., Nichols, P. G. H., Foster, K. J., Ryan, M. H., 

Erskine, W., and Guzzomi, A. L., 2021 A chronology of subterranean clover burr detachment mechanics 

and implications for seed harvestability. Journal Royal Society Interface. 18.” The introduction has been 

modified to avoid repetition with other chapters of this thesis.  

8.1 Introduction 

The mechanisms by which plants shed their seeds are important for seed dispersal in nature (Howe 

and Smallwood, 1982; Willson and Traveset, 2000). However, seed shedding is a negative attribute for 

the production of agricultural species and overcoming this has been a crucial trait in plant domestication 

(Abbo et al., 2003). Seed shedding in crops such as wheat, oats, canola and rice is well studied, as it 

directly affects yield and harvest operations. Seed retention on the plant is particularly important for 

aerially-seeded crops as it allows seeds to be efficiently harvested at a single harvest time with minimal 

losses and facilitates use of machinery (Oba et al., 2000; Oba et al., 1998; Peng et al., 2011). However, 

the seed shedding ability, by detaching seed-bearing burrs, of subterranean clover (subclover) is not 

well understood, even though it plays a significant role in seed harvestability.  

A high ranking design concept identified in Chapter 7 is the adaptation of peanut harvest technology. 

In peanut harvesting, a commonly used approach is to cut below the pods and lift the plants with pods 

attached (Bader and Sumner, 2009). Lifted plant material is returned to the soil surface in an inverted 

windrow prior to being collected for threshing to extract the nuts from the pods. In this system the lift 

and invert process is conducted prior to full plant senescence, in order to maintain strength in the plant 

and reduce harvest losses. As such, the retention strength of peanut pods is well studied in peanut 

harvest research (Guan et al., 2014; Sorensen et al., 2015, 2017; Thomas et al., 1983). In current 

subclover seed production, harvest systems rely on the brittleness of fully senesced plants to detach 

burrs from their plant with mechanical implements prior to suction. However, for a peanut style harvest 
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method to be successful for subclover seed, it is crucial that the burr remains attached to the plant as 

it is extracted from the soil. This requires an understanding of the mechanisms and timing of subclover 

burr retention as the plant matures.  

Burr attachment is expected to vary among the three subclover subspecies (subterraneum, yanninicum 

and brachycalycinum), which have different peduncle and burr characteristics, burr burial habits and 

soil-type preferences (Ghamkhar et al., 2015; Katznelson and Morley, 1964; Nichols et al., 2013; Piano 

et al., 1982). Burr burial is particularly strong in ssp. subterraneum and ssp. yanninicum, which are 

highly geotropic and actively bury their burrs, whereas ssp. brachycalycinum is weakly geotropic and 

has long, thin peduncles that are unable to exert high pressure on the soil surface and consequently 

seeks cracks or spaces among stones for burr development (Katznelson and Morley, 1964; Nichols et 

al., 2013). Burr morphology also varies among the subspecies (see Figure 1.4), which is expected to 

influence attachment.  

Understanding the burr attachment mechanisms of subclover is needed to inform the design and 

evaluation of alternative harvesting systems able to collect burrs while still attached to the plant. This 

chapter investigates the factors that affect burr attachment during seed maturation and senescence for 

the three subspecies. It is hypothesised that the strength of burr retention to the plant will reach a peak 

as seeds mature, and then decrease as the plant senesces. Gaining an engineering understanding of 

this trend and the factors that influence retention strength will inform the timing of alternative subclover 

seed harvesting practices. 

8.2 Materials and Methods 

8.2.1 Trial design 

Three cultivars of subclover were used in this study, one from each subspecies: Dalkeith (ssp. 

subterraneum), Monti (ssp. yanninicum) and Mawson (ssp. brachycalycinum). These cultivars were 

selected as representatives of the current cultivars sown in Australia of each subspecies and with similar 

flowering times (Nichols et al., 2013). Seedlings were germinated in a glasshouse in Jiffy peat pots (Jiffy 

Products Ltd, Norway) on 6 May 2020, with added group C rhizobia (Rhizobium leguminosarum bv. 

trifolii strain WSM1325).  They were then transplanted into a paddock at The University of Western 

Australia Field Station (31.95˚ S, 115.80˚ E) on 5 June 2020 using germination and transplantation 

methods as described in Abdi et al. (2020). The soil type was a loam-dressed sand with a pH (water) 
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of 6.5 in the top 20 cm (Abdi et al., 2020).  Each 0.8 m by 8.4 m plot consisted of four rows, with 

individual plants spaced 0.2 m apart in each direction, giving 168 spaced plants per plot. A randomised 

block design was used, with four replicates per cultivar. The trial area was hand-weeded, and irrigated 

by overhead sprinklers as required to prevent moisture stress. Nutrition was added as a basal treatment 

and again in spring, and insects and pests were controlled as needed. Irrigation ceased on 10 

November to allow plants to complete senescence.  

8.2.2 Flowering date 

Days to first flowering was recorded as the date when at least 50% of plants had at least one open 

flower (Abdi et al., 2020; Nichols et al., 2009) (Table 8.1). Note that Monti ssp. yanninicum flowered 17 

and 18 days later than Mawson ssp. brachycalycinum and Dalkeith ssp. subterraneum, respectively.  

Table 8.1. Flowering date defined as the earliest date on which at least 50% of plants had at least one open flower. 

Cultivar Subspecies Flowering date 

Dalkeith Subterraneum 12 August 2020 

Mawson Brachycalycinum 13 August 2020 

Monti Yanninicum 31 August 2020 

 

8.2.3 Burr sampling 

Burr samples were taken approximately every 14 days from 6 October to 1 December 2020 (Figure 

8.1). This period was selected to enable burr development to be tracked as the plant matured through 

to senescence. Two samples per plot were taken for each cultivar. Samples were taken from the centre 

two rows to avoid edge effects. Quadrats, 0.2 m by 0.2 m, centred on the crown of individual plants, 

were cut and dug by hand to a depth of approximately 20 mm, with care taken to minimise burr loss. 

To avoid moisture loss, sampled plants were stored in sealed plastic bags prior to being processed on 

the same day.  

Peduncles with intact burrs were cut at their junction with the stem. Samples were taken from the first 

burr node on the main stem, where obvious, in order to capture the most mature burrs at each date. 

When it was not possible to locate the first burr node - which became more difficult as the plant stems 

became increasingly interwoven to form a sward - the most mature burrs were sampled.  
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A final sampling of fully senesced plants was attempted on 15 January , 2021, coinciding with the period 

of conventional suction harvest activities by commercial seed producers (Moss et al., 2021b). However, 

burrs and peduncles had weakened and become brittle to the extent that a sufficient quantity of intact 

samples could not be collected for testing; data were therefore not recorded for this date.  Key dates 

across the 2020-21 season, with conditions becoming increasingly hotter and drier, are depicted in 

Figure 8.1.  

 

Figure 8.1. Key experiment dates and periods for 2020-21. Monthly total rainfall (columns) and monthly average 

maximum air temperature (line) recorded by the Australian Bureau of Meteorology for the closest weather station 
to the test field site. Conditions became increasingly hotter and drier as the season approached summer and all 
experimental sampling had concluded prior to the typical suction harvest period. Note: irrigation was also used on 
experimental plots in spring to prevent moisture stress, but ceased on 10 November to allow plants to senesce. 
The contribution from irrigation is not included in the monthly total rainfall figures.  

8.2.4 Burr and peduncle attachment strength testing 

Twelve burr/peduncle samples were tested for each plot giving a total of 48 per sample date per cultivar. 

Burr diameter was measured across the widest part of each burr (dimension L in Figure 6.1). Peduncle 

diameters were measured at the mid-span of the peduncle.  
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Measurements were then taken of: 

1. the attachment strength of the burr (the force required to cause failure at the burr-peduncle 

connection); and 

2. the peduncle tensile strength (the force required for the peduncle to fail in tension). 

Digital force gauges (Starr Instruments FGD-5 and FDG-10 with a minimum 0.02 N resolution) were 

used to measure tensile loads applied to the samples. Attachment strength of the burr was measured 

by supporting the burr in a purpose-designed, 3D printed (Creality, Ender 3 Pro) cradle that allowed 

load to be applied to the burr without contacting the peduncle (Figure 8.2a). The cradle was raised, 

applying an upward force on the burr (with the peduncle clamped at its base), until the burr detached 

from the anchored peduncle.  

Peduncle tensile strength was measured with the peduncle clamped at the top and bottom (Figure 

8.2b). Purpose-made, 3D printed clamps were used to hold the peduncle. The clamps were designed 

to apply a distributed load across a large part of the peduncle and hold it in place during testing without 

slipping. The clamps have filleted edges and tapers to reduce localised crushing or stress 

concentrations that can impact tensile testing (Davis, 2004; Shah et al., 2017).  The top support was 

raised, applying a tensile load through the peduncle until failure. The maximum force was recorded for 

both tests as the failure load, but strain was not measured. Measurements were paired such that both 

burr attachment strength and peduncle tensile strength were recorded for individual samples.  

The experiment was designed to load the sample in tension rather than bending tests or other 

approaches, as this setup better replicated the loading conditions of the burr and peduncle as they are 

extracted from the ground. The testing method employed is similar to that used to evaluate the 

attachment strength of peanut pods (Guan et al., 2014; Sorensen et al., 2015, 2017; Thomas et al., 

1983).  

Fresh and dry weights of burrs were recorded after testing to estimate water content. Tested burrs were 

oven dried for seven days at 50°C to obtain dry weights.  
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Figure 8.2. Diagram of the purpose-built apparatus used to test: a) burr attachment strength and b) peduncle 

tensile strength. The force gauge was actuated upwards to apply a tensile load to burr or peduncle and maximum 
force recorded as the failure load. External clamps (not pictured) were applied to the “peduncle clamps” to apply 
sufficient clamping force to the peduncle to avoid slippage.  

8.2.5 Microscopy 

8.2.5.1 Electron Microscopy  

Scanning electron microscopy (SEM) images were taken to observe the failure surfaces of peduncles. 

Samples from each cultivar were collected at two harvest dates (Table 8.2) to capture burrs and 

peduncles from both relatively green and senesced plants. By hand, the burrs were detached and the 

peduncles broken in tension. To preserve samples for imaging, they were then fixed in 2% 

glutaraldehyde, 2% paraformaldehyde in a phosphate buffer (ProSciTech) for 24 hours at room 

temperature and refrigerated. The samples were rinsed with phosphate buffer and immersed in 

increasing concentrations of ethanol (50%, 70%, 95%, and 100% absolute “dry” ethanol). Between each 

immersion, the samples were dehydrated in a specialised microwave (PELCO, BioWave 34700 

Laboratory Microwave System, Ted Pella Inc. USA). The dehydration process was completed with a 

Critical Point Drying Apparatus (Polaron E3000, Quorum Technologies UK) to replace the ethanol in 

the sample with supercritical CO2. Critical point dried samples were examined using a scanning electron 

microscope (JEOL NeoScope, Nikon Japan) at 15 kV. 
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Table 8.2. Sampling time expressed as days after flowering (DAF) for samples preserved for subsequent scanning 

electron microscopy. 

 

 

8.2.5.2 X-Ray micro-computed tomography 

To visualise the internal structure of the burr and peduncle connection, samples were scanned at 80 

kV using micro-computed tomography (X-ray μCT) system (Versa 520, Zeiss USA) running Scout and 

Scan software (v15.0.17350.39816, Zeiss). Suitable X-ray transmission was achieved using an LE1 

beam filter. A total of 1601 projections were collected over 360° with 2 s exposure. Source and detector 

positions were adjusted together with the use of 0.4x optical objective and 2x camera binning to achieve 

pixel resolutions between 11 to 15 μm. Raw projection data were reconstructed automatically using 

XMReconstructor software (v15.0.17350.39816, Zeiss) using the standard 0.7 kernel size recon filter. 

Visualisation of scans was performed using Avizo (v. 8.1.1, ThermoFisher).  

Fully senesced burrs collected in January 2021 were first scanned with the peduncle intact. The burr 

was then detached from peduncle by hand and the burr rescanned. Detached peduncles were viewed 

with an electron microscope as per section 8.2.5.1, but without critical point drying.  

8.3 Results 

8.3.1 Strength measurements 

Burr attachment and peduncle strength decreased significantly for each subspecies across the sample 

period as the plant senesced. Local peduncle strength maxima occurred for ssp. subterraneum and 

yanninicum samples at approximately 69 and 66 days after flowering (DAF), respectively, with the 

brachycalycinum samples continuously declining in the sample period (Figure 8.3a). Subspecies 

subterraneum also exhibited a local maximum at 69 DAF for burr attachment strength, with no local 

burr attachment maxima observed for the other two subspecies (Figure 8.3b). The subterraneum 

samples had the highest burr attachment and peduncle strength throughout the sample period. The 

peduncle strength for ssp. brachycalycinum was significantly higher than for ssp. yanninicum. However, 

the yanninicum samples initially had the greater burr attachment strength, which then declined to similar 

levels as ssp. brachycalycinum.  

Cultivar Subspecies Sampling times (DAF) 

Dalkeith Subterraneum 69 119 

Mawson Brachycalycinum 61 118 

Monti Yanninicum 50 100 
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Mean burr attachment force was lower than peduncle failure force for each subspecies at each sample 

time (Figure 8.3). Subspecies differences for peduncle and burr attachment strength were statistically 

significant (P<0.001) for each sample time, except for ssp. yanninicum at the last sample date (DAF 

92). 

 

Figure 8.3. a) Peduncle failure strength and b) burr attachment strength during burr development of subterranean 

clover subspecies: subterraneum (cv. Dalkeith), brachycalycinum (cv. Mawson) and yanninicum (cv. Monti) (mean 
± standard error). Hollow circles indicate the times when testing was attempted, but failed because attachment 
strength had decreased to effectively zero, on senesced plants in January 2021 (DAF 156, 155 and 137 for 
subterraneum, brachycalycinum and ssp. yanninicum respectively). These points are joined to the measured data 
using hypothetical smooth dotted lines, for illustrative purposes only.  

