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ABSTRACT 

Weeds are a major limitation to agricultural and horticultural production and the main 

method of control is the use of herbicides.  In addition to the resulting chemical 

pollution of the environment, the wide spread and continues use of herbicides have 

resulted in many weeds developing resistance to commonly used herbicides.  This study 

investigated the potential of using green manures as a cultural method of control of 

weed invasion in agricultural fields.  To understand the general mechanisms involved in 

the suppression of seed germination in green manure amended soils, seeds of crop 

species with little or no dormancy requirements were used in certain studies. 

 

Lettuce (Lactuca sativa) and cress (Lepidium sativum) seeds were sown to a sandy soil 

amended with green manures of lupin (Lupinus angustifolius), Brassica juncea, or oats 

(Avena sativa) to determine if the amendments affected seed germination and/or decay.  

It was hypothesised that the addition of plant material would increase the microbial 

activity of the soil thereby increasing seed decay, under laboratory and greenhouse 

conditions.  Initial experiments used lettuce, cress and lupin seeds.  Lettuce and cress 

are commonly used as standard test species for seed viability studies.  Subsequent 

experiments used seeds of annual ryegrass (Lolium rigidum), silver grass (Vulpia 

bromoides), wild radish (Raphanus raphanistrum) and wild oat (Avena fatua) as these 

weed species are commonly found throughout agricultural regions in Western Australia. 

 

Amending the soil with lupin or Brassica green manure was established as treatments 

capable of developing environments suppressive to seed germination.  Lupin residues as 

green manure showed the strongest inhibition of seed germination and seed decay.  The 

decay of certain seeds was enhanced with changes to soil microbial activity, dissolved 

organic carbon and carbon and nitrogen amounts in lupin amended soil. 
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Seeds of weed species were decayed in lupin amended soil, but showed varied degree of 

decay.  Annual ryegrass and silver grass were severely decayed and wild oat and wild 

radish were less decayed, in lupin amended soil.   

 

Different species of lupin (Lupinus angustifolius, L. luteus and L. albus) used as green 

manure amendments had similar effects on seed decay.  They all caused significant seed 

decay of lettuce and cress seeds and showed no relationship with the different lupin 

alkaloids present in different species of lupins. 

 

Differing lengths of incubation time were required for decay of different seed species in 

lupin amended soil.  Lettuce and cress seeds were decayed after a short period of 

incubation (6 hours and 7 days, respectively).  Seeds of weed species were decayed 

after longer periods of incubation, for example, annual ryegrass seeds were 

significantly decayed only after 14 days. 

 

Observations of seed coat under the microscope showed that seeds of various species 

were differentially affected in Lupinus angustifolius amended soil.  The seed coat of 

lettuce and cress seeds showed only minor deterioration or microbial presence while 

annual ryegrass seeds showed the presence of microorganisms on the seed surface.  

This could indicate that lupin alkaloids (or lupin plant chemicals) have a role to play in 

decaying lettuce and cress seeds and a combination of lupin alkaloids (or lupin plant 

chemicals) and microorganisms may have a role in the ryegrass seed decay.   

 

The extracts from lupin amended soil caused the decay of lettuce and cress seeds, but 

failed to decay silver grass or annual ryegrass seeds.  There were also significant 
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differences in response to sterile and non-sterile extracts, suggesting microorganisms in 

conjunction with chemicals have a role to play in decaying seeds.   

 

Lupin amended soil suppressed Pythium irregulare attack on seeds in certain 

environments.  P. irregulare decayed annual ryegrass and lettuce seeds in non-amended 

soil.  This may indicate the potential for certain green manures to suppress pathogens 

such as Pythium in soil. 

 

Although some of the rates of amendments used may be higher than that could be 

produced by crops in the nutrient impoverished soils in the relatively low rainfall 

regions of Western Australia, the results obtained in the study clearly show the 

potential for including green manures in the integrated management of weed seed 

banks.  This study has also provided some new information on the potential for lupin 

green manure amendments to decay seeds. 
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LITERATURE REVIEW 

 

Introduction 

Management of weed seed bank populations is an important component of integrated 

strategies to reduce the impact of weeds on crop production.  Although much 

descriptive research on seed banks has been done, research clarifying the mechanisms 

driving seed bank dynamics is limited.  This research investigated the relationship 

between soil microbial activities and seed decay.  It was hypothesised that more rapid 

seed bank decay is associated with soils with high levels of microbial activity and 

specific microbial communities that metabolise seed components.  In addition, 

amendments such as green manure were evaluated as an effective way to promote 

microbial-induced seed decay of weeds.  The effect of a specific pathogen (Pythium 

irregulare) on seed decay in green manured soil was also evaluated.   

 

Weeds 

Weeds can be defined as any plant that grows where it is not wanted (Lamp and Collet, 

1989; Meadly, 1965).  They can also be defined as plants that interfere with human 

activity in crop and non-crop areas (Labrada and Parker, 1994).  Weeds can cause 

problems in many different areas from terrestrial, agricultural, natural ecosystems to 

aquatic ecosystems, with the main research involved or focused on weeds in agricultural 

systems.   Weeds have been invading agricultural systems for many years causing 

significant economic crop losses.  Weeds are economically important as the annual 

financial losses from weed infestations are great, but difficult to assess as they go out of 

date rapidly and there are many costs incurred in controlling weeds.  There are many 

ways in which weeds affect agricultural practices.  Weeds compete with crops for light, 

water and nutrients (reducing crop yield).   They contaminate products and reduce the 

value of product or they increase the processing costs (cleaning costs).  The cost for 

chemicals (herbicides) to control weeds is significant.  Weeds can also harbour pests 

and microorganisms that attack crop plants.  Animals can also be affected by weeds i.e. 

poisoned and the quality of animal product can be affected e.g. seeds in wool or taint 

milk taste (Lamp and Collet, 1989).   

 

Weeds have unique characteristics which aid their success in surviving many varying 

environmental conditions.  They grow vigorously and are able to rapidly reproduce.  

They complete a growth cycle and set seed successfully under variable seasonal 
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conditions.  Weeds are prolific seeders, producing large quantities of seed that are 

readily dispersed.  The seeds are dispersed over short distances usually having explosive 

capsules or long distance dispersal via wind, with special attributes to aid dispersal or 

carried via humans, animals or eaten by birds.  Weeds reproduce vegetatively with 

vigorous rooting systems, rapid growth and smothering (competitive) habit.  The seeds 

can survive for long periods buried in the soil until they are brought up near the surface 

to germinate. 

 

Weeds are successful in exploiting their environments and because in most cases, weeds 

are exotic, they have no natural predators or inhibitors such as insects, fungi or bacteria 

to reduce their growth or survival.  Therefore there have been many different methods 

employed to control weeds, that include, grazing, mowing, cultivation (tillage), burning 

and application of chemical (herbicides) or biological (biocontrol – natural inhibitor 

agents).  Biocontrol methods have also been explored, however such methods are 

difficult because there is a need for the insect or disease to be species specific and not 

affect any other organisms in the environment or become a pest itself.  Green manuring, 

mulching or composting with plant residues have been some of the cultural/natural 

methods explored as potential ways to manage weeds (e.g. Almeida, 1985; Caamal-

Maldonado et al., 2001; Ligneau and Watt, 1995; Mohler, 1996; Teasdale, 1996).  

However the most widely used method of controlling weeds is with herbicides, but in 

addition to toxicity problems some weeds have developed resistance to certain 

herbicides due to their continuous use.  Such “resistance denotes the evolved capacity of 

a previously herbicide susceptible weed population to withstand a herbicide and 

complete its life cycle when the herbicide is used at its normal rate in an agricultural 

situation” (Heap and LeBaron, 2001).   

 

Herbicide- resistant annual ryegrass (Lolium rigidum) is one of the many weeds having 

dramatic impact on the management and profitability of continuous cropping systems in 

Australia (Schmidt and Pannell, 1996).  Another factor which makes annual ryegrass 

even more difficult to control is that in many cases ryegrass populations have exhibited 

cross resistance, where development of resistance through repeated use of one herbicide 

also gives resistance to other groups of herbicides not previously used (Rao, 2000; 

Schmidt and Pannell, 1996).  Herbicides have also raised increasing concerns about 

their residues and associated food safety issues and their adverse impact on the 

environment (Heap and LeBaron, 2001).  For example, use of herbicides that show low 
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toxicity to birds, fish and aquatic invertebrates at the recommended rates under the 

originally designed environmental conditions, could under a different environmental 

condition be devastating to the environment.  Some herbicides (e.g. Tebuthiuron) are 

known to be relatively persistent and mobile, with the potential to leach to ground water 

depending on the soil type, temperature and soil moisture (Camilleri et al., 1998).  

There is also the risk that if herbicides are not used according to specified 

recommendations e.g. if the legal limit is exceeded then there is the propensity to 

bioaccumulate and the possibility of environmental hazards in particular situations 

(Anonymous, 1981).  For example, the legal limit of TCDD (Chlorophenoxy herbicides 

(2, 4-D, 2,4,5-T and related compounds)) is only 0.1mg/kg  and the safe application rate 

of 2,4-D herbicide for weeds in cereals, pasture, turf and golf greens, fields and parks is 

only 0.2 - 4.0 kg/ha.   

 

Because of the negative effects of herbicides on the environment and the development 

of resistance of weeds to them, there has been interest in the use of alternative methods 

such as green manure in integrated management of weeds.    

 

Seed bank 

The soil seed bank comprises seed buried in soil (Bewley and Black, 1994).  In natural 

ecosystems, the seed bank includes a variety of species, all of which need to be 

maintained for the preservation of the diversity of the ecosystem.  The seed bank is the 

main reservoir, enabling seeds to perpetuate in natural and managed ecosystems.  The 

success of many annual weed species depends to a large extent on the ability of their 

seeds to survive in soil for long periods, and to germinate only when environmental 

conditions are optimal for seedling survival (Roberts and Totterdell, 1981).  In managed 

ecosystems, such as agricultural environments, weed invasion occurs due to the 

disturbance of the environment.  After a few years, there is a build up of weed seeds in 

the seed bank, allowing the weeds to persist. Therefore an understanding of the 

processes regulating seed bank dynamics is necessary to develop strategies to manage 

seed banks in agricultural environments.  Such management strategies are expected to 

promote seed bank decline of undesirable species while enhancing seed bank 

persistence of desired ones.  