Burr moisture content decreased continuously during the sample period for each subspecies, with no 

local maxima (Figure 8.4a). Subspecies subterraneum had the highest burr moisture content initially, 

however each subspecies had similar moisture contents throughout most of the sampling period. It 

should be noted that the equivalent DAF for the yanninicum cultivar was 17 and 18 days later in the 

season than the brachycalycinum and  subterraneum cultivars, respectively, meaning the results for the 

yanninicum were from later into summer, when conditions were hotter and drier.   

Burr and peduncle diameters decreased continuously from the first sampling time, with no observed 

maxima (Figures 8.4b and 8.4c). Changes in ssp. subterraneum diameters were significantly correlated 

with burr moisture content (Table 8.3). Subspecies subterraneum had the largest peduncle diameter 

throughout, with ssp. yanninicum and ssp. brachycalycinum having similar peduncle diameters. 

Subspecies subterraneum also had the largest burr diameter, but in contrast to their similar peduncles, 

ssp. brachycalycinum had a larger burr diameter than ssp. yanninicum. At each sample date, no 
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correlation was observed between individual burr or peduncle diameters and burr attachment or 

peduncle failure strength (see Table 8.4 in supplementary material). Despite having similar peduncle 

diameters, peduncle strength of ssp. brachycalycinum was also continuously higher than that of ssp. 

yanninicum.  
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Figure 8.4. a) Burr moisture content, b) peduncle diameter and c) burr diameter during burr development of 
subterranean clover subspecies: subterraneum (cv. Dalkeith), brachycalycinum (cv. Mawson) and yanninicum (cv. 

Monti). Mean ± standard error.  
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Table 8.3. Linear correlation coefficient (R2) and P-value between burr moisture content and burr/peduncle 
diameter for subterranean clover subspecies: subterraneum (cv. Dalkeith), brachycalycinum (cv. Mawson) and 
yanninicum (cv. Monti).  using data from all sample dates.  

  

Burr  
diameter 

Peduncle diameter 

Subspecies R2 P-value R2 P-value 

Subterraneum 
(cv. Dalkeith) 

0.92 0.01 0.86 0.02 

Brachycalycinum 
(cv. Mawson) 

0.85 0.08 0.99 0.01 

Yanninicum 
(cv. Monti) 

0.74 0.14 0.87 0.07 

 
  

  

8.3.2 Microscopy 

Examination of the burr attachment failure sites indicates the burr can detach from the peduncle through 

either: i) failure at the burr-peduncle node or ii) failure of the peduncle inside the burr. Failure at the 

burr-peduncle node can be seen in Figure 8.5a where failure occurs locally inside the burr structure. 

This is clearly illustrated in Figure 8.5a-iii, where the detached peduncle has removed material from the 

burr rather than itself. The other failure mode observed was failure of the peduncle inside the burr, 

proximal to the burr-peduncle node (Figure 8.5b).  Both failure mechanisms were observed in each 

subspecies. However, since μCT scans were taken from fully mature samples, it is not known whether 

failure mechanisms changed as the plants matured and senesced. It is also not known from the samples 

tested whether there was a subspecies tendency towards one failure mechanism over the other.  
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Figure 8.5. Burr attachment failure mechanisms: a) example of failure occurring at the burr-peduncle node and b) 

example of failure on the peduncle itself at a point inside the burr. i) and ii) are X-ray CT images of burr with 
peduncle attached and detached, respectively, and iii) are SEM images of detached peduncles. All X-ray CT 
images are of burrs from fully senesced plants >140 DAF. (a) and (b) are scans of ssp. subterraneum (cv. Dalkeith) 
and ssp. yanninicum (cv. Monti), respectively. All tested subspecies displayed both failure mechanisms.  

Imaging of peduncle failure sites indicates a transition from ductile to brittle failure as the peduncle 

senesced and dried (observed in each subspecies). The peduncles of ssp. subterraneum broken at 69 

DAF show signs of elongation and ductility prior to failure, with cracks parallel to the loading direction 

(Figure 8.6). Conversely, at 119 DAF, peduncle failure appears more brittle with reduced ductility and 

elongation; fractures appear to have propagated perpendicular to the loading direction. 
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Figure 8.6. SEM images of failure sites of ssp. subterraneum (cv. Dalkeith) peduncles loaded under tension. a) 

Peduncle broken at 69 DAF (mean burr moisture content 50%), exhibiting signs of elongation and ductility prior to 
failure. b) Peduncle broken at 119 DAF (mean burr moisture content 10%) with reduced ductility and fracture 
appearing more brittle in nature. Arrows indicate the direction of loading.  

8.4 Discussion 

Burr retention strength reached a maximum as the plants developed (approximately 70 DAF for the 

tested subspecies). Peak failure force was not observed for ssp. brachycalycinum and yanninicum (burr 

attachment), however it is expected that a peak occurred prior to the start of sampling and strength was 

already on a downward trajectory when the first data were collected. This would align with results from 

the other cultivars and strength measurements of Medicago seed pods, where strength peaked and 

then declined (Oba et al., 2000). The changes in strength can be understood by their underlying fracture 

mechanics and provides insights into the optimal harvest timing required for different approaches. 

8.4.1 Failure mechanics 

8.4.1.1 Burr detachment  

The strength of burr attachment to the peduncle was on average weaker than peduncle tensile strength, 

indicating that the burr-peduncle connection is the primary mechanism for detachment of the seed-

bearing burr. This is the same as peanuts, where pod attachment is weakest at the pod-peduncle (peg) 

connection (Sorensen et al., 2015, 2017; Thomas et al., 1983; Troeger et al., 1976). Detachment of the 

burr was observed to be due to failure at the burr-peduncle node or failure locally on the peduncle itself 

inside the burr.  

The peduncle tip becomes an integrated part of the burr as it deflexes and develops (see Figure 1.3). 

This creates an interface between the burr and peduncle, which is susceptible to failure. Clear transition 
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zones were observed between the peduncle and burr (Figure 8.5a-i), which likely act as a joint stress 

concentration and increases the likelihood of failure at this interface. The strength of this connection will 

be therefore dependent on the burr and peduncle morphology, as well as the formation process of the 

burr itself. It is also possible that there is an abscission zone at the burr-peduncle node that facilitates 

detachment of the burr from the peduncle. Abscission layers in the abscission zone allow cell-cell 

separation and result in shedding of leaves, flower organs, mature fruits and seeds in a range of plant 

species (Nakano et al., 2011; Niklas, 1992; van Nocker, 2009). Abscission zones may therefore be a 

mechanism through which subclover detaches its burrs, however it is also possible that since subclover 

burrs are anchored in the soil they do not utilise abscission zones.  

Strength measurement results indicate that burr attachment is weaker than the peduncle itself, however 

failure can still occur on the peduncle. Peduncle failure locally inside the burr is expected to occur at 

sites of reduced cross sectional area. In Figure 8.5b, a region of reduced peduncle cross sectional area 

is observed inside the burr, corresponding to the location of peduncle failure. The reduced peduncle 

cross sectional area would create a region of increased stress and increase the likelihood of failure at 

this point. Therefore, this failure mechanism is also related to the morphology of the peduncle inside 

the burr (particularly localised size reductions).  

Each subspecies displayed both burr detachment failure mechanisms, but further work is required to 

understand whether there is a preferential failure mechanism for certain subspecies or cultivars. Further 

research is also required to understand how the burr-peduncle failure mechanisms change as the plant 

matures and senesces. Future work should investigate if an abscission zone is present at the burr-

peduncle node in each subclover subspecies and examine (if present) the development of abscission 

layers as the burr matures. The development of abscission layers at the burr-peduncle node could 

explain the two observed failure mechanisms: separation at this node or on the peduncle. Changes in 

failure mechanism may explain aspects of the observed decreasing burr attachment strength over time; 

there may be a transition from failure at the peduncle to failure at the burr node, or vice versa. However, 

for all measured sample times burr attachment strength was lower than peduncle tensile strength. So 

whether this is the result of local failure of the peduncle inside the burr or at the burr-peduncle node, 

the typical seed shedding mechanism of subclover is detachment of the burr from the peduncle.  
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8.4.1.2 Peduncle failure 

Subclover peduncles are comprised of a cellular structure and their tensile strength is a factor of 

macroscopic geometry, as well as the composition of the underlying cells and tissue (Gibson, 2005; 

Gibson, 2012; Karam and Gibson, 1994; Shah et al., 2017). Significant decreases in peduncle tensile 

strength were measured after the point of peak strength as the plant senesced. Reductions in measured 

burr moisture content (indicative of peduncle moisture content) and peduncle diameter reflect 

decreasing turgor pressure, which has a significant effect on the tensile strength of plant tissue (Niklas, 

1992; Shah et al., 2017). 

The observed changes in peduncle ductility between green and senesced peduncles (Figure 8.6) can 

partially account for the decrease in strength. Analogous to material fracture mechanics, the younger 

(green), more ductile peduncles experience greater plastic deformation than the brittle, later-season 

peduncles. Strain measurements would aid in quantifying this transition, however the greater plastic 

deformation implies increased energy absorption and therefore toughness of the 69 DAF peduncles, 

compared to more mature burrs (Anderson, 2017).  

Reduced ductility as the peduncle senesces would also make it more susceptible to failing at cracks or 

defects that would act as stress concentrators (Anderson, 2017). These areas of stress concentration 

could result from modified cell growth induced by damage, disease or growth habit (Shah et al., 2017). 

Growth direction is likely a significant factor as subclover peduncles can take a deviated growth path in 

the sward as they avoid obstructions and geotropically seek to bury their tip into the soil (Figure 8.7a). 

Cell wall structure is affected at these bend sites (Shah et al., 2017) and when the peduncle is 

straightened in tensile loading, bending stresses induce compressive and tensile loads that can cause 

the peduncle to fail locally at the bend site (Niklas, 1992). Additionally, as the measured peduncles 

senesced and their moisture content reduced, there could be significant local reductions in peduncle 

diameter, clearly seen in Figure 8.7b. This wilting-like effect would have also induced regions of stress 

concentrations in localised reduced cross sections. 
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Figure 8.7. a) Deviated growth habit of ssp. yanninicum (cv. Monti) peduncles, which can result in increased stress 
at bend sites and reduced tensile strength. b) Significant reduction in cross sectional area of a ssp. subterraneum 
(cv. Dalkeith) peduncle in a senesced sample (bottom) compared to a less developed sample (top).  

8.4.1.3 Moisture content movements  

A strong correlation in movement between strength and moisture content was expected, in line with 

results of pod retention strength in Medicago species (Oba et al., 2000) and peanuts (Troeger et al., 

1976). However, there were instances where increases in burr attachment and peduncle strength were 

associated with decreases in burr moisture content, notably for ssp. subterraneum between 55 and 69 

DAF. This could be because above a certain moisture threshold, changes in moisture content do not 

have a significant impact on strength and other factors, such as burr/peduncle maturity, are more 

dominant. Alternatively, there could be a lag effect between strength and burr moisture that was not 

observed due to the range of sampling times. It could also be that other measures of moisture content 

are more relevant, such as peduncle moisture content, rather than burr moisture content measured in 

this study. However, despite the initial differences in movement between burr moisture content and 

strength for ssp. subterraneum (and ssp. yanninicum peduncle strength to a lesser extent), low levels 

of burr moisture content were associated with low burr attachment and peduncle strength for each 

subspecies. It is therefore concluded that moisture content is an important factor in burr retention 

strength as the plant senesces, with low moisture content resulting in reduced retention strength.  

8.4.1.4 Subspecies differences 

There was a clear strength difference between the tested cultivars from the three subspecies that 

presumably results from their physiological and ecological differences. Subspecies subterraneum was 

consistently the strongest in terms of both burr attachment and peduncle tensile strength. It also had 

the largest burr and peduncle diameter of the three subspecies tested, however it is unclear whether 
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this positively affected retention strength, given the lack of correlation between diameter and strength 

across individual plants of the same subspecies. This suggests differences in peduncle physical 

composition (e.g. levels of lignin) across subspecies beyond merely morphological differences. 

Peduncle strength was greater for ssp. brachycalycinum than ssp. yanninicum, despite similar mean 

diameters. Pedicel diameters have been correlated to pod retention strength in Medicago species (Oba 

et al., 2000), but peduncle diameters have not shown correlations with peanut pod retention (Thomas 

et al., 1983). Subspecies subterraneum (and particularly the tested cv. Dalkeith) buries a high proportion 

of its burrs (Nichols et al., 2013), which is potentially related to its relatively high measured strength. 

The required burr attachment and peduncle strength of subspecies/cultivars with strong burying ability 

would initially be greater than those with a weaker burr burial habit.  

Ecological adaptions may also explain some of the strength differences between ssp. brachycalycinum 

and ssp. yanninicum. Subspecies brachycalycinum has weak burr burial and geotropism; it utilises long 

peduncles to locate cracks in the soil or stones where seeds can form (Katznelson and Morley, 1964; 

Nichols et al., 2013). This adaption would explain the relatively strong peduncle, but weak burr 

attachment observed; as peduncles would need to be strong enough to locate cracks, but with burrs 

still able to detach into the cracks, possibly through an abscission zone.  

Subspecies differences in burr morphology and formation may also account for differences in burr 

attachment strength. The three subspecies of subclover have different seed and burr morphologies 

(see Figure 1.4), which impact the burr – peduncle connection. This was viewed in X-ray CT scans and 

can be seen in Figure 8.5, but further research is required to fully characterise burr-peduncle connection 

differences between subspecies and cultivars. The structure of the burr-peduncle node would have a 

significant influence on its strength and therefore structural differences between subspecies would likely 

affect burr retention.  

There is limited scope to draw definitive conclusions about differences between subspecies and 

cultivars from this study, as the results are only from one representative cultivar from each subspecies 

and cultivar variation within each subspecies exists for physical and geotropic properties (Nichols et al., 

2009). Therefore, it is unclear whether the observed strength differences were primarily related to 

subspecies or cultivar differences. Further studies should be conducted on a wider range of genotypes 

across the three subspecies.  
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8.4.1.5 Field conditions 

Failure at the burr or peduncle does not necessarily mean the burr is separated from the plant. The 

growth habit of subclover in swards causes peduncles to interweave and tangle; similarly the hooks on 

the burrs can attach together to form clumps of several burrs. In this manner, clumps of burrs can 

remain attached to the plant through connection to each other, even after the burr/peduncle has failed 

and severed its original connection to the plant. This illustrates that strength, as measured in this study, 

is not the sole indicator of seed retention. Therefore, even if the burr has detached or the peduncle has 

broken, the burr may still be attached to the plant by secondary means and have the potential to be 

harvested with the plant. However, it is unknown how susceptible this secondary attachment 

mechanism is to separation when agitated by mechanical harvest equipment.  

This study investigated seed retention strength under controlled loading scenarios, but interactions with 

harvest machinery will produce more complex and dynamic loading conditions. In the field, plants will 

be subjected to different loads to those in these experiments, including dynamic loads, which can affect 

retention strength. However, the trends of declining attachment strength during the harvest season 

remains valid and is instructive for the optimal time to harvest seed.  

8.4.1.6 Survivor bias 

It is possible that the results of strength measurements were skewed upwards by a survivor bias. Test 

samples were only taken from peduncles/burrs that remained attached to the plant and weaker 

peduncles/burrs that detached from the plant prior to sampling were not tested. This effect is likely to 

be more pronounced for samples later in the season when more peduncles/burrs had already detached. 

However, the timing and trend of recorded strength changes are valid, if potentially skewed upwards in 

absolute value.  

8.4.2 Implications for seed harvest 

The burr attachment and peduncle strength of all cultivars decreased significantly through the sample 

period and supports the expectation of declining burr retention ability as the plant senesces. This 

strongly indicates that approaches aimed at harvesting the seed and plant together would be more 

successful earlier in the season. Peanut attachment typically fails in the range of 4-15 N (weakest at 

the pod to peduncle node), depending on cultivar and timing (Guan et al., 2014; Sorensen et al., 2015, 

2017; Thomas et al., 1983). Measured subclover seed retention was at the lower end of this range and 
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suggests it is feasible to harvest subclover seed with peanut machinery or similar approaches. This 

method of harvesting burr while attached to the plant is a swathing approach, commonly used for other 

crops that have a tendency to shed their seeds, in which plants are cut and laid in rows to dry out before 

being picked up and threshed with a harvester. However, harvest activities are not solely dictated by 

seed retention and harvest timing would need to be balanced with factors such as seed viability and 

weather. Seed physiology and plant interactions with harvest machinery need to be further evaluated, 

but initial results suggest that harvesting subclover seeds with a swathing approach should be possible.  

There is likely to be a trade-off between burr retention strength and commercial seed yield. Current 

subclover seed production targets maximum seed yield, when the plants have fully senesced, but this 

is when extremely low burr retention strength would make a swathing approach unfeasible. For a 

swathing approach, the optimal harvest time in terms of seed collection is at maximum burr retention 

strength. However, this corresponds to < 70 DAF for the cultivars tested, which is too early in the season 

in terms of seed yield, viability and quality. Subclover flowers indeterminately and can continue to 

produce seed for over 120 days (depending on variety and soil moisture) (Nichols et al., 2009), meaning 

that seeds continue to form and mature beyond the point of maximum burr retention strength. Although 

subclover seeds are viable from 20-30 DAF, depending on cultivar (Francis and Gladstones, 1974; 

Taylor, 1980; Tennant, 1965), further maturation time is required to fully ripen and develop physical 

dormancy and the resilience required to withstand the loads placed on seeds in commercial seed 

processing operations (primarily threshing). Commercially viable seed yields (the amount of seed that 

can be processed and sold) will therefore increase over time as more seeds form and mature, even as 

the overall burr retention strength decreases. However, as burr retention strength weakens, the 

proportion of the seed lost in swathing harvest operations increases. A hypothetical outline of this 

relationship is shown in Figure 8.8. For each cultivar there will be an optimal point of maximum 

harvestable yield of commercially viable seed with a swathing approach. Further research is required 

to measure the impact of harvesting earlier in the season on seed viability and yield (quantity of mature 

seed present) as well as the commercial seed quality (seed resilience to commercial harvesting, 

threshing and processing operations).  

Harvest timing represents a similar issue for peanut production. It is recognised there is an optimal time 

to harvest peanuts, where harvesting earlier would reduce mature yield and harvesting later would 

increase pod loss (Sorensen et al., 2015). However, the indeterminate flowering of peanuts (together 
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with weather, nutrition and disease factors) makes determining this optimal time difficult (Batchelor et 

al., 1996; Sorensen et al., 2015). Mesocarp hull colour, used as an estimate of peanut maturity, is the 

primary method to determine when to harvest peanuts (Sorensen et al., 2015). A similar approach of 

estimating subclover maturity could be used as a means to determine optimal harvest timing in a 

swathing approach. There is also considerable variation in strength and yield of peanut cultivars, with 

efforts to breed cultivars with greater harvestable yield (Sorensen et al., 2017; Thomas et al., 1983; 

Troeger et al., 1976). Plant breeding efforts could also be applied to subclover to increase the success 

of a swathing approach (potentially by increasing burr retention strength), but the implications for the 

cultivar’s use as a pasture plant would also need to be considered. If an abscission zone is found to be 

present at the burr-peduncle node, its development and activation could potentially be influenced with 

genetics and plant breeding to produce subclover cultivars with greater burr retention.  

 

 

Figure 8.8. Hypothetical relationship between burr retention strength (solid line) and commercially harvestable 

seed yield (dashed line) for subterranean clover. Harvestable yield (shaded area) represents the quantity of 
commercially viable seed that can be harvested using a swathing approach. As plant strength decreases, the 
proportion of seed lost during harvest operations increases, but the total amount of commercially viable seed in the 
paddock continues to increase until reaching a plateau or decline due to factors such as germination, disease or 
seed predation.  
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The optimal time to harvest subclover seed with this swathing approach is prior to complete plant 

senescence (and hence prior to maximum yield), which differs from the current suction systems where 

plants are fully senesced at harvest (Moss et al., 2021b). However, there are advantages to harvesting 

earlier in the season. This includes reducing the risk of rainfall events that can negatively impact the 

seed crop and reduce commercial yield (Moss et al., 2021b). The success of a swathing approach also 

has benefits for the subclover seed industry. It provides the potential to utilise peanut harvest 

machinery, which could replace the aging and commercially discontinued suction subclover seed 

harvesters used currently. A two pass swathing method would also provide production improvements 

over the slow and time intense process used currently for subclover seed, where 11 machinery passes 

are typically employed (Moss et al., 2021b). In addition to the time, fuel and labour savings, the reduced 

number of passes would greatly help to decrease the susceptibility of soil to erosion. Soil degradation 

and erosion are primary concerns for current subclover seed harvesting and threatens the social license 

to farm of seed producers (Moss et al., 2021a; Moss et al., 2021b). Minimising soil impact would 

significantly benefit the seed production industry. Therefore, there will be trade-offs with this new 

approach and evaluating the commercially optimal time to harvest will be a cost function of 

harvestability, viable yield, risk, sustainability and productivity. 

8.5 Conclusions 

The attachment of subclover burrs and peduncle tensile strength reached a peak (at approximately 70 

DAF) and then declined to low levels as the plant senesced in spring and summer for the subspecies 

tested. Burr attachment was weaker than peduncle tensile strength and it is expected that burrs will 

detach from the plant due to failure at the burr-peduncle connection. As the peduncle dries out there is 

a transition from ductile to brittle failure and an increase in the likelihood of peduncle failure at local 

defects or bend sites.  

These results inform alternate harvest approaches to suction systems and suggest it is possible to 

harvest subclover seed using a peanut style swathing approach; where the plant is dug up, inverted 

and then harvested with the burr still attached to the plant. The timing of this harvest operation will be 

critical to its success, as there will be a trade-off between plant strength (greater earlier in the season) 

and overall viable seed yield (greater later in the season). Understanding changes in seed viability for 

commercial production is therefore critical to the success of this approach.  
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Further research is required to expand this study to multiple seasons and evaluate the failure 

mechanisms of other cultivars of the three subspecies. This should also investigate changes in failure 

mechanisms as the burr and plant matures and the presence of abscission zones. This will provide a 

greater understanding of subclover physical properties and inform improved methods of seed 

production and harvesting.  

8.6 Chapter supplementary material 

Table 8.4. Linear correlation coefficients R2 between burr attachment/peduncle strength and burr/peduncle 

diameter and cross sectional area at each sample date. No strong correlation was observed between diameter or 
area and strength.  

  Burr diameter Peduncle diameter 
Burr cross 

sec ional area 
Peduncle cross  
sectional area 

 DAF 
Burr 

attachment 
Peduncle 
strength 

Burr 
attachment 

Peduncle 
strength 

Burr 
attachment 

Peduncle 
strength 

Burr 
attachment 

Peduncle 
strength 

Dalkeith  

55 0.00 0.03 0.24 0.18 0.00 0.02 0.23 0.17 

69 0.03 0.07 0.02 0.09 0.03 0.07 0.02 0.10 

85 0.08 0.00 0.43 0.05 0.09 0.01 0.40 0.04 

97 0.01 0.01 0.19 0.05 0.01 0.01 0.22 0.05 

111 0.02 0.02 0.00 0.02 0.02 0.02 0.00 0.02 
          

Mawson  

61 0.00 0.02 0.00 0.05 0.00 0.02 0.01 0.05 

75 0.04 0.05 0.18 0.27 0.04 0.05 0.19 0.28 

91 0.01 0.13 0.17 0.37 0.01 0.12 0.17 0.37 

103 0.07 0.03 0.09 0.01 0.07 0.02 0.10 0.01 
          

Monti  

50 0.17 0.07 0.08 0.02 0.16 0.07 0.07 0.01 

66 0.06 0.01 0.01 0.04 0.06 0.01 0.01 0.04 

74 0.03 0.04 0.13 0.35 0.03 0.05 0.10 0.34 

92 0.01 0.01 0.01 0.08 0.02 0.01 0.01 0.10 
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Chapter 9 

Peanut harvesting systems as a potential method 

for subterranean clover seed production 

Preface: This chapter is adapted from “Moss, W. M., Nichols, P. G. H., Foster, K. J., Ryan, M. H., and 

Guzzomi, A. L., 2022. Harvesting subterranean clover seed with peanut technology. In "Australian 

Agronomy Conference", Toowoomba Queensland.” In addition to the material presented in this 

publication, this chapter expands discussion of machinery testing and seed sampling data has been 

included to analyse harvest timing effect on seed quality.   

9.1 Introduction 

Peanut harvesting systems were identified as a high ranking solution concept for subterranean clover 

(subclover) seed harvesting, as detailed in Chapter 7. Adapting peanut technology has the potential to 

utilise established and readily available commercial equipment for subclover seed production, which 

reduces the issues associated with manufacturing a bespoke subclover seed harvester (see Chapter 4 

for discussion of subclover machinery manufacture issues). Peanuts are commercially harvested in a 

two-step process: i) a “digger” moves along the row of peanut plants and cuts beneath each plant, then 

lifts and inverts the harvested material into a row for drying before; ii) a “combine” harvester collects 

and threshes the dried, inverted row (Bader and Sumner, 2009). The commercial peanut digger 

evaluated in this study is depicted in Figure 9.1. When set for peanut operation the blades cut the tap 

root beneath the sub-soil peanuts enabling the dislodged plants to be lifted up the open chain elevator, 

which is mechanically vibrated to shake off excess soil. As the plants fall off the end of the elevator, the 

plants are inverted by geared star wheels at the rear of the machine to remove additional soil before 

placing the row of plants onto the ground with root crown and peanuts facing up to aid with drying (Bader 

and Sumner, 2009). 
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Figure 9.1. Peanut Digger (Kelley Manufacturing USA, 2-Row Hydraulic 03-Series Peanut Digger-Shaker-Inverter) 

with main components labelled, showing a) side view and b) rear view.  

A key benefit of a peanut system approach is the potential to harvest subclover seed in two passes; 

significantly less than the average of 11 passes in current suction systems (Moss et al., 2021b), which 

can reduce harvest time, soil impact and subsequent erosion. The first stage (digging) of this harvest 

process is the crucial aspect to be evaluated for subclover seed production, as removing the seeds 

from the soil is the key challenge. If this is possible, there would be greater confidence in the ability of 

conventional agricultural machinery to collect material on the soil surface in the second harvest stage. 

The timing of this first stage is crucial to ensure high burr and seed retention as well as seed quality. 

The chronology of burr retention strength was evaluated in Chapter 8 and further research into the seed 

viability impact of harvest timing is required.  

For commercial seed production, particularly certified seed, the harvest process cannot negatively 

impact seed quality. Seedling vigour and high seed yield are important characteristics of certified seed 

and cannot be compromised by harvest timing. Additionally, germination capacity is a requirement of 

Australian seed certification, with a minimum 70% germination rate and maximum 20% hard seed rate 

(Seed Services Australia, 2020). However, in addition to these agronomic and biological considerations, 

the mechanical aspects of a peanut style approach must also be investigated.  