 

Predation, germination and mortality are the ways by which seeds can be naturally 

depleted in the soil seed bank.  Granivores such as ants, birds and small mammals use 



 4 

seed as a food source.  Ants have been noted to remove seeds from baited areas and take 

them back to their nests, where the seeds are often unable to germinate (Baskin and 

Baskin, 1998; Crist and Friese, 1993).  

 

Dormancy prevents seeds germinating at an inappropriate time or position.  Otherwise 

seeds would germinate in response to inappropriate cues and perish.  The factor least 

understood is the loss in soil of seeds by mortality (natural and induced death).   

 

Seeds 

Seeds are one component of the plant’s life cycle that can be controlled.  Seed is a 

structure consisting of the plant embryo, varying amounts of stored food material, and a 

protective outer seed coat (Delbridge and Bernard, 1990).  The seed coat (testa) is an 

important structure because it protects the embryo from the external environment.  Seed 

coats have effects on seed performance such as interference with water uptake and gas 

exchange, mechanical resistance, prevention of the exit of inhibitors from the embryo 

and supply of inhibitors to the embryo (Bewley and Black, 1978; Esau, 1989).  The seed 

coat often plays an essential role in various processes such as nutrition of the growing 

embryo, mechanical and chemical protection, dehydration, imbibition and maintenance 

of seed dormancy (Boesewinkel and Bouman, 1995).   

 

The loss of the ability of seeds to germinate is often a result of deterioration that could 

result in the reduction in vigour, slow germination, poor seedling emergence and slower 

growth (Anderson and Baker, 1983), for most seed and to a lesser extent for weed seeds.  

Crop seeds are subject to deterioration during their development, harvest, conditioning, 

storing and planting (McGee, 1983).  They are prone to microbial attack at all stages of 

development until germination (Harman, 1983).  During the growing stage, there can be 

an abortion of flowers or fruits and the development of small, shrivelled, mouldy or 

insect damaged seeds.  During harvest the seed coat may be damaged (broken or 

shattered).  During storage there may be a reduction in the germinability and vigour of 

the seed.  There may be signs of invasion by fungi and insects.  Conditions necessary 

for seed storage to maintain viability includes maintaining low moisture content, cool 

temperature and low oxygen tension (McGee, 1983).  At moisture content of between 5-

8% seeds can be stored for many years.  Moisture content greater than 12% favours 

fungal invasion (Anderson and Baker, 1983).  Following sowing there may be attack by 

pathogens and possible transmission of pathogens to new crops.  The emergence is poor 
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if the seeds have deteriorated and been attacked by microorganisms (McGee, 1983).  

Deterioration of seeds in the soil is probably the main contributor of microbial attack on 

the seeds as they can remain in the soil for a long time before they become mature 

and/or the conditions are favourable for germination. 

 

Weeds and their wild relatives are relatively tolerant of seed deterioration in soil.  Seeds 

of weeds are enclosed in tightly adherent bracts that may contain tannins, which help 

minimise deterioration.  On the other hand cereals, edible seeds and legumes are 

vulnerable to deterioration due to modification to improve them for human consumption 

(Halloin, 1983).  Seeds of legumes such as lupins have a reduction of seed coat 

thickness (palisade layer) due to selection during breeding.  Some cultivated lupin 

species have reduced levels of toxins (alkaloids) in seeds (Miao et al., 2001) helping the 

seed coat to be permeable (Garcinuno et al., 2003) and rendering them non-toxic to 

animals, but it leaves the seeds more prone to microbial attack.  

 

Causes of seed deterioration are ageing of the seed tissues, invasion of and damage to 

tissue by microorganisms, insects and rodents (McGee, 1983).  Ageing of seeds 

involves degradative changes that lead to reduced seed germination, reduced vigour, or 

death.  These changes can be accelerated by microorganisms (Cherry, 1983).  Seed 

deterioration rates increase when moisture and temperature favour the microorganisms.  

Seed ageing is a sequence of physiological and ultra structural changes direct with no 

involvement of microorganisms in the process.  Microorganisms (pathogens) produce 

metabolites (e.g. pectic enzymes, proteases, toxin etc) that greatly increase the rate of 

deterioration of host cellular structures (Cherry, 1983). 

 

Seed germination tests are used to determine the maximum germination potential of a 

seed lot.  These tests are carried out under control conditions, as field conditions may 

not give reliable reproducible results.  Laboratory methods are employed to give most 

regular, rapid and complete germination.  The germination is considered to be the 

emergence and development of the seedling to a stage where the aspect of its essential 

structures indicates whether or not it is able to develop further into a satisfactory plant 

under favourable conditions in the soil (Anonymous, 1999).   

 

Seed viability is defined as the proportion of seeds in a given number, which have the 

potential to germinate (Bewley and Black, 1994).  Determination of seed viability 
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allows farmers and seed biologists to accurately quantify the potential of a batch of 

seeds to germinate.   Staining techniques and excising the embryo for examination, are 

techniques for measuring  seed viability which account for seeds that may not 

necessarily germinate because they are dormant (Baskin and Baskin, 1998).   

 

Tetrazolium test (TZ) and fluoroscein diacetate (FDA) are stains used to distinguish 

viability of seeds, based on staining of the embryo (Anonymous, 1999; Mackay, 1972; 

Moore, 1985). The interpretation of staining patterns needs to be assessed with 

consideration of other visible signs of seed quality (Moore, 1985) and one needs to take 

into account the variations in seed physiology, shape and structure.  Calibration of 

staining patterns is critical for each species before interpretation of the location of stains 

within the seeds and for tetrazolium to be used reliably as a measure of viability.  

 

Another way of testing seed viability is to excise the embryo (Anonymous, 1999).  This 

method requires training for accurate embryo excision which is labour intensive and 

requires large amounts of consumables, which is not suitable to many situations where it 

is preferable to use fast and simple means of determining seed viability.   

 

Another viability test is the cut test, which involves sectioning a seed to determine the 

health of the seed endosperm.  A healthy, white and plump endosperm indicates a viable 

seed (Schatral and Fox, 1994).  This test relies on the ability to detect empty and 

obviously degraded seed.  Calibration for each species is required and slight changes in 

seed may be missed.   

 

Some of the many reasons why seeds fail to germinate when moistened and given 

favourable conditions to germinate are:  

1. the seeds are dormant or hard seeded  

2. the seed are fresh seeds (healthy seeds that fail to germinate) 

3. the seeds are dead  

4. the seeds are empty, have no embryo or are insect-damaged  

 

Dormancy is defined as the failure to germinate even under apparently favourable 

conditions (Bewley and Black, 1978).  Hard seededness is a form of dormancy and is 

common in many species of Fabaceae.  These seeds are not able to imbibe water under 

the favourable conditions (Anonymous, 1999).  Fresh seeds are sometimes unable to 
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imbibe water when provided with favourable conditions appropriate for the seed 

species, but the germination process is blocked (Anonymous, 1999).  Dead seeds 

usually are soft, discoloured, frequently mouldy and show no sign of seedling 

development (Anonymous, 1999).  Decayed seeds would then fall into this category.  

Decay is the break down of organic tissue usually associated with the presence of 

microorganisms.  Empty seeds may be completely empty or contain only some residual 

tissue.  While, “embryo-less” seeds contain no embryonic cavity or embryo.  Embryonic 

damage is possibly due to disruption in the seeds development or could have been 

attacked by insects (e.g. insect larvae) or other animals (nematodes, birds etc).  Insects 

can also damage sections of the seed rendering it non-germinable.  A TZ test can be 

used to determine if non-germinated seeds were viable or not.   

 

Microbially induced seed decay 

The mechanisms by which fungi and bacteria increase the mortality of buried seeds can 

vary considerably.  Soil bacteria of the genus Cellulomonas break-down cellulose and 

actinomycetes decompose plant residue by degrading substrates such as cellulose, 

polysaccharides and hemicellulose.  So they are probably responsible for the break 

down of seed coats and/or have the potential to decompose the seed.  Fungi include 

oomycetes, ascomycetes, basidiomycetes and imperfect fungi in the soil are also 

capable of degrading substrates such as cellulose, polysaccharides and hemicellulose.   

They are therefore capable of using a variety of organic materials as food sources, and 

as a result are capable of destroying seeds.  The known seed rotting pathogens include 

species of Pythium, Rhizoctonia and Fusarium (Harman, 1983).  Fungi and bacteria in 

soil can be considered to be either saprophytes or pathogens (parasites which cause 

diseases) (Abercrombie et al., 1980).   A saprobe is an organism that absorbs their 

nutrients from non-living organic material, such as fallen logs, animal corpses or waste 

of living organisms, where as parasites absorb nutrients from the cells of living hosts 

(Campbell, 1993). 

 

Microorganisms have been tested as destroyers of weed seeds.  Fusarium oxysporum 

has been investigated for the control of dormant of seeds of Orobanche cumana 

(Sunflower broom rape, a parasitic weed).  Seeds inoculated with F. oxysporum were 

found to have significantly reduced germination.  Inoculated seeds showed 1% 

germination compared to non-inoculated seeds which had 39% germination.  

Cytological tests showed that F. oxysporum had penetrated and colonised the dormant 
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seed and destroyed the seed contents (Thomas et al., 1999).  Another group of potential 

biocontrol agents are the deleterious Rhizobacteria, which have been observed to 

suppress weed growth and potentially destroy their seed (Kremer and Kennedy, 1996). 

 

Seed characteristics affecting seed decay 

Multiple stresses such as those imposed by microbes and insects or microbes and 

chemicals together can cause more damage to the seed than microbes by themselves.  

The chemical or insect damage can promote fungal attack by weakening the seed 

(Kennedy, 1999; Kremer and Kennedy, 1996).  Mechanical damage by these agents to 

the seed, especially to the seed coat, renders the seeds more susceptible to invasion by 

pathogens (Kennedy, 1999).  Seed decay is promoted by the invasion of seed borne 

viruses, bacteria and fungi, so too are seed abortion and seed discolouration (Kennedy, 

1999).   