This chapter details experimental testing of a commercial peanut digger on subclover seed crops to 

initially evaluate this system’s performance and viability. It seeks to evaluate whether a commercial 

peanut digger can cut, lift and invert a subclover seed crop for subsequent harvest and the resultant 

effect on seed quality.  
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9.2 Methods 

A hydraulically powered, two-row peanut digger produced in the USA by Kelley Manufacturing (KMC 

03-Series Peanut Digger-Shaker-Inverter), was procured for testing and evaluation for use in subclover 

seed harvesting. This machine was tested and evaluated at two sites: i) The University of Western 

Australia Field Station (UFS)26, in Shenton Park (31.95˚ S, 115.80˚ E) (site described in Chapter 6 and 

8); and ii) at a commercial seed producer’s property at Capel, Western Australia (33.56° S,115.66° E) 

(site described in Chapter 5). Initial testing at UFS supported component and subsystem performance 

evaluation in a controlled environment (TRL 5-6) prior to conducting prototype testing in a commercial 

seed production environment (TRL 6-7) at Capel.  

9.2.1 Test site description 

At UFS, three cultivars of subclover were sown at 20 kg/ha on 22 May 2020: cv. Dalkeith (ssp. 

subterraneum), cv. Monti (ssp. yanninicum) and cv. Mawson (ssp. brachycalycinum). The Mawson and 

Monti seeds were  supplied by Barenbrug Seeds and were coated with Barenbrug’s standard subclover 

seed coating, which includes Rhizobium leguminosarum bv. trifolli strain WSM1325. The Dalkeith seed 

was certified seed supplied by Bell Pasture Seeds, which was scarified and inoculated manually with 

Rhizobium strain WSM1325. These were grown on an irrigated sandy, loam dressed soil as described 

by Abdi et al. (2020). Super-potash 3:1 (180 kg/ha) was applied at sowing and re-applied in mid-

September 2020. Irrigation was applied when needed to prevent moisture stress and ceased on 15 

November 2020. Other inputs and conditions were intended to represent a commercial seed crop. 

Flowering date was recorded as the date at which 50% of plants had at least one open flower (Abdi et 

al., 2020), which was 12, 13 and 31 August 2020 for Dalkeith, Mawson and Monti respectively.  

At Capel tests were conducted in a rainfed commercial seed production paddock of subclover cv. 

Trikkala (ssp. yanninicum). This was sown in April 2020 and had well-developed swards by November. 

The soil at the test site was grey deep sandy duplex, with moderate to high organic carbon content, 

moderate acidity and low salinity, Western Australian soil classification 403 (Schoknecht and Pathan, 

2013).  

                                                      
26 The University Field Station is the physical headquarters of the Centre for Engineering Innovation: 
Agriculture & Ecological Restoration (CEI:AgER), comprising office space, prototyping workshop and 
controlled field plots.  
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9.2.2 Peanut digger machinery evaluation 

Peanut digger tests were conducted throughout November 2020 at UFS and December 2020 at Capel. 

No bespoke peanut digger modifications were made beside standard configuration adjustments of: 

blade angle, blade spacing, conveyor angle, gauge wheel height and three-point linkage lengths. The 

machinery was initially configured with recommendations from peanut harvesting best practice and 

adjusted iteratively as tested on subclover.  

The primary parameters and performance criteria are summarised in Table 9.1 and were qualitatively 

assessed. Plant senescence was scored on a 5-point scale from completely green and lush (5) to 

completely senesced (1), Table 9.2. Machinery performance at varied levels of senescence was 

assessed by testing at progressive dates in the harvest season. Biomass at UFS was not altered and 

natural variations in paddock biomass were used to assess machinery performance. Biomass was 

reduced at Capel prior to senescence by grazing cattle, as per the seed producer’s standard practice, 

with fencing used to create an ungrazed control area. 

Table 9.1. Criteria for initial plant assessment, machine configuration and performance used to evaluate peanut 

digger tests. 

Machine 
performance 
criteria 

Root cutting effectiveness 

Plant lifting effectiveness 

Inverted row quality 

Soil retention in plant 

Seed loss  

Machine 
configuration 
parameters 

Cutting depth 

Ground speed 

Conveyor speed 

Plant condition  
Senescence rating 

Biomass 

 

Table 9.2. Senescence rating system used to assess the level of senesce of subterranean clover plants. 

Rating Leaf and stem condition Senescence level 

5 Lush green leaves, peduncles and stems None 

4 Some leaf yellowing, green peduncles & stems Early 

3 Most leaves yellow and some senesced, yellow/green peduncles & stems Moderate 

2 Majority of leaves senesced, yellow/green peduncles & stems Advanced 

1 All leaves, peduncles and stems senesced Full 
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9.2.3 Seed collection  

In parallel to machinery testing, seed property measurements were taken to evaluate harvesting timing 

and assess seed conditions at each tested harvest date.  

At UFS, sample sets of eight quadrats (0.2 m x 0.25 m each) were taken from each cultivar from 13 

October to 19 November 2020 to inform changes in seed properties. Sampling was repeated 

approximately every 7 days, with quadrats taken adjacent to the previous sampling to reduce the impact 

of paddock variability. Quadrat samples captured above ground and below ground material, which were 

dug with a spade and sieved on site to remove soil. Samples were collected to a depth of approximately 

50 mm. This set of samples was designed to investigate seed changes over time and dates were not 

tied to harvest machinery testing. 

Sampling was also conducted in conjunction with peanut digger testing on 19 November 2020. A 70 m 

harvest run was completed for Monti, Dalkeith and Mawson, each with a senescence rating of 1. An 

additional Monti run with senescence rating of 3 was also tested. Sampling procedure is summarised 

as follows: 

I. Four quadrats (1.48 m x 0.2 m) were taken of each cultivar to estimate initial seed yield and 

quality parameters. Quadrats were equally spaced and collected in the line of peanut digger 

run. Above and below ground material was collected. 

II. The peanut digger was operated over the run to cut and invert material. 

III. Inverted material was picked up and moved off of the row by hand to simulate pickup by second 

stage machinery.  

IV. Quadrat samples were repeated in the harvested run. Samples were taken of seed on the soil 

surface and below ground material. Samples were taken adjacent to those collected prior to 

harvesting. This sample set was intended to capture seed losses by the peanut digger.  

After sampling, all collected material was oven-dried (Modu Temp) at 40°C for 7 days and then stored 

at room temperature. 

9.2.4 Seed processing and germination 

Seed samples were processed and germinated during September to October 2021. To measure any 

impact on seed quality from mechanical threshing equipment, 20 burrs were removed from each sample 
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and seed extracted from burrs by hand (as opposed to being mechanically threshed). The remaining 

burrs were processed in a laboratory thresher (Kimseed Multithresher) set to the Standard Operating 

Procedure for subclover seed processing. The threshed seeds were then cleaned with an aspirator 

(Kimseed Vacuum Separator) to remove remaining contamination. Seed weight of a random sample of 

100 seeds from each quadrat was recorded using a Contador electronic seed counter (Pfeuffer). These 

100 seed samples were then plated on moist Whatman No 1 filter papers in Petri dishes and placed in 

an environment controlled incubator (Thermoline Scientific) at 15°C for 14 days. Germination was 

recorded after 7 days and again at 14 days, in accordance with the International rules for seed testing 

of subterranean clover (ISTA, 2022). Where fewer than 100 seeds were present in the hand threshed 

samples, all seeds were used. Seeds were classified as either: i) germinated, ii) hard or iii) decayed per 

Jeffery et al. (2021). Germinated seeds (i) were considered those that had imbibed and formed a radicle 

at least 5 mm in length. Hard seeds (ii) were unimbibed and unable to be compressed with forceps. 

Decayed seeds (iii), defined as imbibed seeds able to be compressed with forceps (often covered in 

fungal growth), were removed to avoid contamination following counting. 

Weights of threshed and cleaned samples were also recorded to estimate seed yield for the quadrat 

samples collected 19 November 2021, pre and post peanut digger pass. 

9.3 Results 

9.3.1 Machinery performance 

The peanut digger was able to cut, lift and invert swards of subclover plants. This is depicted in Figure 

9.2a-i, showing subclover plants being harvested by the peanut digger and the inverted row laid on the 

ground. Best results were achieved at UFS, where the inverted row was well formed, seed facing 

upwards and with the bulk of the soil removed, Figure 9.2a-ii.  

Harvest timing had a significant impact on machinery performance and was best evaluated against 

plant senescence. As the plant senesced, observed harvest losses of burrs remaining in and on the 

ground (as opposed to being attached to plants in the inverted row) increased. Senescence of leaves 

and petioles did not appear to negatively affect machine performance, with senescence of peduncles 

and stems being a greater factor. Plants in inverted rows harvested with green material (typically 

senescence rating ≥ 3) were well interconnected and could be moved by hand as a continuous unit, 

analogous to a rope. Plant interconnectivity at harvest decreased with senescence, meaning the rows 
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were more likely to break apart during inversion. Conversely, while less senesced plants had greater 

burr retention, they also retained higher amounts of soil, particularly in their root structure. This effect 

was most prominent at the commercial seed property in Capel, where significant amounts of soil were 

retained in the inverted row of plants harvested when still green and actively growing, Figure 9.2b. 

These observed harvest timing trade-offs are summarised in Figure 9.3.  

 

Figure 9.2. Peanut digger operation and timing on subterranean clover swards. a) cv. Monti (ssp. yanninicum) at 

the University of Western Australia Field Station, senescence rating 3, showing: a-i) successful cut, lift and inversion 
with a commercial peanut digger and a-ii) depicting the inverted row, which was well-connected with burr facing 
upwards and minimal soil retention. b) Inverted subterranean clover row cv. Trikkala (ssp. yanninicum) at the Capel 
commercial seed production site, senescence rating 5, where plants retained a significant amount of soil in the 
inverted row.  

 

Figure 9.3. Summary of observed impacts of plant senescence on peanut digger performance in subterranean 

clover seed harvesting, where + and - indicate positive and negative attributes, respectively.  
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Above-ground biomass affected peanut digger performance. High levels of biomass increased the 

likelihood of material getting caught around the cutting blades and interfering with subsequently cut 

material travelling up the conveyor. Plants with very little above-ground material had weaker 

interconnectivity and did not form a cohesive inverted row. 

Soil moisture was also observed to have an effect on harvest performance. Harvest operations after 

rainfall events increased soil retention in the inverted row and made control of cutting depth more 

challenging. Machinery performance was observed to be best in dry soil conditions.  

The seed yield results from samples collected pre and post peanut digger operation are summarised in 

Table 9.3. Mawson had the lowest harvester losses, estimated as the difference between pre and post-

harvest yield, and corresponds to how much of the potential (pre-harvest) yield was unharvested. 

Table 9.3. Subterranean clover seed yields at The University of Western Australia Field Station on 19 November 

2020. Pre-harvest yield is an estimate of the potential yield in the paddock. Post-harvest yield is the seed remaining 
in the paddock after a peanut digger pass. Harvester losses percentage is estimated as the difference between the 
pre and post-harvest yields and corresponds to how much of the potential yield was unharvested. Values are the 
mean of four quadrats. 

Cultivar 
Senescence 

rating 
Pre-harvest 
yield (kg/ha) 

Post-harvest 
yield (kg/ha) 

Harvester  
losses 

Monti 3 797 302 38% 

Monti 1 598 288 48% 

Mawson 1 391 85 22% 

Dalkeith 1 631 353 66% 

 

9.3.2 Machinery parameters 

Machine configuration had a significant impact on harvest quality and performance. Ground speeds of 

3 to 4 km/h produced best results against the performance criteria under the conditions tested, 

compared to 4.5 to 8 km/h typically used for peanut harvesting (Bader and Sumner, 2009). It is expected 

that ground speeds could be increased to match peanut harvesting once the system has been tuned 

correctly. Elevator speeds equal to or slower than ground speed produced best results, corresponding 

to the setup used for peanuts in heavy biomass conditions (Kirk, 2018).  

Cutting depth was a critical parameter for ensuring effective root cutting, reduced soil retention and 

reduced seed loss. Optimal depth was immediately below the buried burr, which varied depending on 

soil conditions and cultivar, but was typically around 30 mm. Issues were experienced maintaining an 

optimal cutting depth during harvest runs due to changes in soil profile and burr burial.  
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The two digging blades were set up to eliminate blade gap and have blade tips butting in the centre. 

This was necessary to harvest subclover in swards, as opposed to rows of peanuts. However, issues 

were experienced with blades flexing (particularly at the tips) and changing depth during harvest runs. 

This further exacerbated difficulties in maintaining depth control.  

9.3.3 Impact on seed viability 

Germination results of seed samples collected through progressive dates at UFS are shown in Figure 

9.4a. Germination rates were greater than 85% for all cultivars on the final sample date (19 November 

2020), by which time all plants in the sampling area had completely senesced (senescence rating 1). 

Dalkeith germination rates were relatively unchanged from samples conducted throughout November, 

and Monti was relatively constant from November 11. Mawson germination rates continued to increase 

until the final sample date. 

Note that samples collected on 13 October 2020 had near zero germinations. This is expected to be 

due to a storage issue rather than an indication of actual germination rates and are not included in the 

displayed results. Additionally, Monti samples collected on 23 October 2021 were lost during storage 

and results are not presented.  

Germination rates of the hand-extracted seed samples were significantly lower than those processed 

in the mechanical thresher, due to a higher level of hard seeds.  These results are summarised in Table 

9.4.  

Seed weights of the three cultivars increased across the sampling range, Figure 9.4b. However, Monti 

was the only cultivar to have a statistically significant (p<0.05) increase in seed weight between the last 

two sampling dates.  

Table 9.4. Results of germination tests of hand-threshed subterranean clover seed samples, Dalkeith (ssp. 
subterraneum), Mawson (ssp. brachycalycinum) and Monti (ssp. yanninicum). Mean ± standard error. Hard seed 
refers to proportion of seeds which did not imbibe and retain dormancy.  

 Dalkeith Mawson Monti 

Date 
Germination  

% 
Hard seed 

% 
Germination 

% 
Hard seed 

% 
Germination 

% 
Hard seed 

% 

23-Oct 18.1 ± 3.7 80.2  ± 3.9 7.2 ± 1.6 46.2 ± 9.9 - - 

29-Oct 16.6 ± 2.8 83.4 ± 2.8 14.4 ± 3.9 64.0 ± 4.2 11.2 ± 2.3 81.3 ± 2.6 

11-Nov 39.7 ± 6.2 59.1 ± 6.4 32.3 ± 3.4 65.5 ± 3.0 26.4 ± 3.8 71.9 ± 3.9 

19-Nov - - 20.9 ± 3.2 75.4 ± 2.9 32.0 ± 4.9 66.9 ± 6.4 
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Figure 9.4. a) Germination rate and b) individual seed weight of subterranean clover seed collected at progressive 
dates for cv. Dalkeith (ssp. subterraneum), Mawson (ssp. brachycalycinum) and Monti (ssp. yanninicum). Mean ± 

standard error. Note: 23 October data not present for cv. Monti. 
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9.4 Discussion 

The results of initial testing with the peanut digger on subclover seed crops demonstrate it has potential 

as a subclover seed harvest method and warrants further investigation. The machinery demonstrated 

it is effective at cutting, lifting and inverting rows in a subclover sward. This performance is highly 

dependent on harvest timing, plant conditions and machinery setup – as is the case with peanut 

production (Bader and Sumner, 2009; Kirk et al., 2017) – and therefore further research is required to 

optimise this approach and understand the implications for subclover seed production. However, the 

effectiveness of the machinery in initial testing justifies continued investigation of this approach.  

9.4.1 Machinery performance 

The estimated harvester losses from peanut digger testing on subclover seed crops are in a similar 

range to HB Clover Harvester results (approximately 30% as measured in Chapter 6). Mawson had the 

lowest measured harvester losses (22%). This crop was completely senesced at this harvest time and 

it is expected that losses would decrease with greener, less dry plants, as there would be greater burr 

retention in the inverted row. Mawson belongs to subspecies brachycalycinum which is characterised 

by long runners and weak burr burial (Nichols et al., 2013). These traits would be well suited to pick up 

by a peanut digger as there is less buried burr and the long runners aid in forming an interconnected 

row. However, the Mawson test run had the lowest pre-harvest yield of the all tests, which may partially 

act to misrepresent its harvester losses compared to the other tests. The greener (senescence rating 

3) Monti samples had lower harvester losses than the rating 1 Monti, which is expected due to its greater 

burr retention strength. A senescence rating of approximately 3 appeared to be well suited to harvesting 

with a peanut digger and it is possible that Dalkeith and Mawson would have had lower harvester losses 

than Monti, if tested in a less senesced state, given their greater burr retention strength (see Chapter 

8). Despite Dalkeith having the highest burr retention strength, it had the highest measured losses. The 

Dalkeith test area had been fully senesced for the longest of the three cultivars, which is expected to 

have negatively impacted its harvest performance. However, Dalkeith has the strongest burr burial 

tendency (Nichols et al., 2013), which could increase peanut digger harvest losses, as seed is more 

likely to be retained in the soil. Overall, it is likely that harvest performance can be improved with both 

harvest method and machinery refinements, which should make it comparable to the incumbent HB.  
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The efficacy of peanut diggers in subclover seed production also needs to be evaluated in different 

plant and soil conditions. This is underscored by the differences in the amount of soil retention 

experienced at UFS and the commercial seed property. The high level of soil retention is attributed to 

dense root structures and high organic matter (reported by the farmer to be approximately 6%) at the 

commercial property. Soil retention then decreased as the plant senesced and conditions became drier, 

which suggests this issue can be partially addressed with harvest timing. However, machinery 

modifications may be needed to increase soil removal in the inverted row, potentially through increased 

mechanical agitation in the peanut digger.   

Machinery testing in varied conditions should also prioritise testing in South Australian seed production 

systems, where the majority of subclover certified seed is produced (Australian Seeds Authority, 2020). 

Subclover seed crops are typically higher yielding in South Australia (~1000 kg/ha) compared to 

Western Australia (~500 kg/ha) (Moss et al., 2021b), where this testing took place. The denser seed 

yield and plant material in these high yielding paddocks may negatively impact peanut digger 

performance. However, peanut production yields can be greater than 5000 kg/ha (Kirk et al., 2013) - 

although peanut pod mass is considerably larger than subclover seed – and the successful operation 

of peanut diggers in these conditions gives confidence that they can operate in high yielding subclover 

seed crops. However, the difference between harvesting peanuts in rows and subclover seed in swards 

may increase challenges as the yield increases.  

The peanut digger was tested without modifications, other than permissible machinery adjustment. This 

allowed a baseline performance of the digger to be gauged, but it is clear that modifications are needed 

to optimally adapt this system to subclover seed production. One of the primary challenges experienced 

during testing was depth control of the cutting blades. The depth of the blades needs to be accurately 

controlled as cutting too shallow will dislodge burrs from the plant, while cutting too deep can increase 

soil disturbance, soil retention in the inverted row and seed loss. Studies on peanut production have 

found that incorrect blade depth setup increases harvest losses (Kirk et al., 2014; Warner et al., 2014). 

Shallower subclover burr burial compared to peanuts means that cutting depth is required to be closer 

to the surface. This created depth control challenges, as changes in the soil profile or burr burial 

negatively impacted cutting. It may be that subclover seed harvesting requires more precise depth 

control than that used on current peanut diggers. There are currently research efforts to develop 

variable depth peanut diggers that actively adjust cutting depth during operation (Warner et al., 2014), 
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which would also be beneficial for use in subclover seed. However, solutions to improve depth control 

in subclover systems need to also be investigated.  

Cutting blade depth control issues were also exacerbated by flexing of the cutting blades. The two 

standard cutting blades are independent of each other, counter-levered from their frame support, and 

thus the unsupported section can flex vertically, changing cutting depth along the blade’s length. This 

is likely not an issue in peanut production as the crop is grown in rows and roots are only cut at a one 

region of the blade. However, as subclover is grown in a sward, the blades are required to cut across 

their entire length. Therefore, any flexing of the blade created inconsistent cutting depth across the row 

width and negatively impacted harvesting. Blade rigidity will need to be increased in future subclover 

testing and this may suggest a connected blade arrangement.   

Another issue which contributed to depth control challenges was the three-point linkage (3PL) setup. 

The peanut digger is attached to the tractor and hydraulically lifted via the 3PL. In peanut production 

the top link length is used to control blade cutting depth and angle, which has a significant impact on 

harvest losses (Kirk et al., 2014). However, when adjusting the 3PL during subclover testing, challenges 

were experienced with setting the correct depth and angle. The system was sensitive to small 

adjustments, which could cause digging to be too deep or too shallow. Additionally, pitching of the 

tractor (particularly with smaller tractors) affected the cutting depth.  

The peanut digger and tractor 3PL form a planar four-bar mechanism consisting of: tractor body (1), 

3PL top link (2), peanut digger frame (3) and 3PL bottom arm (4).  As depicted in Figure 9.5, the height 

of the peanut digger (and therefore cutting depth) and angle can be altered by changing the bottom arm 

angle. The lengths of all linkages in this mechanism affect the cutting depth and angle, but in practice 

only the top link is readily adjustable. The position ranges of all links were analytically calculated (see 

chapter supplementary material for full calculations), and the peanut digger angle (θ3) plotted as a 

function bottom arm angle (θ4), Figure 9.6, for three top link length scenarios: a) approximately correct, 

b) too short and c) too long. This illustrates the importance of correct 3PL setup, particularly the top link 

length27. In these plots (Figure 9.6i) the gradients near the turning point are low indicating that altering 

the bottom arm angle (to raise or lower the peanut digger) results in small changes in peanut digger 

                                                      
27 Having the three-point linkage setup so the peanut digger frame is level to the ground (such that the 
left and right side are the same height) also made a noticeable difference to peanut digger performance, 
which is also emphasised by the manufacturer for peanut harvesting.  
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angle; the top link should be set so that the blade engages the ground in this zone in order to provide 

greater blade angle control. This would also provide greater control over the ground height of the gauge 

wheels, located at the rear of the digger (see Figure 9.1), which are sensitive to changes in peanut 

digger angle due to their distance from the 3PL. Conversely, there are regions in the plots where small 

changes in bottom arm angle result in relatively large changes in peanut digger angle, which can create 

challenges for depth control. Note, in the operating range of the configuration tested, blade height 

relative to the ground changed approximately linearly with bottom arm angle at 16 mm/degree. In order 

to ensure operation in the optimal mechanism range, where peanut digger angle is less sensitive to 

3PL changes, it may be necessary to alter the height of the blades relative to the frame for subclover 

seed harvesting. Blade height is not adjustable on the standard KMC 2-row peanut digger and is not 

typically adjusted for peanut production. In the configuration depicted in Figure 9.6, the bottom arm 

angles corresponding to optimal cutting depth are to the right of the turning point, indicating that greater 

angle stability could be achieve by raising the blades relative to the frame.  

 

Figure 9.5. Planar view of four-bar mechanism formed by the peanut digger and tested tractor’s three-point 

linkage. Hydraulic lift link on the bottom arm not pictured.  
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Figure 9.6. Three different top link lengths for tested peanut digger and the effect on cutting angle: a) approximately 

the correct top link length, cutting at the correct angle just below the soil; b) top link too short resulting in peanut 
digger angling downwards and cutting too deep; c) top link too long resulting in upward angle cutting too shallow. 
i) Depicts peanut digger angle (θ3) as a function bottom arm angle (θ4), where –ve represents an upward angle 
and +ve a downwards peanut digger angle. Shaded area represents the approximate θ4 range of optimal cutting 
depth for the configuration tested. ii) Illustrations of the three top link lengths, where the bottom arm angle is set to 
optimise cutting depth. Top links lengths: a) 550 mm, b) 500 mm and c) 600 mm. See supplementary material for 
other link dimensions. 
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9.4.2 Seed impact 

The success of an approach utilising a peanut digger is dependent on harvest timing. Harvest timing 

has a significant impact on performance in peanut production (Batchelor et al., 1996; Sorensen et al., 

2015) and is likely also important when adapting this technology for subclover seed harvesting. As 

expected from the burr attachment strength results of Chapter 8, peanut digger machinery was less 

effective when subclover plants had fully senesced, as the reduction in strength increased burr loss. 

Additionally, senesced rows did not invert well and would increase difficulty of second stage collection. 

Therefore, this method is likely not feasible within current subclover seed production timing, where 

plants are harvested completely senesced and dry. As such, a swathing approach would require peanut 

digging earlier in the season and the results of this study indicate the impact on seed quality from 

harvesting earlier may be acceptable in a commercial seed production system.  

Seed germination rates of samples collected at UFS were greater than 85% for all cultivars when final 

harvest testing took place. This exceeds the 70% germination rate required for subclover seed 

certification (Seed Services Australia, 2020). It appears that germination rates were no longer 

increasing for Dalkeith and Monti at this time and it is unclear whether Mawson germination rate would 

have continued to rise. Therefore, harvesting at around this time in the season appears to not have 

significantly impacted seed germinability and exceeds certification requirements. It also does not 

appear that seed is negatively impacted by commercial threshing processes. The mechanically 

threshed samples had a higher germination rate than seed extracted by hand. This is attributed to 

scarification by the mechanical threshing process, physically damaging the seed coat, reducing physical 

dormancy (hardseedeness) (Kimura and Islam, 2012). This is reinforced by the high level of hard seed 

in the unthreshed samples, which indicates that seed dormancy was able to be developed prior to 

harvesting. 

Results indicate there is potential impact on seed weight from harvesting earlier in the season. Seed 

weight was on an upward trend for both Monti and Mawson at the final sample date and it is likely that 

seed size would have continued to increase as seeds fully matured. The full impact on seed size from 

harvesting earlier needs to be further quantified in future research, but given the high level of recorded 

germination, reduced seed weight might not be a significant barrier to this harvest approach. Reduced 

seed weight would decrease harvest yield for seed producers, but if the benefits of adapting peanut 

technology can be realised, they may outweigh the potential negative yield impacts from reduced seed 
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size. However, whether this seed size reduction also negatively affects seedling vigour and resultant 

plant health should also be investigated. This system would not be commercially or agronomically viable 

if it produced a high proportion of seeds with establishment failure.  

9.5 Future directions 

The peanut digger has demonstrated initial potential in its ability to harvest subclover seed. Harvest 

performance can likely be enhanced from these preliminary tests, particularly in relation to soil retention 

and cutting depth control, but the peanut digger was able to demonstrate its ability to cut, lift and invert 

subclover swards. However, the success of an approach utilising a peanut digger is also reliant on the 

ability of a combine or other equipment to collect the inverted row. This second stage will also need to 

be evaluated in future research, but positioning the row for pickup is a key machinery criteria to be 

considered when adapting the peanut digger. This has implications for machinery setup and design, 

but also for agronomic considerations. For example, it is expected that above-ground plant material in 

the subclover crop will aid pickup of the inverted row.  However, high levels of biomass caused blockage 

issues on the peanut digger. Therefore, the optimal amount of biomass and other factors relating to row 

pickup require further investigation.  

Harvest timing also remains a major factor in the success of this approach and continuing investigation 

in this area is needed. Further research into the impact on seed yield, size and viability (incorporating 

seedling vigour, seed nutrition and dormancy, in addition to germination) would provide insight into the 

commercial viability of harvesting earlier in the season. The impact of plant characteristics on seed 

development (e.g. biomass) and seed development in inverted rows should also be investigated. This 

research could be combined with burr retention tests akin to Chapter 8 to better link plant strength timing 

to seed maturity.  
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9.6 Chapter supplementary material 

The model used to determine the positions of the peanut digger relative to the three-point linkage is 

described below. As depicted in Figure 9.7, this is modelled as a planar four-bar mechanism. Linkage 

dimensions are based on a 2-row KMC peanut digger, connected to a Lamborghini Crono 564-60 

tractor, with r1
 (tractor frame), r2 (top link), r3 (peanut digger frame) and r4 (bottom arm). Link lengths r1, r3 

and r4 are 565 mm, 565 mm and 800 mm, respectively. Top link length, r2, is adjustable and typically 

ranges from approximately 500 to 600 mm on the tested tractor.  Angle θ1 is constant at 335.5°. In this 

configuration the four-bar mechanism is a non-Grashof rocker-rocker. 