 

Seeds that imbibe water rapidly leak solutes (e.g. sugars, organic acids, ions, amino 

acids and proteins) into the surrounding medium.  These solutes may stimulate fungi 

and bacterial growth in the soil, which may lead to seed deterioration.  The poorer the 

quality the seed is, the more stimulatory it is to microbes, which is related to their 

greater exudation of water soluble extracts (Harman, 1983).  Some seeds also leak 

proteinase inhibitors and lectins from the cell walls.  These substances may function as 

microbial or insect inhibitors (Bewley and Black, 1994).  Chemical analysis of the seed 

coat generally show the presence of phenolic compounds, which can diffuse from the 

seeds to inhibit bacteria and fungi (Kremer, 1993).  The inhibitory substances include 

flavonoids, which are shown to inhibit the growth of pathogenic microbes and stimulate 

the infection of symbiotic bacteria (Shirley, 1998).  The seeds resist decay by 

mechanical barrier such as the seed covering and by the production of phenolic 

compounds that inhibit bacteria and fungi (Halloin, 1983; Kremer, 1993).  

 

It has been shown that there is an increase in seed leakage with an increase in seed age. 

The seeds can be artificially and rapidly aged by placing them at high temperatures and 

at high humidity for a short duration. Chickpea cultivars have been shown to lose 

carbohydrates, proteins and potassium with the increase in the period required for 

artificial ageing (Hayat et al., 1996).  Another way of inducing seed leakage of 

carbohydrates is by soaking the seeds in “Na-dikegulac” solution (Bharati et al., 1994).  

It is also possible to naturally age the seeds by placing them in the soil for a long period 
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of time (one year).  The ageing of the seed may lead to an increase in microbial activity 

in the spermosphere and therefore the decay of the seeds.  

 

Organic amendments and green manures   

Intensive cropping has led to a number of problems that may threaten the long term 

viability of cropping in Western Australia.  Declining soil fertility, soil compaction and 

herbicide resistance are the main problems farmers in Western Australia need to 

address.  The addition of organic matter to soil is an alternative approach to improve 

soil quality and health, and thus develop sustainable agricultural practices.   

 

The benefits of organic matter to the soil are increases in the availability of nutrients, 

improved soil structure (Papendick et al., 1990), increased microbial activity (Powlson 

et al., 1987) and inhibition of weed growth (Al-Khatib et al., 1997).  Organic matter 

provides nutrients through mineralisation, enhances cation exchange and water holding 

capacity (Reganold, 1988; van Bruggen, 1995).  The increase in soil organic matter may 

increase soil nitrogen if a legume crop is used.  Organic matter can also improve soil 

structure, which can lead to improved infiltration of water, higher water holding 

capacity and increase aeration of the soil.  There is also less soil erosion (due to wind 

and rain) when there is surface residue.  Additionally an increase in soil organic matter 

enhances the activity of soil microorganisms (Lumsden et al., 1983).  Microbial activity 

is greater in soil with incorporated residue than where crop residue has been burned or 

removed (Cookson et al., 1998; Powlson et al., 1987).  The more diverse the biological 

community is in the soil, the healthier the soil.  The use of organic matter has been 

shown to help with the management of soil-borne diseases, for example Pythium 

ultimum and Rhizoctonia solani were observed to be suppressed with the addition of 

Brassica species plant material (Charron and Sams, 1999).  The organic amendments 

can release chemicals that can be inhibitory to weed growth, by reducing the number of 

seeds set.  Reduction in weeds from thousands to less then 10 seeds/m2 has been 

observed following the year of green manuring.  Ryegrass seed numbers were 

significantly reduced in either lupin or mustard green manured soil (23 and 19 

plants/m2, respectively compared to 180 plants/m2) in 1999.  There was approximately a 

87% control of ryegrass seeds in the amended soil (Hoyle and Schulz, 2003).   

There are also negative impacts of organic matter such as increasing pathogens in the 

soil which can be harmful to the crops.  The organic matter can release chemicals that 
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can stimulate or inhibit weeds and crops and therefore have no benefits.  There are also 

many costs involved in growing crops for organic amendments such as seeds, fertilisers, 

labour and management.  This can make the use of organic amendments non-profitable 

in some instances.   

 

Organic amendments has been a term used in the literature to include green manuring, 

brown manuring, mulches (plant or animals), crop residues, soil amendments, waste 

products etc.  Green manuring in the field involves incorporating a crop into the soil at 

flowering using a disc or plough (a crop grown with the principal aim to return it to the 

soil).  A green manure crop can be sown in situ as a rotation crop or brought to the field 

from another place.  In the field they also use a method termed brown manuring in 

which they cut and leave the crop residues on the soil surface.  Mulch is when organic 

material is spread on the soil surface, whilst soil amendment is when organic material is 

incorporated into the soil (Thurston and Abawi, 1997).  Mulch is chopped or slashed 

plant material that is obtained and put on the soil surface.  A cover crop is intercropped 

with the main crop without destruction of the vegetation.  Both mulch and soil 

amendments have the same purpose, that is to improve soil properties.  These 

crops/mulches change the soil conditions until at least the following cropping season. 

 

Brassica plants such as canola (B. napus) and mustard (B. juncea) are currently 

promoted as “bio-fumigants” because they contain glucosinolates throughout their plant 

tissues (Kirkegaard and Sarwar, 1998).  When the plant breaks down, the glucosinolates 

break-down to isothiocyanates (ITC) which in turn release naturally occurring bio-cidal 

compounds.  Research suggests these compounds or their combined action can be toxic 

to groups of soil fungi including Rhizoctonia, Pythium (Manici et al., 2000), take-all 

fungus (Angus et al., 1994) and Fusarium (Sarwar et al., 1998) and may also be 

associated with the suppression of some nematodes, insects and worms.  It has also been 

noted that the addition of Brassica residues suppressed weeds in potato fields (Brown 

and Morra, 1996). 

 

Many secondary plant metabolites play a role in defence against herbivores, pests and 

pathogens.  Examples of some of the secondary plant metabolites are cyanogenic 

glucosides, glucosinolates, non-protein amino acids, alkaloids and phenolics (Bennett 

and Wallsgrove, 1994) 
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Allelopathy   

Allelopathic effects (an inhibition effect of one organism on another) are sometimes 

associated with the residues of crops and weeds such as blue lupins (L. angustifolius) 

and Goosefoot (Chenopodium pumilio) resulting in a reduction in the germination of 

crops following the incorporation of stubble (Hoyle and Schulz, 2003).  The adverse 

effect that neighbouring higher plants can exert on each other’s growth is also included 

in this category.  This phenomenon is associated with competition which is the 

depletion of one or more limiting resources such as light, nutrients or water.  Such 

allelopathy often involves the production of chemicals by living or decaying plant tissue 

which interferes with the growth of a neighbouring plant.  Indirect sources include the 

effects of the physical or biological environment that interfere with the growth of a 

neighbouring plant e.g. harbouring of herbivores that selectively graze certain species in 

the association (Putnam, 1985). 

 

The term allelopathy was first used by Molisch in 1937 and refers to the biochemical 

interactions between all types of plants including microorganisms (inhibitory and 

stimulatory effects)  (Rice, 1984).  In current use, the term generally refers to the 

detrimental effects of higher plants of one species (the donor) on the germination, 

growth, or development of plants of another (recipient) species.  More specifically 

allelopathy’s detrimental effect is exerted through release of a chemical by the donor 

species.  Allelopathy can often be inhibitory at high concentration or stimulatory at low 

concentrations, the same as with some herbicides.  Allelopathy has been seen to impact 

on agriculture practices.  In general, allelopathy has been related to problems with 

weed/crop interference, with phytotoxicity in stubbles mulch farming, with some type 

of crop rotations or forest regeneration (Putnam, 1985) and orchard replant problems 

(e.g. apples, peaches).  Examples of some crop species that show allelopathy are oats 

(Avena sativa), brown mustard (Brassica juncea), rapeseed (Brassica napus) and garden 

cress (Lepidium sativum) (Inderjit and Keating, 1999). 

 

Allelopathic chemicals can be produced in all plant tissues, including leaves, stems, 

roots, rhizomes, flowers, fruits and seeds.  Allelochemicals may be released from plant 

tissues in a variety of ways, including volatilisation (volatile toxins), root exudation, 

leaching (rain washing and root tissue degradation) and decomposition of plant residues 

(microbial decomposition, chemical degradation, leaching) (Mallik, 1999; Putnam, 

1985).  Natural allelochemicals include toxic gases, organic acids, aldehydes, aromatic 
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acids, simple unsaturated lactones, coumarins, quinones, flavonoids, tannins, alkaloids, 

terpenoids, steroids and unknowns (secondary products of plant metabolism). 

 

Toxic gases  

Tissues of many plants contain chemicals which can be liberated as toxic gases.  For 

example cyanide, ammonia and ethylene are some of the chemicals that can be liberated 

from some plants.  Plants belonging to the Brassicaceae family contain strong volatile 

inhibitors of germination and growth (Vaughn and Boydston, 1997).  These chemicals, 

allyl isothiocyanate and B-phenethyl-isothiocyanate, are common throughout tissues of 

Brassica and Sinapsis spp. as potent inhibitors of germination (Vaughn and Boydston, 

1997) as well as inhibitors of soil-borne fungal pathogen (Sarwar et al., 1998).   

 

Alkaloids  

The alkaloids are cyclic compounds containing nitrogen in their rings or side chains.  

Alkaloids are potent inhibitors of seed germination.  The lupin alkaloid lupinine 

contains a quinolizidine ring which arrises from L-lysine (Goodwin and Mercer, 1983).  

A group of quinolizidine alkaloids were effective feeding deterrents against a number of 

herbivores including insects, molluscs and mammals.  These alkaloids were also toxic 

against some fungi and bacteria. 

 

Quinolizidine alkaloids are the most prominent natural products found in lupins.  They 

are found in abundance across all species of the large genus Lupinus and therefore are 

often called lupin alkaloids.  They are secondary compounds and are unique and diverse 

e.g. each species of lupin has its own unique alkaloid pattern with a great diversity of 

structures (Wink et al., 1995).  Secondary metabolites are not essential for growth and 

development, however without them the plants are more susceptible to diseases and 

herbivore attack (e.g. sweet lupins and bitter lupins) (Hartmann, 1988).  