 

 

Figure 9.7. Planar view of four-bar mechanism formed by the peanut digger and tested tractor’s three-point linkage. 

Where, r3 and r4 correspond to the three-point linkage top and bottom links, respectively; r1 and r3 are the tractor 
and peanut digger frames, respectively.  

The positons of all links are described below, based on analytical derivations from Waldron et al. (2016). 

𝐴 = 2𝑟1𝑟4𝑐𝑜𝑠𝜃1 − 2𝑟2𝑟4𝑐𝑜𝑠𝜃2                                                                                                   (9.1) 

𝐵 = 2𝑟1𝑟4𝑠𝑖𝑛𝜃1 − 2𝑟2𝑟4𝑠𝑖𝑛𝜃2                                                                                                      (9.2) 

𝐶 =  𝑟1
2 +  𝑟2

2 + 𝑟4
2 − 𝑟3

2 − 2𝑟1𝑟2(𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2 + 𝑠𝑖𝑛𝜃1𝑠𝑖𝑛𝜃2)                                     (9.3) 

𝜃4 = 2𝑡𝑎𝑛−1 [
−𝐵±√𝐵2−𝐶2+𝐴2

𝐶−𝐴
]                                                                                                     (9.4) 

𝜃3 = 𝑡𝑎𝑛−1 [
𝑟1𝑠𝑖𝑛𝜃1+𝑟4𝑠𝑖𝑛𝜃4−𝑟2𝑠𝑖𝑛𝜃2

𝑟1𝑐𝑜𝑠𝜃1+𝑟4𝑐𝑜𝑠𝜃4−𝑟2𝑐𝑜𝑠𝜃2
]                                                                                           (9.5) 
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Chapter 10 

Overview and future directions  

Sustainably intensifying agricultural production represents one of the great challenges of the 21st 

century. The substitution of synthetic nitrogen (N) fertiliser with naturally produced N from legumes is 

one tool that can be utilised in a sustainable intensification future. Pasture legume systems are 

particularly relevant to this approach and therefore subterranean clover (subclover), as the world’s most 

widely grown annual pasture legume, can be a valuable tool in sustainably intensifying agricultural 

production. However, the world’s supply of subclover seed is primarily concentrated in a small 

Australian seed production industry and challenges with commercially harvesting subclover seed 

threaten its global supply. As a response to industry concerns about harvest issues, this thesis has 

sought to investigate the development of novel approaches to sustainably harvest subterranean clover 

seed. 

10.1 Seed production: past and present 

In order to work towards future seed production solutions it is important to first understand the past. 

Chapter 2 provides an account of the history of subclover seed production formulated from patents, 

personal accounts and family histories. This shed light on a fascinating industry that, despite its small 

size, has had a significant impact on Australian agriculture. From the turn of the 20th century, Australian 

farmers and engineers recognised the importance of pasture legume systems and developed innovative 

systems to harvest and process subclover seed from the soil. Chapter 3 expands on this rich history of 

innovation and particularly highlights the role of farmers. Over 75% of Australian subclover seed 

production patents have been invented by farmers, which demonstrates that farmers can be important 

drivers of technological progress. This presents lessons for supporting farmer-driven innovation in other 

industries, principally that the benefits of solving a problem must be clear to farmers as the time and 

capital investment in research and development is a major barrier to farmer innovation. Commercial 

support must also be available to distribute farmer innovations and ensure they can benefit the wider 

industry.  
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From the height of subclover seed innovation in the 1950s, there has been a plateau in the development 

of new technology. This has stemmed from commercial manufacturer reluctance to produce subclover 

seed technology given the small size of the industry and economic factors such as the decline and 

eventual collapse of Australian wool prices. This technological plateau has resulted in the 1960’s 

Horwood Bagshaw Clover Harvester (HB) remaining the dominant harvest system for 60 years. The 

current state of subclover seed production was investigated in Chapter 4 through a series of case 

studies, workshops, interviews and a survey. Current seed production is still reliant on the HB (although 

with farmer modifications) and is slow, labour intensive and can result in soil erosion. Typically 11 

harvest passes are employed to harvest subclover seed, significantly more than other common crop 

harvesting systems. Experiments to evaluate HB operation and impact (Chapters 5 and 6) indicate that 

soil particle size is reduced and suction harvesters inevitably entrain soil in their airflow, which supports 

industry concerns regarding harvest induced soil erosion. These issues, together with the commercial 

unavailability of the HB, have resulted in a decrease in the number of skilled seed producers and 

threatens the industry’s future. The analysis of this thesis concluded that the root cause of these issues 

is the reliance on suction harvest systems and suggests that new seed production solutions are 

required.  

10.2 Seed production: the future? 

The engineering design process employed in this thesis (discussed in Chapter 7) utilised principles from 

Quality Functional Deployment and Human Centred Design (HCD) to develop an understanding of the 

needs of the customer (seed producers). With this customer focus, design criteria were developed to 

ensure that investigated solutions addressed the needs and issues of the industry. To address industry 

needs, new harvest systems should aim to utilise commercially available components/machinery, 

minimise the number of harvest passes and maximise harvest rate. Considering these criteria and 

mindful of the historic lack of commercial manufacturing support, solutions at high Technology 

Readiness Levels (TRL) were prioritised to target commercial adoption, evaluated against the 

Commercial Readiness Index (CRI). 

Ideation techniques from TRIZ and HCD were used to generate solution concepts. Three promising 

concepts are summarised in Table 10.1, which should be evaluated further in future research. However, 

all three concepts suffer from a similar drawback; they require buried burr to be brought to the surface 
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prior to their operation. This means that these concepts would likely require similar preparation 

processes to current subclover seed production, which contributes to the high number of passes and 

soil impact. Therefore, a solution concept which has the potential to effectively harvest subclover seed 

while reducing the number of harvest passes was prioritised in this thesis: peanut harvest technologies. 



Chapter 10  Overview and future directions 

175 
 

Table 10.1. Summary of three solution concepts for subterranean clover seed harvesting, assessed against Technology Readiness Levels (TRL). 

Concept name Description Positive attributes Negative attributes TRL 

Burr hook method This method seeks to collect burrs using their 
natural ability to attach to material. This is based 
on sheepskin roller systems used commercially 
in the past.  Modern synthetic materials have the 
potential to increase the efficiency and economic 
viability of this approach.  

 Based on a previously 
successful subclover harvesting 
technique. 

 Simple. 

 Scalable to high harvest rate. 

 Feasibility and efficacy of using 
synthetic materials is unknown. 

 High levels of bespoke 
manufacturing. 

 Preparation required to clear 
biomass and bring buried burr to the 
surface. 

3 

Turf maintenance  
machinery 

This concept seeks to adapt machinery from the 
turf maintenance industry for subclover seed 
harvesting. This commercially available 
machinery utilises brushes and/or suction to 
collect ground material. 

 Commercially available 
equipment. 

 Effective at collecting ground 
material. 

 Combination of brushes and 
suction. 

 Fits in with current harvest 
practices. 

 Machinery not designed for used on 
soil and may not address soil 
erosion concerns. 

 Requires buried burr to be brought 
to the surface. 

5/6 

Combine harvester  
front 

This concepts involves a front attachment for a 
combine harvester that can collect subclover 
seed for processing inside the combine. 

 Leverages modern combine 
harvesters with associated 
benefits in threshing, data 
collection and operator comfort. 

 High harvest rate. 

 Utilises equipment usually 
already available on farm.  

 Soil ingestion can damage 
expensive combine harvesters. 

 Potential harvest losses from 
dropped/uncollected seed. 

 Requires buried burr to be brought 
to the surface. 

5 
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10.2.1 Not as nuts as it sounds 

Subclover seed and peanuts are both subterranean legume crops and have many similarities that can 

be leveraged to benefit subclover seed production. Principally, the peanut production industry has 

commercially available technology that is used to efficiency extract peanut pods from the soil for 

subsequent collection. This two pass process has the potential to address key design requirements. 

Therefore, the applicability of “peanut digger” machinery in subclover seed production was investigated 

in Chapters 8 and 9. Commercial peanut digger machinery showed initial promise in cutting, lifting and 

inverting subclover swards. This technique may offer a more efficient, sustainable and economically 

viable method of bringing subclover seed to the surface and warrants further investigation.  

In further developing a peanut digger approach, mechanical and biological considerations need to be 

addressed. Mechanically, a commercial peanut digger must be adapted to successfully operate in a 

different crop species and the significant areas of machine improvement are: increase cutting depth 

control for the shallower subclover seed crops and decrease soil retention in the inverted row. 

Biologically, the earlier harvest timing requires an understanding of the subsequent impact on seed 

viability, dormancy, size and commercial yield. With the aim to develop commercially relevant 

technology, the research conducted to assess this approach is summarised in Figure 10.1.  

For any new technology to have a positive impact on the seed production industry it must be 

commercially available and scalable. A high level of technology readiness is not sufficient to guarantee 

commercial success; new technology entering the market place, which is typically supplied by proven 

incumbents and financed by capital markets that are often risk adverse, face a multi-faceted range of 

barriers during the commercialisation process (ARENA, 2014). Therefore, beyond just TRLs, seed 

production solutions have been assessed against their potential commercial readiness (CRI). Peanut 

digger technology in subclover seed production has the potential to be progressed quickly through low-

level CRIs, as its foundation is a commercially available technology at a high CRI. Therefore, this 

technology could be deployed and competitive on a much quicker timeframe than other subclover 

harvesting solutions based on a bespoke platform. If a peanut digger is deemed viable for subclover 

seed production, commercially available peanut diggers could be modified to suit subclover by: farmers 

themselves with extension on recommended changes; local engineering workshops and agricultural 

suppliers; or if there is enough demand, by the peanut digger manufacturing companies themselves 

with a “subclover machinery package”.  
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Figure 10.1. Stages of research, development and deployment, with reference to Technology Readiness Levels, of peanut digger machinery in subterranean clover (subclover) 

seed production. Diagram has been divided into components relating to biological elements (upper) and to mechanical elements (lower). Dashed boxes represent future work 
which is recommended to be completed. 
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The success of peanut digger machinery in subclover seed production is reliant on a second stage 

process to collect the seed. Therefore, considerations of the implications for this second stage are 

required when further developing the peanut digger method. In peanut production, inverted material is 

typically left in the paddock for 2 to 7 days prior to collection; this allows the plants to dry prior to 

threshing and can reduce mechanical peanut damage (Bader and Sumner, 2009). However, it may not 

be necessary to follow the same approach for subclover seed production. Other plausible methods 

could be to feed cut and lifted subclover swards directly into a thresher or trailing combine, without 

creating inverted rows in the paddock. This has potential efficiency benefits as all harvest activities can 

be conducted at the same time and reduces the risk of seed loss when collecting the inverted row. 

However, allowing material to dry in the paddock provides greater flexibility as the crop can be cut and 

inverted with higher moisture contents (increasing strength and burr retention) and then be allowed to 

dry prior to threshing (increasing crop threshability and reducing soil retention). Both methods should 

be evaluated to understand their impacts on harvest loss and seed quality, as ultimately harvest timing 

will influence which method is most feasible.  

A systems approach is required to understand the viability of any new solution. This requires 

consideration and engagement with all stakeholders: seed producers, agronomists, seed distribution 

companies, seed certification bodies and the seed end-users (farmers). With a peanut style system 

there is potential for reduced seed yield or viability, due to earlier harvest timing compared to the current 

system. However, if this new approach provides improvements in efficiency and soil protection, then 

seed producers might accept reductions in yield. This is a business case that will need to be assessed 

in future research. Improvements in seed production efficiency and machinery availability would ideally 

encourage more people to harvest subclover seed and increase seed supply. This may decrease prices, 

which would benefit seed end-users and encourage subclover pastures, but it may impact the revenue 

of current subclover seed producers (which may be offset by efficiency increases). Therefore, as with 

the implementation and adoption of any new method, there will be compromises and discussions 

required among the relevant stakeholders28. However, the status quo is no longer viable and given the 

                                                      
28 Gaining acceptance of new subclover seed harvest systems might be particularly challenging from 
some existing seed producers, given that seed production methods have not changed significantly in 
60 years.  
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current threat to subclover seed production, new seed production methods are urgently needed to 

secure the industry’s future and the continued global supply of subclover seed.   

10.3 Sustainable intensification future 

The goal of this thesis has been to support the development of new solutions for efficient and 

sustainable subclover seed production. A stable and scalable global seed supply is important for the 

widespread use of subclover in sustainably intensified agricultural production. This can help to reduce 

reliance on synthetic N fertiliser and promote the benefits of pasture legume systems.   