 

Alkaloids are known to be derived from lysine via its decarboxylation product 

cadaverine (Kinghorn and Balandrin, 1984).  Quinolizidine alkaloids are synthesized in 

the green parts of plants where chloroplasts are the sites of alkaloid synthesis.  With 

further studies they found that 80% of the enzyme activities were found to be localised 

in the chloroplast stroma (Hartmann, 1988).  Alkaloids are translocated from sites of 

synthesis to sites of storage via the phloem, this was obtained by analysing the phloem 

sap.   
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In a plant, alkaloids are not distributed randomly, they are instead present in all tissues.  

The mature seeds of lupins have the highest level of alkaloids, while the leaves, stems 

and even different flower organs such as pollen, ovaries and petals, vary in 

concentration from 2 to 20 mg/kg.  Within the stem, the alkaloids are localised in the 

epidermal cell layers.  In the cell alkaloids accumulate mainly in the vacuole.  Lupin 

alkaloids are measured using capillary gas liquid chromatography in combination with a 

nitrogen selective detection of the alkaloids.  Twenty individual lupin alkaloids could be 

separated and were identified on a mass spectroscopy (Hartmann, 1988).  

 

In Australia, narrow-leafed lupin is a winter grown seed crop that plays a key role in the 

farming system.  It allows better control of grass weeds and acts as a disease-break crop 

for wheat and other cereals (Pate et al., 1985; Perry et al., 1998).  Gladstones (1998) 

released the bitter variety for use as a green manure crop. 

 

Traditionally farmers have realised the benefits of modifying the rhizosphere ecology of 

crops through crop rotation, mulching, burning, application of green manure etc.  

Allelopathic process may be responsible for some of the observed benefits of green 

manuring and/or mulching (Thurston and Abawi, 1997).  The understanding of 

allelopathy can be used to manipulate interactions to our advantage in agricultural 

practises (e.g. weed control).  That is, an understanding of allelopathy can allow the 

selection of specific plant materials, known to release targeted chemicals, to be 

incorporated into agricultural fields where through the allelpathic process, chemicals 

will be released which inhibit the germination of weed seeds.  

 

With the exception of Avena fatua and A. sterilis, Purvis et al. (1985) found that the 

incorporation of crop residues can inhibit the growth and germination of grass weeds.  

The extent of inhibition depended on the residue type (Purvis et al., 1985).  The 

incorporation of oilseed rape (Brassica napus) residue yielded the highest density 

survival of dicotyledonous seeds, while the incorporation of wheat residue had the 

greatest inhibitory effect on dicotyledonous seeds.  Furthermore, higher numbers of 

dicotyledonous and grass weeds were present in oilseed rape amended plots than in 

plots amended with other residue types. 
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The quantity of plant material incorporated into soil in field and pot experiments is a 

factor that can determine whether the amended soil will have an inhibitory or 

stimulatory effect on weed seeds.  The amount of plant material incorporated into the 

soil has a direct effect on the concentration of extracts (chemicals) entering the soil.  In 

some instances there may be as much variation within as between species in the 

production of, or response to, plant chemicals.  For example, stem material (1-2 mg g-1) 

from Lupinus polyphyllus has been found to contain up to 7.5 times the amount of total 

alkaloids than the root material (0.2 mg g-1)  (Gremigni, 2002). 

 

Soil microflora 

The soils contain a vast array of bacteria, fungi, algae, actinomycetes and protozoa 

which make soils one of the most dynamic sites of biological interaction in nature 

(Alexander, 1977).  Of all the soil fungi, Pythium was chosen for this study as it is a 

model pathogen and is commonly associated with seed invasion and death. 

Pythium  

Pythium irregulare is wide spread in the grain belt of Western Australia in cereals, 

legumes and many other crop plants.  Pythium species are pathogens and cause root rot, 

seedling rot and seed rot on a variety of plants from horticultural nursery to agricultural 

plants.  Pythium species are classified as a straminipilous pathogens; straminipilous 

organisms are defined as bearing tubular tripartitie hairs; applicable to flagella and/or 

cells, whether uniflagellte, multiflagellte or non-flagellate ( Dick, 2001).  While 

Pythium species occur in the natural environment, they are generally more frequent in 

arable and cultivated soils, and are more common in loam than sandy soils.  Pythium 

can survive for at least 9 months in very dry soil deposits (Domsch et al., 1980).   

 

Classified as  

Division: Eumycota 

Subdivision: Mastigomycotina  

Class:  Oomycetes  

Order: Peronosporales 

Family: Pythiaceae 

Genus: Pythium  

Species: irregulare 

Pythium irregulare colonies growing daily increments of 2.5-3 cm at 25°C on CMA.  

Pythium irregulare have small spherical sporangia and smooth or papillate oogonia 
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(Dick, 2001).  Many species are cosmopolitan with slightly different morphological 

characteristics in different continents, for example P. irregulare rarely produce 

sporangia in Europe but those from Australia commonly do so (Dick, 2001).  Pythium 

irregulare is both one of the most widespread and most pathogenic species of the genus 

in the temperate zone (Domsch et al., 1980).  Levels of seed exudation were directly 

related to damping-off (P. ultimum) severity for seeds of a cucumber (Chen et al., 

1988). 

 

P. irregulare can penetrate through plant cells and cause seed decay, root rot, root 

necrosis and can also attack stems, foliage, even fruits, especially on juvenile or 

succulent tissue.  Pythium is affected by soil moisture, soil temperature, pH and organic 

matter quality and quantity and associated levels of microbial activity. 

 

Soil moisture  

Soil moisture affects the pathogenicity of P. irregulare for example, root rot in 

subterranean clover was found to be most severe at 65% WHC with less at 45% and 

least under flooding (Wong et al., 1984) for pathogenic fungi however, P. irregulare 

was more affected by soil temperature.  Wong et al. (1984) found that P. irregulare 

caused severe root rot to clover at 10 and 15 °C.  Punjasamarnwong (1990) showed that 

moisture (within the range of 20, 30, 45, 65% WHC) did not affect pathogenicity or 

recovery of P. irregulare.  Generally high soil moisture and reduced oxygen tension are 

required for infection of plant roots by Pythium spp. (Domsch et al., 1980).  Soil 

moisture alone is not a critical factor for Pythium infection, it is however related to 

temperature.  Temperature is one of the main factors effecting Pythium pathogenicity. 

 

Temperature  

Temperature affects the pathogenicity of different species of Pythium.  For example,  

P. aphanidermatum and P. myriotylum caused most severe damping-off at 20, 24, 28 

and 32 °C where as P. irregulare caused disease only at 20 and 24 °C (Ben-Yephet and 

Nelson, 1999).  Soil temperature is one of the most important factors governing the 

pathogenicity of P. irregulare.  P. irregulare has an optimum temperature of 25-30 °C 

minimum at 6 °C and maximum at 36.5 °C (Domsch et al., 1980).  P. irregulare has 

been reported to be highly pathogenic on wheat at temperatures of 10 -15°C 

(Chamswarng and Cook, 1985).  A combination of pathogenic fungi including 
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 P. irregulare cause severe root rot of subterranean clover seedlings at 10 and 15°C 

(Wong et al., 1984).    

 

Organic matter 

Soil-borne pathogens can be either suppressed or enhanced by organic amendments 

(Manici et al., 2004).  The incorporation of fresh barley plant material as green manure, 

into soils naturally infested with Pythium resulted in increased Pythium populations as 

well as a concurrent increase of soil microbial populations.  Furthermore, there was no 

evidence of any suppressive effect toward the pathogen.  The incorporation of dry and 

fresh wheat tissue into soils resulted in significant increases of Pythium populations.  

The increase in total fungal and bacterial counts did not have any suppressive effect on 

Pythium in naturally infested soil used in their study (Manici et al., 2004).  The increase 

in Pythium populations in intensively cultivated soils is considered to be a response to 

an increase in organic C due to decomposition of crop debris (Manici et al., 2002; 

Manici et al., 2004). 

 

Compost 

Numerous reports indicate that organic amendments may reduce the severity of diseases 

caused by soil-borne plant pathogenic fungi, offering a good alternative to fungicides.  

Chen et al. (1988) demonstrated high correlation between microbial activity 

(fluorescein diacetate hydrolysis) and suppressiveness to damping-off caused by 

Pythium ultimum in container media amended with composts.  Each particular type of 

organic amendment has its own capacity to induce suppression because of it effects on 

microbial activity (Hoitink et al., 1997). 

 

Composted cattle manure (rates exceeding 30% v/v) has been reported to control  

P. ultimum that causes damping-off of cucumber (Bettiol et al., 2000).  Pythium 

populations decreased with an increase in compost rate (e.g. 0, 10, 20, 30, 40, 50% v/v 

population were 3, 2.3, 0.33 x103, 0, 0, 0 cfu.ml-1, respectively).  Bettiol et al. (2000) 

suggest that the suppressive effect of manure on Pythium may be due to microbial 

activity, antagonistic microorganisms as well as other organisms such as micro-

arthropods that occur in the manure.   

 

Municipal and leaves compost suppressed Pythium (P. aphanidermatum, P. myriotylum 

and P. irregulare) isolates at dosage rates of more than or equal to 40mg/cm3 and 80mg 
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compost/cm3, respectively (Ben-Yephet and Nelson, 1999).  Ben-Yephet and Nelson 

(1999) also found that not all Pythium spp. are equally suppressed; the level of 

suppression of each species was also dependent on the incubation temperature. 

 

Microbes in compost suppress P. irregulare 

Punjasamarnwong, (1990) found that some of the organisms obtained from the compost 

eucalypt bark mix were found to suppress P. irregulare in vivo and in vitro.  Other 

wood composts also suppress Pythium, but the spectrum of suppression depends on the 

biological and chemical composition of the material when composted.  Chaetomium 

funicole alone was capable of suppressing P. irregulare.  The other 3 fungi operated 

either through competition for space and nutrients and/or by the production of 

antibiotics.  Verticillium lecanii, Streptomyces spp., Trichoderma harzianum , 

Aspergillus terreus were all able to inhibit P. irregulare under the test conditions 

(Punjasamarnwong, 1990). 

 

Green manure  

Lazzeri and Manici (2001) found that Pythium sp. was strongly suppressed by the fresh 

plant material of Cleome hassleriana (Cappariadacea), Iberis amara, and Rapistrum 

rugosum (Brassicaceae) (possessing high glucosinolates) selections, while sunflower 

(with no glucosinolates) and crambe (very low levels of glucosinolates) treatments 

increased the activity of Pythium sp. These findings indicate that the green manures 

assayed suppress Pythium sp. and also promoted total soil microbial activity.  As this 

occurred with all green manures, it is therefore a result of the addition of organic matter 

rather than just the presence of glucosinolates (Lazzeri and Manici, 2001).  Their aim 

was to determine if amendments with plants with glucosinolates were the only ones that 

suppressed soil borne pathogens.   

 

Methods for measuring microbial activity 

A variety of methods are available to measure the presence and activity of 

microorganisms in the soil, the most common methods include assays for enumeration 

of bacteria and fungi, assays of enzyme activities, microbial activity and microbial 

biomass, and more recently, the use of molecular methods (Taylor et al., 2002). 

Culturable counts measure the number of fungal and bacterial propagules that can be 

recovered on culture media.  This method may underestimate the number of fungi and 
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bacteria in a soil as it does not take into account the many microorganisms that can not 

be cultured on agar plates.   Direct microscopy counts are a very sensitive method, 

ensuring a complete count of bacteria in particular.  However there is no way of 

differentiating live from dead bacteria and therefore it overestimates the number of 

bacteria in the soil.  Microbial biomass is a method which measures the biomass of the 

microorganisms by the fumigation-extraction (Vance et al., 1987) method.   Microbial 

biomass can be estimated by measuring either the amount of N or C within the 

microorganisms.  

These methods do not take into account the activity or non-activity of the 

microorganisms in the soil.  Methods such as microbial and enzymatic activity take 

levels of microorganism activity into consideration.  For example, microbial activity 

within a soil can be easily measured via the measurement of the CO2 or O2 activity of 

the soil.  Fluorescent Diacetate (FDA) hydrolysis is one example of enzymatic activities 

which can be measured to provide an indirect measure of microbial activity.  Whilst 

being an indirect measure, it is considered to be a reliable measure of overall microbial 

activity (Taylor et al., 2002). 

 

Outline of thesis layout 

The chief focus of this thesis is green manures employed as soil amendments in relation 

to the soil microflora and to the survival/decay of various crop and weed seeds placed in 

the soil.  Small-scale laboratory and glasshouse experiments were conducted to quantify 

effects of fresh and dried green manures (of lupin, Brassica and oats) on seed 

population, and to determine whether the effects were direct (allelopathy), indirect by 

promotion of soil microflora capable of inactivating/killing/decaying the seeds, or 

through a combination of these.   

 

The literature review covers the background on soil weed seed bank dynamics, in 

particular seed and soil microbial characteristics affecting seed decay in soils, value of 

organic amendments in controlling weed germination, and plant allelopathyic effects on 

seed germination.  The research is divided into three parts: the study of the effect of 

green manure amended soil on seed decay, chemical and/or microbial effects of lupin 

green manure on seeds, and the effect of Pythium on seeds in soil and green manure 

amended soils. 
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Chapters 1 and 2 deal with the decay of seeds in green manure amended soils.  Chapter 

1 investigated the effect of green manure amendments on seed decay with treatments 

including nylon bags, soil moisture and fresh or dried amendments.  This was an 

extensive study including many measurements such as microbial activity, dissolved 

organic carbon, proportions of carbon and nitrogen, pH, moisture and conductivity.  The 

main finding was that lupin and mustard amended soils suppressed lettuce and cress 

seed, with the greatest suppression occurring with lupin amendments.   

 

Chapter 2 investigated the effect of lupin and mustard green manure amendments on 

weed seed decay.  The main results was that lupin amendment reduced germination of 

five species tested, with decay greatest in lettuce, ryegrass and sliver grass when 

compared to wild oat and wild radish seeds.   

 

Chapters 3, 4 and 5 deals with chemical and or microbial effect of lupin green manure 

on seeds.  Chapter 3 investigated the effect of lupin variety with differing alkaloid 

concentration on lettuce and cress seed decay.  The main outcome was that the three 

varieties of lupin with differing alkaloid content were similar in their decay of lettuce 

and cress seeds. 

   

Chapter 4 investigated the length of time for seed decay in lupin amended soil.  The 

main findings were that lettuce and cress seeds were decayed rapidly while ryegrass 

decay took longer.  Photographs were also taken to monitor stages of seed decay, over 

time.  

 

Chapter 5 investigated the effect of lupin amended soil extract on seed decay.  The main 

results were that lettuce and cress seeds were decayed largely when placed in lupin 

amended soil extracts, but ryegrass or silver grass were not greatly decayed in the 

extracts.  There were varied levels of seed decay when the soil extracts were passed 

through Millipore filtrations units, suggesting both microorganisms and chemicals were 

involved in seed decay.  

 

Pythium effect on seeds in soil and amended soils was investigated in chapter 6.  

Amendments, temperature and soil pasteurisation and irradiation of plant material were 

factors also investigated in conjunction with Pythium effect on seeds.  Soil 

pasteurisation and irradiation of plant material resulted in less seed decay than the non-
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irradiated (control), except when Pythium was added, indicating that microbial 

components play a role in seed decay and in reducing pathogen loads in soil.  

 

The relationships and interactions among numerous variables in this thesis 

The type and make up of soil microorganism populations and the effects of these 

populations on their environment are governed to a great extent by physical and 

chemical properties of the soil.  Soils contain a vast array of bacteria, fungi, 

actinomycetes, algae and protozoa, making the soil a very dynamic site.  There are 

many factors which influence the bacteria and fungi populations in the soil, these 

include organic matter status, hydrogen ion concentration (pH), organic or inorganic 

nutrients, moisture content, aeration and temperature.  Figure i shows the potential 

interactions among the relevant components studied in this thesis.  The main outcome is 

to determine what factors affect seed germination and decay in green manure amended 

soils.  The figure splits the factors into biotic and abiotic factors that could influence the 

outcomes during the experiments.  The factors shown are the factors that are were 

measured in this study. 

                                     

               
Figure i: The various biotic and abiotic factors tested and measured in the thesis 

(coloured black) and factors that were not studied (coloured blue) that can affect the 

germination of seeds. 
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Overall aim 

To monitor the effect of green manure amendments on soil seed bank dynamics.   

 

Specific aims of project  

Chapter 1 

1) to determine if changes in the biotic (seed type, microbial activity and microbial 

biomass) and abiotic (soil type, moisture, pH, temperature and soil fertility) affect seed 

germination and decay of lettuce, cress or lupin in soil amended with either lupin, 

mustard or oat green manures . 

2) to determine if the seed bags used for easy retrieval of seeds from the soil masked the 

effect of seed (lettuce, cress and annual ryegrass) decay in soil amended with lupin 

green manure (experiment two). 

3) to determine whether soil moisture level affects the decay of lettuce and cress seeds, 

and microbial activity, in soil amended with lupin green manure (experiment three).   

4) to determine if fresh and/or dried amendments of Brassica napus had an effect on the 

seed (lettuce and cress) decay (experiment four). 

 

Chapter 2 

1) to determine if lupin or mustard residues used as green manure amendments could 

inhibit seed germination in weed species. 

 

Chapter 3 

1) to determine if residues of different lupin species (Lupinus albus, L. angustifolius and 

L. luteus) used as green manures differentially affect lettuce and cress seed germination 

and decay;   

2) to determine the length of time taken for lettuce and cress seeds to be affected by 

lupin green manures (three or seven days after seeding in green manured soil).  

 

Chapter 4 

1) to determine the duration of incubation in Lupinus angustifolius amended soil 

required for the inhibition of germination and decay of lettuce, cress, ryegrass and lupin 

seeds and  

2) to monitor morphological changes in seed coat following incubation in L. 

angustifolius amended soils using an environmental scanning electron microscopy and 

light microscope (optical). 
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Chapter 5 

1) to determine whether extracts from soil amended with L. angustifolius or L. luteus 

affect lettuce, cress, ryegrass and silver grass seed germination and decay.   

2) to determine if microorganisms and/or plant toxins in extracts from soil amended 

with L. angustifolius or L. luteus affect lettuce, cress, ryegrass and silver grass seed 

germination and decay. 

3) to determine whether extracts from soil pre-incubated with L. angustifolius or L. 

luteus amendment for different periods of time affect lettuce, cress, ryegrass and silver 

grass seed germination and decay. 

4) to determine whether extracts from L. angustifolius or L. luteus amended soil affect 

lettuce, cress, ryegrass and silver grass seed germination and decay, when the seeds 

were removed from soil extracts or remained in the soil extracts for the duration of the 

experiment. 

 

Chapter 6 

1) to determine if amendment of soil with lupin or Brassica green manures affects the 

ability of Pythium irregulare to cause pre-emergence decay of lettuce and annual 

ryegrass seeds. 

2) to determine the effect of temperature on Pythium irregulare pathogenicity and 

lettuce seed decay in lupin or Brassica amended soils. 

3) to determine if microorganisms in the soil and on lupin green manure affect lettuce 

seed decay and Pythium irregulare pathogenicity and to explain certain discrepancies in 

the results from previous experiments. 

These goals were achieved by conducting laboratory and glasshouse studies. 

Characteristics of seed species used and plant material used as green manures are 

presented in Tables (i) and (ii). 
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LITERATURE REVIEW 

 

Introduction 

Management of weed seed bank populations is an important component of integrated 

strategies to reduce the impact of weeds on crop production.  Although much 

descriptive research on seed banks has been done, research clarifying the mechanisms 

driving seed bank dynamics is limited.  This research investigated the relationship 

between soil microbial activities and seed decay.  It was hypothesised that more rapid 

seed bank decay is associated with soils with high levels of microbial activity and 

specific microbial communities that metabolise seed components.  In addition, 

amendments such as green manure were evaluated as an effective way to promote 

microbial-induced seed decay of weeds.  The effect of a specific pathogen (Pythium 

irregulare) on seed decay in green manured soil was also evaluated.   