Beyond pasture legumes, technology will be a significant factor in sustainably intensifying food 

production (Godfray and Garnett, 2014). As such, engineering approaches to develop solutions to 

agricultural problems, like the one outlined in this thesis, which consider the producers (farmers), end-

users, industry and environment, will be crucially important. There are many global agricultural problems 

to solve and it is critical that we do so. Agriculture is fundamental to humankind and is essential for 

meeting sustainable developments goals, battling climate change and ensuring a prosperous future for 

all.
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Appendix A – Publications 

 

Locations of the published versions of material presented in this thesis are provided below.  
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Chapter 2 

The work presented in Chapter 2 is adapted from “A century of subclover: Lessons for sustainable 

intensification from a historical review of innovations in subterranean clover seed production” Advances 

in Agronomy and is available from: 

https://www.sciencedirect.com/science/article/abs/pii/S0065211321000821 
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Chapter 3 

The work presented in Chapter 3 is adapted from “Farmer driven innovation: lessons from a case study 

of subterranean clover seed production” Prometheus – Critical Studies in Innovation and is available 

from: 

http://www.prometheusjournal.co.uk/product/farmer-driven-innovation-lessons-from-a-case-study-of-

subterranean-clover-seed-production/ 
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Chapter 4 

The work presented in Chapter 4 is primarily adapted from “Harvesting subterranean clover seed – 

current practices, technology and issues” Crop and Pasture Science which is available from: 

https://www.publish.csiro.au/cp/cp20269 

Additionally, elements of the chapter are also drawn from “Vacuum harvesting sucks: improving the 

Horwood Bagshaw Clover Harvester”, which is available from the proceedings of the Australian 

Grassland Association 2021 Virtual Symposium https://australiangrassland.org.au/ 
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Chapter 8 

The work presented in Chapter 8 is adapted from “A chronology of subterranean clover burr detachment 

mechanics and implications for seed harvestability” Royal Society Interface and is available from: 

https://royalsocietypublishing.org/doi/10.1098/rsif.2021.0625 

 



Appendices 

196 
 

Chapter 9 

The work presented in Chapter 9 is partially adapted from “Harvesting subterranean clover seed with 

peanut technology”, which is available in the proceedings of the 2022 Agronomy Australia Conference 

http://www.agronomyaustraliaproceedings.org/ 
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Appendix B – Presentations 

Below is a list of presentations given during candidature on the work contained in this thesis: 

 Australian Agronomy Conference, 2022 – “Harvesting subterranean clover seed with peanut 

technology” 

 UWA Institute of Agriculture Postgraduate Showcase, 2021 

 UWA Three Minute Thesis Competition, Finalist, 2021   

 Famelab Science Communication Competition, State Finalist, 2021 

 Australian Grassland Association Virtual Symposium, 2021 – “Vacuum harvesting sucks: improving 

subterranean clover seed production” 

 UWA Postgraduate Research Week, 2020 

 UWA Study Tours, 2020 – Presentation to visiting international students 

 UWA Three Minute Thesis Competition, Finalist, 2019  

 UWA EMS HDR Conference, 2019 
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Appendix C – Survey of seed producers  

Survey flow diagram 
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Start of Block: Details Block 

 

Q1.1 Consent form  

End of Block: Details Block 
 

Start of Block: Participant Detail Block 

 

Q2.1 Do you currently harvest or have previously harvested subterranean clover or annual medic 

seeds? 

Please note, if you harvest both some questions will be asked twice for both sub clover and medics. 

o Subterranean clover  (1)  

o Annual medics  (2)  

o Both subterranean clover and annual medics  (3)  

 

 

 

Q2.2 Are you currently involved in harvesting? 

o Currently involved with subterranean clover harvesting  (1)  

o Currently involved with annual medic harvesting  (2)  

o Currently harvest both subterranean clover and annual medics  (3)  

o No longer involved in harvesting of subterranean clover or annual medics  (4)  
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Q2.3 What is your post code? 

________________________________________________________________ 
 

 

 

Q2.4 What is your long-term average annual rainfall? (mm/year) 

________________________________________________________________ 
 

 

Display This Question: 

If Do you currently harvest or have previously harvested subterranean clover or annual medic seeds?P... = 
Subterranean clover 

Or Do you currently harvest or have previously harvested subterranean clover or annual medic seeds?P... = 
Both subterranean clover and annual medics 

And Are you currently involved in harvesting? != No longer involved in harvesting of subterranean clover or 
annual medics 
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Q2.5 What proportion of your farm's typical yearly income does subterranean clover seed production 

account for? 

o   (1)  

o 10-19%  (2)  

o 20-29%  (3)  

o 30-39%  (4)  

o 40-49%  (5)  

o 50-59%  (6)  

o 60-69%  (7)  

o 70-79%  (8)  

o 80-89%  (9)  

o 90-100%  (10)  

 

 

Display This Question: 

If Do you currently harvest or have previously harvested subterranean clover or annual medic seeds?P... = 
Annual medics 

Or Do you currently harvest or have previously harvested subterranean clover or annual medic seeds?P... = 
Both subterranean clover and annual medics 

And Are you currently involved in harvesting? != No longer involved in harvesting of subterranean clover or 
annual medics 
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Q2.6 What proportion of your farm's typical yearly income does annual medic seed production 

account for? 

o   (1)  

o 10-19%  (2)  

o 20-29%  (3)  

o 30-39%  (4)  

o 40-49%  (5)  

o 50-59%  (6)  

o 60-69%  (7)  

o 70-79%  (8)  

o 80-89%  (9)  

o 90-100%  (10)  
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Q2.7 What machinery do you use to collect sub cover / annual medic burr or pods from the field? 

Select all that apply 

▢ Horwood Bagshaw vacuum harvester  (1)  

▢ Other type of vacuum harvester  (2)  

▢ Conventional crop harvesting equipment e.g. combine harvesting  (3)  

▢ Custom made seed harvesting machinery  (4)  

▢ Manual seed collection  (5)  

▢ Other (please specify)  (6) ________________________________________________ 

 

 

Display This Question: 

If What machinery do you use to collect sub cover / annual medic burr or pods from the field?Select... = 
Other type of vacuum harvester 

Or What machinery do you use to collect sub cover / annual medic burr or pods from the field?Select... = 
Conventional crop harvesting equipment e.g. combine harvesting 

Or What machinery do you use to collect sub cover / annual medic burr or pods from the field?Select... = 
Custom made seed harvesting machinery 

Or What machinery do you use to collect sub cover / annual medic burr or pods from the field?Select... = 
Manual seed collection 

Or What machinery do you use to collect sub cover / annual medic burr or pods from the field?Select... = 
Other (please specify) 
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Q2.8 In reference to the harvesting machinery you mentioned above, how frequently do you use 

these compared to the Horwood Bagshaw for sub cover or medic seed harvesting? 

o I use the Horwood Bagshaw most of the time and other machinery only rarely  (1)  

o I use the Horwood Bagshaw the majority of the time but often use other machinery  (2)  

o I use the Horwood Bagshaw and other machinery a similar amount of the time  (3)  

o I mainly use other machinery, but also use the Horwood Bagshaw  (4)  

o I use other machinery the majority of the time and rarely use the Horwood Bagshaw  (5)  

o I do not use a Horwood Bagshaw harvester  (6)  

 

End of Block: Participant Detail Block 
 

Start of Block: HB Harvesting Equipment Block 

 

Q3.1 Do you have your own Horwood Bagshaw vacuum harvester(s) or use contractors? 

o I own Horwood Bagshaw harvesters  (1)  

o I use contractors with Horwood Bagshaw harvesters  (2)  

o I use both contractors and my own Horwood Bagshaw harvesters  (3)  

 

Skip To: Q3.7 If Do you have your own Horwood Bagshaw vacuum harvester(s) or use contractors? = I use 
contractors with Horwood Bagshaw harvesters 
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Q3.2 How many Horwood Bagshaw harvesters do you own? 

▼ 0 (1) ... 35 + (36) 

 

 

 

Q3.3 What size pick up ducts do you use? 

o 4 ft duct (1.2 m)  (1)  

o 7 ft duct (2.1 m)  (2)  

o Other (please specify)  (3) ________________________________________________ 
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Q3.4 What modifications have been made compared to the standard Horwood Bagshaw machine? 

Select all that apply. 

▢ Tandem drive (multiple HBs on single tractor)  (1)  

▢ Inspection plates added  (2)  

▢ Mesh replaced with punched screen in thresher drum  (3)  

▢ Thresher bars relocated  (4)  

▢ Seed delivery fan moved  (5)  

▢ Seed storage bin size increased  (6)  

▢ Seed storage bin fill sights added  (7)  

▢ External storage bin added  (8)  

▢ Wear resistant coating in main cyclone  (9)  

▢ Main cyclone cone removed  (10)  

▢ Main cyclone position raised  (11)  

▢ Rotary valve position raised  (12)  

▢ Modification for easier rotary valve removal  (13)  

▢ Brush ahead of pick up duct  (14)  
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▢ Brush behind pick up duct  (15)  

▢ Roller moved behind pick up duct  (16)  

▢ Pick up duct roller replaced with wheels  (17)  

▢ Hydraulic lift on pick up duct  (18)  

▢ Main fan replaced  (19)  

▢ Seed delivery fan replaced  (20)  

▢ Bearings replaced  (21)  

▢ Secondary sand screen removed  (22)  

▢ Double flighted auger added to sand screen  (23)  

▢ Covering / guide below riddle box exhaust  (24)  

▢ Drive ratios modified  (25)  

▢ Increased shaft size  (26)  

▢ Pre-cleaner  (27)  

▢ Post-cleaner  (28)  

▢ Other (please specify)  (29) ________________________________________________ 
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Q3.5 Are there any future modifications you plan on making? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q3.6 How do you service your Horwood Bagshaw? 

o I perform my own service and repairs  (1)  

o My local engineering/machine shop carries out the servicing and repairs  (2)  

o I use a specialist Horwood Bagshaw service (please specify who you use)  (3) 

________________________________________________ 

o Other (please specify)  (4) ________________________________________________ 

 

 

 

Q3.7 What positive features would you say the Horwood Bagshaw harvester has? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
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________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q3.8 What are the main problems you experience with your Horwood Bagshaw vacuum harvester(s)? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q3.9 What improvements would you like to see made to your Horwood Bagshaw vacuum 

harvester(s)? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q3.10 If you were designing a new seed harvester for subterranean clover or annual medics from 

scratch, what features would it have?  
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Please don't be constrained by what is currently available, list any features of your ideal seed 

harvesting equipment. 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q3.11 What feature is most important to you in a newly designed seed harvester? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q3.12 In a new harvester, would you prefer collection and threshing to be performed in one or 

separate machine(s)? 

o Burr/pod collection and threshing performed in the same machine  (1)  

o Collection and threshing performed in separate machines  (2)  

o No preference  (3)  
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Q3.13 Would you prefer this new machine to be self-propelled or driven by other equipment? 

o Self-propelled  (1)  

o Driven by tractor  (2)  

o Driven by conventional harvester  (3)  

o Other  (4) ________________________________________________ 

o No preference  (5)  

 

 

 

Q3.14 Are you aware of any methods other than Horwood Bagshaw vacuum harvesting which have 

or are being used to harvest sub clover or medic seeds? Please provide details below. 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

End of Block: HB Harvesting Equipment Block 
 

Start of Block: Alternative Harvesting Equipment Block 
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Q4.1 The following block of questions relates to harvesting equipment other than the Horwood 

Bagshaw.  

 

 

 

Q4.2 Why do you use sub clover or medic seed harvesting equipment other than the Horwood 

Bagshaw? 

Please provide details if there are specific conditions you use this equipment for.  

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q4.3 If you have made modifications to other machinery to adapt it to sub clover or medic seed 

harvesting, please provide details below. 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
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Q4.4 If you have developed any custom machinery for sub clover or medic seed harvesting, please 

provide details below. 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

End of Block: Alternative Harvesting Equipment Block 
 

Start of Block: Medic Block 

Display This Question: 

If Do you currently harvest or have previously harvested subterranean clover or annual medic seeds?P... = 
Both subterranean clover and annual medics 

 

Q5.1 Please answer the below questions for annual medics.  

 

 

 

Q5.2 What issues do you experience with medic seed harvesting, from paddock preparation to post 

harvest erosion? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 



Appendices 

214 
 

Q5.3 Which harvesting issue would you say is the most significant? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q5.4 Are your medic crops irrigated or rainfed? 

o Irrigated  (1)  

o Rainfed  (2)  

o Combination of irrigated and rainfed  (3)  

 

 

Display This Question: 

If Are your medic crops irrigated or rainfed? = Combination of irrigated and rainfed 

 

Q5.5 What percentage of your medic crop is irrigated? 

▼ 0-10 (1) ... 91-100 (10) 
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Q5.6 What is your main soil type for producing medic seed? 

o Sand  (1)  

o Sandy Loam  (2)  

o Loam  (3)  

o Loamy Clay  (4)  

o Clay  (5)  

o Sandy Clay  (6)  

o Other (please describe)  (7) ________________________________________________ 
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Q5.7 How many years have you been harvesting medic seed? 

o 1-5  (1)  

o 6-10  (2)  

o 11-15  (3)  

o 16-20  (4)  

o 21-25  (5)  

o 26-30  (6)  

o 31-40  (7)  

o 41-50  (8)  

o 51-60  (9)  

o More than 60 years  (10)  

 

 

 

Q5.8 What area have you typically harvested for medic seed in in the past 5 years? (in hectares) 

________________________________________________________________ 
 

 

 



Appendices 

217 
 

Q5.9 What is the maximum area you have harvested in any one year? (in hectares) 

________________________________________________________________ 
 

 

 

Q5.10 What has been your typical irrigated clean seed yield in the past 5 years? (kg per ha) 

o < 200 kg/ha  (12)  

o 200 - 399 kg/ha  (2)  

o 400 - 599 kg/ha  (3)  

o 600 - 799 kg/ha  (4)  

o 800 - 999 kg/ha  (5)  

o 1000 - 1199 kg/ha  (6)  

o 1200 - 1399 kg/ha  (7)  

o 1400 - 1599 kg/ha  (8)  

o 1600 - 1799 kg/ha  (9)  

o 1800 - 1999  kg/ha  (10)  

o > 2000 kg/ha  (11)  

o N/A  (13)  
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Q5.11 What has been your typical dryland clean seed yield in the past 5 years? (kg per ha) 

o < 200 kg/ha  (12)  

o 200 - 399 kg/ha  (2)  

o 400 - 599 kg/ha  (3)  

o 600 - 799 kg/ha  (4)  

o 800 - 999 kg/ha  (5)  

o 1000 - 1199 kg/ha  (6)  

o 1200 - 1399 kg/ha  (7)  

o 1400 - 1599 kg/ha  (8)  

o 1600 - 1799 kg/ha  (9)  

o 1800 - 1999  kg/ha  (10)  

o > 2000 kg/ha  (11)  

o N/A  (13)  
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Q5.12 What is the maximum clean seed yield you have produced in any one year?  