 

Weeds 

Weeds can be defined as any plant that grows where it is not wanted (Lamp and Collet, 

1989; Meadly, 1965).  They can also be defined as plants that interfere with human 

activity in crop and non-crop areas (Labrada and Parker, 1994).  Weeds can cause 

problems in many different areas from terrestrial, agricultural, natural ecosystems to 

aquatic ecosystems, with the main research involved or focused on weeds in agricultural 

systems.   Weeds have been invading agricultural systems for many years causing 

significant economic crop losses.  Weeds are economically important as the annual 

financial losses from weed infestations are great, but difficult to assess as they go out of 

date rapidly and there are many costs incurred in controlling weeds.  There are many 

ways in which weeds affect agricultural practices.  Weeds compete with crops for light, 

water and nutrients (reducing crop yield).   They contaminate products and reduce the 

value of product or they increase the processing costs (cleaning costs).  The cost for 

chemicals (herbicides) to control weeds is significant.  Weeds can also harbour pests 

and microorganisms that attack crop plants.  Animals can also be affected by weeds i.e. 

poisoned and the quality of animal product can be affected e.g. seeds in wool or taint 

milk taste (Lamp and Collet, 1989).   

 

Weeds have unique characteristics which aid their success in surviving many varying 

environmental conditions.  They grow vigorously and are able to rapidly reproduce.  

They complete a growth cycle and set seed successfully under variable seasonal 
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conditions.  Weeds are prolific seeders, producing large quantities of seed that are 

readily dispersed.  The seeds are dispersed over short distances usually having explosive 

capsules or long distance dispersal via wind, with special attributes to aid dispersal or 

carried via humans, animals or eaten by birds.  Weeds reproduce vegetatively with 

vigorous rooting systems, rapid growth and smothering (competitive) habit.  The seeds 

can survive for long periods buried in the soil until they are brought up near the surface 

to germinate. 

 

Weeds are successful in exploiting their environments and because in most cases, weeds 

are exotic, they have no natural predators or inhibitors such as insects, fungi or bacteria 

to reduce their growth or survival.  Therefore there have been many different methods 

employed to control weeds, that include, grazing, mowing, cultivation (tillage), burning 

and application of chemical (herbicides) or biological (biocontrol – natural inhibitor 

agents).  Biocontrol methods have also been explored, however such methods are 

difficult because there is a need for the insect or disease to be species specific and not 

affect any other organisms in the environment or become a pest itself.  Green manuring, 

mulching or composting with plant residues have been some of the cultural/natural 

methods explored as potential ways to manage weeds (e.g. Almeida, 1985; Caamal-

Maldonado et al., 2001; Ligneau and Watt, 1995; Mohler, 1996; Teasdale, 1996).  

However the most widely used method of controlling weeds is with herbicides, but in 

addition to toxicity problems some weeds have developed resistance to certain 

herbicides due to their continuous use.  Such “resistance denotes the evolved capacity of 

a previously herbicide susceptible weed population to withstand a herbicide and 

complete its life cycle when the herbicide is used at its normal rate in an agricultural 

situation” (Heap and LeBaron, 2001).   

 

Herbicide- resistant annual ryegrass (Lolium rigidum) is one of the many weeds having 

dramatic impact on the management and profitability of continuous cropping systems in 

Australia (Schmidt and Pannell, 1996).  Another factor which makes annual ryegrass 

even more difficult to control is that in many cases ryegrass populations have exhibited 

cross resistance, where development of resistance through repeated use of one herbicide 

also gives resistance to other groups of herbicides not previously used (Rao, 2000; 

Schmidt and Pannell, 1996).  Herbicides have also raised increasing concerns about 

their residues and associated food safety issues and their adverse impact on the 

environment (Heap and LeBaron, 2001).  For example, use of herbicides that show low 
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toxicity to birds, fish and aquatic invertebrates at the recommended rates under the 

originally designed environmental conditions, could under a different environmental 

condition be devastating to the environment.  Some herbicides (e.g. Tebuthiuron) are 

known to be relatively persistent and mobile, with the potential to leach to ground water 

depending on the soil type, temperature and soil moisture (Camilleri et al., 1998).  

There is also the risk that if herbicides are not used according to specified 

recommendations e.g. if the legal limit is exceeded then there is the propensity to 

bioaccumulate and the possibility of environmental hazards in particular situations 

(Anonymous, 1981).  For example, the legal limit of TCDD (Chlorophenoxy herbicides 

(2, 4-D, 2,4,5-T and related compounds)) is only 0.1mg/kg  and the safe application rate 

of 2,4-D herbicide for weeds in cereals, pasture, turf and golf greens, fields and parks is 

only 0.2 - 4.0 kg/ha.   

 

Because of the negative effects of herbicides on the environment and the development 

of resistance of weeds to them, there has been interest in the use of alternative methods 

such as green manure in integrated management of weeds.    

 

Seed bank 

The soil seed bank comprises seed buried in soil (Bewley and Black, 1994).  In natural 

ecosystems, the seed bank includes a variety of species, all of which need to be 

maintained for the preservation of the diversity of the ecosystem.  The seed bank is the 

main reservoir, enabling seeds to perpetuate in natural and managed ecosystems.  The 

success of many annual weed species depends to a large extent on the ability of their 

seeds to survive in soil for long periods, and to germinate only when environmental 

conditions are optimal for seedling survival (Roberts and Totterdell, 1981).  In managed 

ecosystems, such as agricultural environments, weed invasion occurs due to the 

disturbance of the environment.  After a few years, there is a build up of weed seeds in 

the seed bank, allowing the weeds to persist. Therefore an understanding of the 

processes regulating seed bank dynamics is necessary to develop strategies to manage 

seed banks in agricultural environments.  Such management strategies are expected to 

promote seed bank decline of undesirable species while enhancing seed bank 

persistence of desired ones.  

 

Predation, germination and mortality are the ways by which seeds can be naturally 

depleted in the soil seed bank.  Granivores such as ants, birds and small mammals use 
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seed as a food source.  Ants have been noted to remove seeds from baited areas and take 

them back to their nests, where the seeds are often unable to germinate (Baskin and 

Baskin, 1998; Crist and Friese, 1993).  

 

Dormancy prevents seeds germinating at an inappropriate time or position.  Otherwise 

seeds would germinate in response to inappropriate cues and perish.  The factor least 

understood is the loss in soil of seeds by mortality (natural and induced death).   

 

Seeds 

Seeds are one component of the plant’s life cycle that can be controlled.  Seed is a 

structure consisting of the plant embryo, varying amounts of stored food material, and a 

protective outer seed coat (Delbridge and Bernard, 1990).  The seed coat (testa) is an 

important structure because it protects the embryo from the external environment.  Seed 

coats have effects on seed performance such as interference with water uptake and gas 

exchange, mechanical resistance, prevention of the exit of inhibitors from the embryo 

and supply of inhibitors to the embryo (Bewley and Black, 1978; Esau, 1989).  The seed 

coat often plays an essential role in various processes such as nutrition of the growing 

embryo, mechanical and chemical protection, dehydration, imbibition and maintenance 

of seed dormancy (Boesewinkel and Bouman, 1995).   

 

The loss of the ability of seeds to germinate is often a result of deterioration that could 

result in the reduction in vigour, slow germination, poor seedling emergence and slower 

growth (Anderson and Baker, 1983), for most seed and to a lesser extent for weed seeds.  

Crop seeds are subject to deterioration during their development, harvest, conditioning, 

storing and planting (McGee, 1983).  They are prone to microbial attack at all stages of 

development until germination (Harman, 1983).  During the growing stage, there can be 

an abortion of flowers or fruits and the development of small, shrivelled, mouldy or 

insect damaged seeds.  During harvest the seed coat may be damaged (broken or 

shattered).  During storage there may be a reduction in the germinability and vigour of 

the seed.  There may be signs of invasion by fungi and insects.  Conditions necessary 

for seed storage to maintain viability includes maintaining low moisture content, cool 

temperature and low oxygen tension (McGee, 1983).  At moisture content of between 5-

8% seeds can be stored for many years.  Moisture content greater than 12% favours 

fungal invasion (Anderson and Baker, 1983).  Following sowing there may be attack by 

pathogens and possible transmission of pathogens to new crops.  The emergence is poor 
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if the seeds have deteriorated and been attacked by microorganisms (McGee, 1983).  

Deterioration of seeds in the soil is probably the main contributor of microbial attack on 

the seeds as they can remain in the soil for a long time before they become mature 

and/or the conditions are favourable for germination. 

 

Weeds and their wild relatives are relatively tolerant of seed deterioration in soil.  Seeds 

of weeds are enclosed in tightly adherent bracts that may contain tannins, which help 

minimise deterioration.  On the other hand cereals, edible seeds and legumes are 

vulnerable to deterioration due to modification to improve them for human consumption 

(Halloin, 1983).  Seeds of legumes such as lupins have a reduction of seed coat 

thickness (palisade layer) due to selection during breeding.  Some cultivated lupin 

species have reduced levels of toxins (alkaloids) in seeds (Miao et al., 2001) helping the 

seed coat to be permeable (Garcinuno et al., 2003) and rendering them non-toxic to 

animals, but it leaves the seeds more prone to microbial attack.  

 

Causes of seed deterioration are ageing of the seed tissues, invasion of and damage to 

tissue by microorganisms, insects and rodents (McGee, 1983).  Ageing of seeds 

involves degradative changes that lead to reduced seed germination, reduced vigour, or 

death.  These changes can be accelerated by microorganisms (Cherry, 1983).  Seed 

deterioration rates increase when moisture and temperature favour the microorganisms.  

Seed ageing is a sequence of physiological and ultra structural changes direct with no 

involvement of microorganisms in the process.  Microorganisms (pathogens) produce 

metabolites (e.g. pectic enzymes, proteases, toxin etc) that greatly increase the rate of 

deterioration of host cellular structures (Cherry, 1983). 

 

Seed germination tests are used to determine the maximum germination potential of a 

seed lot.  These tests are carried out under control conditions, as field conditions may 

not give reliable reproducible results.  Laboratory methods are employed to give most 

regular, rapid and complete germination.  The germination is considered to be the 

emergence and development of the seedling to a stage where the aspect of its essential 

structures indicates whether or not it is able to develop further into a satisfactory plant 

under favourable conditions in the soil (Anonymous, 1999).   

 

Seed viability is defined as the proportion of seeds in a given number, which have the 

potential to germinate (Bewley and Black, 1994).  Determination of seed viability 
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allows farmers and seed biologists to accurately quantify the potential of a batch of 

seeds to germinate.   Staining techniques and excising the embryo for examination, are 

techniques for measuring  seed viability which account for seeds that may not 

necessarily germinate because they are dormant (Baskin and Baskin, 1998).   

 

Tetrazolium test (TZ) and fluoroscein diacetate (FDA) are stains used to distinguish 

viability of seeds, based on staining of the embryo (Anonymous, 1999; Mackay, 1972; 

Moore, 1985). The interpretation of staining patterns needs to be assessed with 

consideration of other visible signs of seed quality (Moore, 1985) and one needs to take 

into account the variations in seed physiology, shape and structure.  Calibration of 

staining patterns is critical for each species before interpretation of the location of stains 

within the seeds and for tetrazolium to be used reliably as a measure of viability.  

 

Another way of testing seed viability is to excise the embryo (Anonymous, 1999).  This 

method requires training for accurate embryo excision which is labour intensive and 

requires large amounts of consumables, which is not suitable to many situations where it 

is preferable to use fast and simple means of determining seed viability.   

 

Another viability test is the cut test, which involves sectioning a seed to determine the 

health of the seed endosperm.  A healthy, white and plump endosperm indicates a viable 

seed (Schatral and Fox, 1994).  This test relies on the ability to detect empty and 

obviously degraded seed.  Calibration for each species is required and slight changes in 

seed may be missed.   

 

Some of the many reasons why seeds fail to germinate when moistened and given 

favourable conditions to germinate are:  

1. the seeds are dormant or hard seeded  

2. the seed are fresh seeds (healthy seeds that fail to germinate) 

3. the seeds are dead  

4. the seeds are empty, have no embryo or are insect-damaged  

 

Dormancy is defined as the failure to germinate even under apparently favourable 

conditions (Bewley and Black, 1978).  Hard seededness is a form of dormancy and is 

common in many species of Fabaceae.  These seeds are not able to imbibe water under 

the favourable conditions (Anonymous, 1999).  Fresh seeds are sometimes unable to 
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imbibe water when provided with favourable conditions appropriate for the seed 

species, but the germination process is blocked (Anonymous, 1999).  Dead seeds 

usually are soft, discoloured, frequently mouldy and show no sign of seedling 

development (Anonymous, 1999).  Decayed seeds would then fall into this category.  

Decay is the break down of organic tissue usually associated with the presence of 

microorganisms.  Empty seeds may be completely empty or contain only some residual 

tissue.  While, “embryo-less” seeds contain no embryonic cavity or embryo.  Embryonic 

damage is possibly due to disruption in the seeds development or could have been 

attacked by insects (e.g. insect larvae) or other animals (nematodes, birds etc).  Insects 

can also damage sections of the seed rendering it non-germinable.  A TZ test can be 

used to determine if non-germinated seeds were viable or not.   

 

Microbially induced seed decay 

The mechanisms by which fungi and bacteria increase the mortality of buried seeds can 

vary considerably.  Soil bacteria of the genus Cellulomonas break-down cellulose and 

actinomycetes decompose plant residue by degrading substrates such as cellulose, 

polysaccharides and hemicellulose.  So they are probably responsible for the break 

down of seed coats and/or have the potential to decompose the seed.  Fungi include 

oomycetes, ascomycetes, basidiomycetes and imperfect fungi in the soil are also 

capable of degrading substrates such as cellulose, polysaccharides and hemicellulose.   

They are therefore capable of using a variety of organic materials as food sources, and 

as a result are capable of destroying seeds.  The known seed rotting pathogens include 

species of Pythium, Rhizoctonia and Fusarium (Harman, 1983).  Fungi and bacteria in 

soil can be considered to be either saprophytes or pathogens (parasites which cause 

diseases) (Abercrombie et al., 1980).   A saprobe is an organism that absorbs their 

nutrients from non-living organic material, such as fallen logs, animal corpses or waste 

of living organisms, where as parasites absorb nutrients from the cells of living hosts 

(Campbell, 1993). 

 

Microorganisms have been tested as destroyers of weed seeds.  Fusarium oxysporum 

has been investigated for the control of dormant of seeds of Orobanche cumana 

(Sunflower broom rape, a parasitic weed).  Seeds inoculated with F. oxysporum were 

found to have significantly reduced germination.  Inoculated seeds showed 1% 

germination compared to non-inoculated seeds which had 39% germination.  

Cytological tests showed that F. oxysporum had penetrated and colonised the dormant 
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seed and destroyed the seed contents (Thomas et al., 1999).  Another group of potential 

biocontrol agents are the deleterious Rhizobacteria, which have been observed to 

suppress weed growth and potentially destroy their seed (Kremer and Kennedy, 1996). 

 

Seed characteristics affecting seed decay 

Multiple stresses such as those imposed by microbes and insects or microbes and 

chemicals together can cause more damage to the seed than microbes by themselves.  

The chemical or insect damage can promote fungal attack by weakening the seed 

(Kennedy, 1999; Kremer and Kennedy, 1996).  Mechanical damage by these agents to 

the seed, especially to the seed coat, renders the seeds more susceptible to invasion by 

pathogens (Kennedy, 1999).  Seed decay is promoted by the invasion of seed borne 

viruses, bacteria and fungi, so too are seed abortion and seed discolouration (Kennedy, 

1999).   

 

Seeds that imbibe water rapidly leak solutes (e.g. sugars, organic acids, ions, amino 

acids and proteins) into the surrounding medium.  These solutes may stimulate fungi 

and bacterial growth in the soil, which may lead to seed deterioration.  The poorer the 

quality the seed is, the more stimulatory it is to microbes, which is related to their 

greater exudation of water soluble extracts (Harman, 1983).  Some seeds also leak 

proteinase inhibitors and lectins from the cell walls.  These substances may function as 

microbial or insect inhibitors (Bewley and Black, 1994).  Chemical analysis of the seed 

coat generally show the presence of phenolic compounds, which can diffuse from the 

seeds to inhibit bacteria and fungi (Kremer, 1993).  The inhibitory substances include 

flavonoids, which are shown to inhibit the growth of pathogenic microbes and stimulate 

the infection of symbiotic bacteria (Shirley, 1998).  The seeds resist decay by 

mechanical barrier such as the seed covering and by the production of phenolic 

compounds that inhibit bacteria and fungi (Halloin, 1983; Kremer, 1993).  

 

It has been shown that there is an increase in seed leakage with an increase in seed age. 

The seeds can be artificially and rapidly aged by placing them at high temperatures and 

at high humidity for a short duration. Chickpea cultivars have been shown to lose 

carbohydrates, proteins and potassium with the increase in the period required for 

artificial ageing (Hayat et al., 1996).  Another way of inducing seed leakage of 

carbohydrates is by soaking the seeds in “Na-dikegulac” solution (Bharati et al., 1994).  

It is also possible to naturally age the seeds by placing them in the soil for a long period 
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of time (one year).  The ageing of the seed may lead to an increase in microbial activity 

in the spermosphere and therefore the decay of the seeds.  

 

Organic amendments and green manures   

Intensive cropping has led to a number of problems that may threaten the long term 

viability of cropping in Western Australia.  Declining soil fertility, soil compaction and 

herbicide resistance are the main problems farmers in Western Australia need to 

address.  The addition of organic matter to soil is an alternative approach to improve 

soil quality and health, and thus develop sustainable agricultural practices.   

 

The benefits of organic matter to the soil are increases in the availability of nutrients, 

improved soil structure (Papendick et al., 1990), increased microbial activity (Powlson 

et al., 1987) and inhibition of weed growth (Al-Khatib et al., 1997).  Organic matter 

provides nutrients through mineralisation, enhances cation exchange and water holding 

capacity (Reganold, 1988; van Bruggen, 1995).  The increase in soil organic matter may 

increase soil nitrogen if a legume crop is used.  Organic matter can also improve soil 

structure, which can lead to improved infiltration of water, higher water holding 

capacity and increase aeration of the soil.  There is also less soil erosion (due to wind 

and rain) when there is surface residue.  Additionally an increase in soil organic matter 

enhances the activity of soil microorganisms (Lumsden et al., 1983).  Microbial activity 

is greater in soil with incorporated residue than where crop residue has been burned or 

removed (Cookson et al., 1998; Powlson et al., 1987).  The more diverse the biological 

community is in the soil, the healthier the soil.  The use of organic matter has been 

shown to help with the management of soil-borne diseases, for example Pythium 

ultimum and Rhizoctonia solani were observed to be suppressed with the addition of 

Brassica species plant material (Charron and Sams, 1999).  The organic amendments 

can release chemicals that can be inhibitory to weed growth, by reducing the number of 

seeds set.  Reduction in weeds from thousands to less then 10 seeds/m2 has been 

observed following the year of green manuring.  Ryegrass seed numbers were 

significantly reduced in either lupin or mustard green manured soil (23 and 19 

plants/m2, respectively compared to 180 plants/m2) in 1999.  There was approximately a 

87% control of ryegrass seeds in the amended soil (Hoyle and Schulz, 2003).   

There are also negative impacts of organic matter such as increasing pathogens in the 

soil which can be harmful to the crops.  The organic matter can release chemicals that 
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can stimulate or inhibit weeds and crops and therefore have no benefits.  There are also 

many costs involved in growing crops for organic amendments such as seeds, fertilisers, 

labour and management.  This can make the use of organic amendments non-profitable 

in some instances.   

 

Organic amendments has been a term used in the literature to include green manuring, 

brown manuring, mulches (plant or animals), crop residues, soil amendments, waste 

products etc.  Green manuring in the field involves incorporating a crop into the soil at 

flowering using a disc or plough (a crop grown with the principal aim to return it to the 

soil).  A green manure crop can be sown in situ as a rotation crop or brought to the field 

from another place.  In the field they also use a method termed brown manuring in 

which they cut and leave the crop residues on the soil surface.  Mulch is when organic 

material is spread on the soil surface, whilst soil amendment is when organic material is 

incorporated into the soil (Thurston and Abawi, 1997).  Mulch is chopped or slashed 

plant material that is obtained and put on the soil surface.  A cover crop is intercropped 

with the main crop without destruction of the vegetation.  Both mulch and soil 

amendments have the same purpose, that is to improve soil properties.  These 

crops/mulches change the soil conditions until at least the following cropping season. 