Only approximate values are needed. 

o Yield (kg per ha)  (1) ________________________________________________ 

o Year  (2) ________________________________________________ 

 

 

 

Q5.13 In your experience, are there any varietal characteristics which make seed harvesting and 

processing easier?  

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q5.14 In your experience, are there any varietal characteristics which make seed harvesting and 

processing more difficult?  

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
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Q5.15 What is your most significant harvesting cost? 

o Fuel  (1)  

o Labour  (2)  

o Machinery maintenance  (3)  

o Post harvest seed cleaning  (4)  

o Paddock preparation  (5)  

o Other (please specify)  (6) ________________________________________________ 

 

End of Block: Medic Block 
 

Start of Block: Medic Harvesting Procedure 
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Q6.1 How do you reduce your plant residue before harvesting?  

Select all that apply 

▢ Grazing  (1)  

▢ Mowing  (2)  

▢ Windrowing  (3)  

▢ Harrowing  (4)  

▢ Raking  (5)  

▢ Baling straw  (9)  

▢ Herbicides  (6)  

▢ No Residue Reduction  (7)  

▢ Other (please specify)  (8) ________________________________________________ 
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Q6.2 What preparation steps do you take before vacuum harvest passes? Please indicate the typical 

number of passes you make for each technique, leave zero next to activities which are not performed. 

Raking : _______  (1) 

Inline Raking : _______  (2) 

Harrowing : _______  (3) 

Prickle Chain : _______  (4) 

Chain Mesh : _______  (5) 

Other (please specify) : _______  (6) 

Other (please specify) : _______  (7) 

Other (please specify) : _______  (8) 

Total : ________  

 

 

 

Q6.3 Do you perform any steps between vacuum passes? 

Select all that apply 

▢ Raking  (1)  

▢ Inline Raking  (2)  

▢ Harrowing  (3)  

▢ Prickle Chain  (4)  

▢ Chain Mesh  (5)  

▢ Other (please specify)  (6) ________________________________________________ 
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Q6.4 How many Horwood Bagshaw vacuum harvesters would you typically tow behind a single 

tractor? 

o 1  (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o 5  (5)  

o 6 or more  (6)  

 

 

 

Q6.5 How many tractors towing vacuum harvester trains would you typically operate at once? 

o 1  (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o 5 or more  (5)  

 



Appendices 

224 
 

 

 

Q6.6 How many vacuum passes would you typically make? 

o 1  (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o 5  (5)  

o 6 or more  (6)  
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Q6.7 What is the maximum amount of vacuum passes you would perform? 

o 1  (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o 5  (5)  

o 6 or more  (6)  

 

 

 

Q6.8 What speed do you typically tow your vacuum harvesters during operation? 

▼  (1) ... >10 km/hr (11) 
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Q6.9 During which phase of the harvest process is soil erosion most significant? 

o Sowing  (1)  

o Pre-vacuum preparation  (2)  

o Vacuum harvesting  (3)  

o Immediately after vacuum harvesting  (4)  

o Period between harvest and next sowing  (5)  

o Other  (6) ________________________________________________ 
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Q6.10 What post-harvest techniques do you use to reduce soil erosion? 

▢ Soil scarification  (1)  

▢ Harrowing  (8)  

▢ Seeder to break up soil, but not to sow  (2)  

▢ Seeder with crop sown  (3)  

▢ Irrigation only  (7)  

▢ Soil covering (please specify what is used to cover soil)  (4) 

________________________________________________ 

▢ Other (please specify)  (5) ________________________________________________ 

▢ No post harvest treatment  (6)  

 

 

Display This Question: 

If What post-harvest techniques do you use to reduce soil erosion? = No post harvest treatment 
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Q6.11 Why do you not perform any post-harvest soil management techniques? 

▢ Soil erosion is not an issue for me post harvest  (1)  

▢ I do not have time  (2)  

▢ The benefit is not worth the time and effort  (3)  

▢ Post harvest activity increases soil erosion  (4)  

▢ Other (please elaborate)  (5) ________________________________________________ 

 

 

 

Q6.12 How satisfied are you with your current techniques for controlling post-harvest soil erosion? 

o Extremely satisfied  (1)  

o Moderately satisfied  (2)  

o Slightly satisfied  (3)  

o Neither satisfied nor dissatisfied  (4)  

o Slightly dissatisfied  (5)  

o Moderately dissatisfied  (6)  

o Extremely dissatisfied  (7)  
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Q6.13 Please provide any further detail about your harvesting procedure below, including the order 

steps are performed in. 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

End of Block: Medic Harvesting Procedure 
 

Start of Block: General Questions Block 

 

Q7.1 Do you see yourself producing subterranean clover/annual medic seed in 10 years’ time if no 

improvements are made to harvesting processes? 

o Definitely yes  (1)  

o Probably yes  (2)  

o Might or might not  (3)  

o Probably not  (4)  

o Definitely not  (5)  
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Q7.2  

Do you see yourself producing subterranean clover/annual medic seed in 10 years’ time if more 

efficient and sustainable harvesting processes are developed? 

o Definitely yes  (1)  

o Probably yes  (2)  

o Might or might not  (3)  

o Probably not  (4)  

o Definitely not  (5)  

 

 

 

Q7.3 Do you have any other comments regarding sub clover or medic seed harvesting you would like 

to share? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q7.4 What is your age? 

This helps build a picture of who is in the industry and the involvement of younger farmers. 
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o Prefer not to say  (1)  

o <20  (2)  

o 20-29  (3)  

o 30-39  (4)  

o 40-49  (5)  

o 50-59  (6)  

o 60-69  (7)  

o 70-79  (8)  

o 80 and over  (9)  

 

End of Block: General Questions Block 
 

Start of Block: Sub Clover Block 

Display This Question: 

If Do you currently harvest or have previously harvested subterranean clover or annual medic seeds?P... = 
Both subterranean clover and annual medics 

 

Q8.1 Please answer the below questions for subterranean clover. There will be a separate block of 

questions for annual medics below.   
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Q8.2 What issues do you experience with sub clover seed harvesting, from paddock preparation to 

post harvest erosion? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q8.3 Which harvesting issue would you say is the most significant? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

 

 

Q8.4 Are your sub clover crops irrigated or rainfed? 

o Irrigated  (1)  

o Rainfed  (2)  

o Combination of irrigated and rainfed  (3)  
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Display This Question: 

If Are your sub clover crops irrigated or rainfed? = Combination of irrigated and rainfed 

 

Q8.5 What percentage of your sub clover crop is irrigated? 

▼ 0-10 (1) ... 91-100 (10) 

 

 

 

Q8.6 What is your main soil type for producing sub clover seed? 

o Sand  (1)  

o Sandy Loam  (2)  

o Loam  (3)  

o Loamy Clay  (4)  

o Clay  (5)  

o Sandy Clay  (6)  

o Other (please describe)  (7) ________________________________________________ 
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Q8.7 How many years have you been harvesting sub clover seed? 

o 1-5  (1)  

o 6-10  (2)  

o 11-15  (3)  

o 16-20  (4)  

o 21-25  (5)  

o 26-30  (6)  

o 31-40  (7)  

o 41-50  (8)  

o 51-60  (9)  

o More than 60 years  (10)  

 

 

 

Q8.8 What area have you typically harvested for sub clover seed in the past 5 years? (in hectares) 

________________________________________________________________ 
 

 

 



Appendices 

235 
 

Q8.9 What is the maximum area you have harvested in any one year? (in hectares) 

________________________________________________________________ 
 

 

 

Q8.10 What has been your typical irrigated clean seed yield in the past 5 years? (kg per ha) 

o < 200 kg/ha  (1)  

o 200 - 399 kg/ha  (2)  

o 400 - 599 kg/ha  (3)  

o 600 - 799 kg/ha  (4)  

o 800 - 999 kg/ha  (5)  

o 1000 - 1199 kg/ha  (6)  

o 1200 - 1399 kg/ha  (7)  

o 1400 - 1599 kg/ha  (8)  

o 1600 - 1799 kg/ha  (9)  

o 1800 - 1999  kg/ha  (10)  

o > 2000 kg/ha  (11)  

o NA  (12)  
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Q8.11 What has been your typical dryland clean seed yield in the past 5 years? (kg per ha) 

o < 200 kg/ha  (1)  

o 200 - 399 kg/ha  (2)  

o 400 - 599 kg/ha  (3)  

o 600 - 799 kg/ha  (4)  

o 800 - 999 kg/ha  (5)  

o 1000 - 1199 kg/ha  (6)  

o 1200 - 1399 kg/ha  (7)  

o 1400 - 1599 kg/ha  (8)  

o 1600 - 1799 kg/ha  (9)  

o 1800 - 1999  kg/ha  (10)  

o > 2000 kg/ha  (11)  

o NA  (12)  
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Q8.12 What is the maximum clean seed yield you have produced in any one year?  

Only approximate values are needed. 

o Yield (kg per ha)  (1) ________________________________________________ 

o Year  (2) ________________________________________________ 

 

 

 

Q8.13 In your experience, are there any varietal characteristics which make sub clover seed 

harvesting and processing easier?  

________________________________________________________________ 
 

 

 

Q8.14 In your experience, are there any varietal characteristics which make sub clover seed 

harvesting and processing more difficult?  

________________________________________________________________ 
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Q8.15 What is your most significant harvesting cost? 

o Fuel  (1)  

o Labour  (2)  

o Machinery maintenance  (3)  

o Post-harvest seed cleaning  (4)  

o Paddock preparation  (5)  

o Other (please specify)  (6) ________________________________________________ 

 

End of Block: Sub Clover Block 
 

Start of Block: Sub Clover Harvesting Procedure 
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Q9.1 How do you reduce your plant residue before harvesting?  

▢ Grazing  (1)  

▢ Mowing  (2)  

▢ Windrowing  (3)  

▢ Harrowing  (4)  

▢ Raking  (5)  

▢ Baling straw  (9)  

▢ Herbicides  (6)  

▢ No Residue Reduction  (7)  

▢ Other (please specify)  (8) ________________________________________________ 
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Q9.2 What preparation steps do you take before vacuum harvest passes? Please indicate the typical 

number of passes you make for each technique, leave zero next to activities which are not performed. 

Raking : _______  (1) 

Inline Raking : _______  (2) 

Harrowing : _______  (3) 

Prickle Chain : _______  (4) 

Chain Mesh : _______  (5) 

Other (please specify) : _______  (6) 

Other (please specify) : _______  (7) 

Other (please specify) : _______  (8) 

Total : ________  

 

 

 

Q9.3 Do you perform any steps between vacuum passes? 

Select all that apply 

▢ Raking  (1)  

▢ Inline Raking  (2)  

▢ Harrowing  (3)  

▢ Prickle Chain  (4)  

▢ Chain Mesh  (5)  

▢ Other (please specify)  (6) ________________________________________________ 

 



Appendices 

241 
 

 

 

Q9.4 How many Horwood Bagshaw vacuum harvesters would you typically tow behind a single 

tractor? 

o 1  (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o 5  (5)  

o 6 or more  (6)  

 

 

 

Q9.5 How many tractors towing vacuum harvester trains would you typically operate at once? 

o 1  (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o 5 or more  (5)  
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Q9.6 How many vacuum passes would you typically make? 

o 1  (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o 5  (5)  

o 6 or more  (6)  
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Q9.7 What is the maximum amount of vacuum passes you would perform? 

o 1  (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o 5  (5)  

o 6 or more  (6)  

 

 

 

Q9.8 What speed do you typically tow your vacuum harvesters during operation? 

▼  (1) ... >10 km/hr (11) 
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Q9.9 During which phase of the harvest process is soil erosion most significant? 

o Sowing  (1)  

o Pre-vacuum preparation  (2)  

o Vacuum harvesting  (3)  

o Immediately after vacuum harvesting  (4)  

o Period between harvest and next sowing  (5)  

o Other  (6) ________________________________________________ 
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Q9.10 What post harvest techniques do you use to reduce soil erosion? 

▢ Soil scarification  (1)  

▢ Harrowing  (8)  

▢ Tilling  (9)  

▢ Seeder to break up soil, but not to sow  (2)  

▢ Seeder with crop sown  (3)  

▢ Irrigation only  (7)  

▢ Soil covering (please specify what is used to cover soil)  (4) 

________________________________________________ 

▢ Other (please specify)  (5) ________________________________________________ 

▢ No post harvest treatment  (6)  

 

 

Display This Question: 

If What post harvest techniques do you use to reduce soil erosion? = No post harvest treatment 
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Q9.11 Why do you not perform any post harvest soil management techniques? 

▢ Soil erosion is not an issue for me post harvest  (1)  

▢ I do not have time  (2)  

▢ The benefit is not worth the time and effort  (3)  

▢ Post harvest activity increases soil erosion  (4)  

▢ Other (please elaborate)  (5) ________________________________________________ 

 

 

 

Q9.12 How satisfied are you with your current techniques for controlling post-harvest soil erosion? 

o Extremely satisfied  (1)  

o Moderately satisfied  (2)  

o Slightly satisfied  (3)  

o Neither satisfied nor dissatisfied  (4)  

o Slightly dissatisfied  (5)  

o Moderately dissatisfied  (6)  

o Extremely dissatisfied  (7)  
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Q9.13 Please provide any further detail about your harvesting procedure below, including the order 

steps are performed in. 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
 

End of Block: Sub Clover Harvesting Procedure 
 
 

 