 

Brassica plants such as canola (B. napus) and mustard (B. juncea) are currently 

promoted as “bio-fumigants” because they contain glucosinolates throughout their plant 

tissues (Kirkegaard and Sarwar, 1998).  When the plant breaks down, the glucosinolates 

break-down to isothiocyanates (ITC) which in turn release naturally occurring bio-cidal 

compounds.  Research suggests these compounds or their combined action can be toxic 

to groups of soil fungi including Rhizoctonia, Pythium (Manici et al., 2000), take-all 

fungus (Angus et al., 1994) and Fusarium (Sarwar et al., 1998) and may also be 

associated with the suppression of some nematodes, insects and worms.  It has also been 

noted that the addition of Brassica residues suppressed weeds in potato fields (Brown 

and Morra, 1996). 

 

Many secondary plant metabolites play a role in defence against herbivores, pests and 

pathogens.  Examples of some of the secondary plant metabolites are cyanogenic 

glucosides, glucosinolates, non-protein amino acids, alkaloids and phenolics (Bennett 

and Wallsgrove, 1994) 
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Allelopathy   

Allelopathic effects (an inhibition effect of one organism on another) are sometimes 

associated with the residues of crops and weeds such as blue lupins (L. angustifolius) 

and Goosefoot (Chenopodium pumilio) resulting in a reduction in the germination of 

crops following the incorporation of stubble (Hoyle and Schulz, 2003).  The adverse 

effect that neighbouring higher plants can exert on each other’s growth is also included 

in this category.  This phenomenon is associated with competition which is the 

depletion of one or more limiting resources such as light, nutrients or water.  Such 

allelopathy often involves the production of chemicals by living or decaying plant tissue 

which interferes with the growth of a neighbouring plant.  Indirect sources include the 

effects of the physical or biological environment that interfere with the growth of a 

neighbouring plant e.g. harbouring of herbivores that selectively graze certain species in 

the association (Putnam, 1985). 

 

The term allelopathy was first used by Molisch in 1937 and refers to the biochemical 

interactions between all types of plants including microorganisms (inhibitory and 

stimulatory effects)  (Rice, 1984).  In current use, the term generally refers to the 

detrimental effects of higher plants of one species (the donor) on the germination, 

growth, or development of plants of another (recipient) species.  More specifically 

allelopathy’s detrimental effect is exerted through release of a chemical by the donor 

species.  Allelopathy can often be inhibitory at high concentration or stimulatory at low 

concentrations, the same as with some herbicides.  Allelopathy has been seen to impact 

on agriculture practices.  In general, allelopathy has been related to problems with 

weed/crop interference, with phytotoxicity in stubbles mulch farming, with some type 

of crop rotations or forest regeneration (Putnam, 1985) and orchard replant problems 

(e.g. apples, peaches).  Examples of some crop species that show allelopathy are oats 

(Avena sativa), brown mustard (Brassica juncea), rapeseed (Brassica napus) and garden 

cress (Lepidium sativum) (Inderjit and Keating, 1999). 

 

Allelopathic chemicals can be produced in all plant tissues, including leaves, stems, 

roots, rhizomes, flowers, fruits and seeds.  Allelochemicals may be released from plant 

tissues in a variety of ways, including volatilisation (volatile toxins), root exudation, 

leaching (rain washing and root tissue degradation) and decomposition of plant residues 

(microbial decomposition, chemical degradation, leaching) (Mallik, 1999; Putnam, 

1985).  Natural allelochemicals include toxic gases, organic acids, aldehydes, aromatic 
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acids, simple unsaturated lactones, coumarins, quinones, flavonoids, tannins, alkaloids, 

terpenoids, steroids and unknowns (secondary products of plant metabolism). 

 

Toxic gases  

Tissues of many plants contain chemicals which can be liberated as toxic gases.  For 

example cyanide, ammonia and ethylene are some of the chemicals that can be liberated 

from some plants.  Plants belonging to the Brassicaceae family contain strong volatile 

inhibitors of germination and growth (Vaughn and Boydston, 1997).  These chemicals, 

allyl isothiocyanate and B-phenethyl-isothiocyanate, are common throughout tissues of 

Brassica and Sinapsis spp. as potent inhibitors of germination (Vaughn and Boydston, 

1997) as well as inhibitors of soil-borne fungal pathogen (Sarwar et al., 1998).   

 

Alkaloids  

The alkaloids are cyclic compounds containing nitrogen in their rings or side chains.  

Alkaloids are potent inhibitors of seed germination.  The lupin alkaloid lupinine 

contains a quinolizidine ring which arrises from L-lysine (Goodwin and Mercer, 1983).  

A group of quinolizidine alkaloids were effective feeding deterrents against a number of 

herbivores including insects, molluscs and mammals.  These alkaloids were also toxic 

against some fungi and bacteria. 

 

Quinolizidine alkaloids are the most prominent natural products found in lupins.  They 

are found in abundance across all species of the large genus Lupinus and therefore are 

often called lupin alkaloids.  They are secondary compounds and are unique and diverse 

e.g. each species of lupin has its own unique alkaloid pattern with a great diversity of 

structures (Wink et al., 1995).  Secondary metabolites are not essential for growth and 

development, however without them the plants are more susceptible to diseases and 

herbivore attack (e.g. sweet lupins and bitter lupins) (Hartmann, 1988).  

 

Alkaloids are known to be derived from lysine via its decarboxylation product 

cadaverine (Kinghorn and Balandrin, 1984).  Quinolizidine alkaloids are synthesized in 

the green parts of plants where chloroplasts are the sites of alkaloid synthesis.  With 

further studies they found that 80% of the enzyme activities were found to be localised 

in the chloroplast stroma (Hartmann, 1988).  Alkaloids are translocated from sites of 

synthesis to sites of storage via the phloem, this was obtained by analysing the phloem 

sap.   
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In a plant, alkaloids are not distributed randomly, they are instead present in all tissues.  

The mature seeds of lupins have the highest level of alkaloids, while the leaves, stems 

and even different flower organs such as pollen, ovaries and petals, vary in 

concentration from 2 to 20 mg/kg.  Within the stem, the alkaloids are localised in the 

epidermal cell layers.  In the cell alkaloids accumulate mainly in the vacuole.  Lupin 

alkaloids are measured using capillary gas liquid chromatography in combination with a 

nitrogen selective detection of the alkaloids.  Twenty individual lupin alkaloids could be 

separated and were identified on a mass spectroscopy (Hartmann, 1988).  

 

In Australia, narrow-leafed lupin is a winter grown seed crop that plays a key role in the 

farming system.  It allows better control of grass weeds and acts as a disease-break crop 

for wheat and other cereals (Pate et al., 1985; Perry et al., 1998).  Gladstones (1998) 

released the bitter variety for use as a green manure crop. 

 

Traditionally farmers have realised the benefits of modifying the rhizosphere ecology of 

crops through crop rotation, mulching, burning, application of green manure etc.  

Allelopathic process may be responsible for some of the observed benefits of green 

manuring and/or mulching (Thurston and Abawi, 1997).  The understanding of 

allelopathy can be used to manipulate interactions to our advantage in agricultural 

practises (e.g. weed control).  That is, an understanding of allelopathy can allow the 

selection of specific plant materials, known to release targeted chemicals, to be 

incorporated into agricultural fields where through the allelpathic process, chemicals 

will be released which inhibit the germination of weed seeds.  

 

With the exception of Avena fatua and A. sterilis, Purvis et al. (1985) found that the 

incorporation of crop residues can inhibit the growth and germination of grass weeds.  

The extent of inhibition depended on the residue type (Purvis et al., 1985).  The 

incorporation of oilseed rape (Brassica napus) residue yielded the highest density 

survival of dicotyledonous seeds, while the incorporation of wheat residue had the 

greatest inhibitory effect on dicotyledonous seeds.  Furthermore, higher numbers of 

dicotyledonous and grass weeds were present in oilseed rape amended plots than in 

plots amended with other residue types. 
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The quantity of plant material incorporated into soil in field and pot experiments is a 

factor that can determine whether the amended soil will have an inhibitory or 

stimulatory effect on weed seeds.  The amount of plant material incorporated into the 

soil has a direct effect on the concentration of extracts (chemicals) entering the soil.  In 

some instances there may be as much variation within as between species in the 

production of, or response to, plant chemicals.  For example, stem material (1-2 mg g-1) 

from Lupinus polyphyllus has been found to contain up to 7.5 times the amount of total 

alkaloids than the root material (0.2 mg g-1)  (Gremigni, 2002). 

 

Soil microflora 

The soils contain a vast array of bacteria, fungi, algae, actinomycetes and protozoa 

which make soils one of the most dynamic sites of biological interaction in nature 

(Alexander, 1977).  Of all the soil fungi, Pythium was chosen for this study as it is a 

model pathogen and is commonly associated with seed invasion and death. 

Pythium  

Pythium irregulare is wide spread in the grain belt of Western Australia in cereals, 

legumes and many other crop plants.  Pythium species are pathogens and cause root rot, 

seedling rot and seed rot on a variety of plants from horticultural nursery to agricultural 

plants.  Pythium species are classified as a straminipilous pathogens; straminipilous 

organisms are defined as bearing tubular tripartitie hairs; applicable to flagella and/or 

cells, whether uniflagellte, multiflagellte or non-flagellate ( Dick, 2001).  While 

Pythium species occur in the natural environment, they are generally more frequent in 

arable and cultivated soils, and are more common in loam than sandy soils.  Pythium 

can survive for at least 9 months in very dry soil deposits (Domsch et al., 1980).   

 

Classified as  

Division: Eumycota 

Subdivision: Mastigomycotina  

Class:  Oomycetes  

Order: Peronosporales 

Family: Pythiaceae 

Genus: Pythium  

Species: irregulare 

Pythium irregulare colonies growing daily increments of 2.5-3 cm at 25°C on CMA.  

Pythium irregulare have small spherical sporangia and smooth or papillate oogonia 
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(Dick, 2001).  Many species are cosmopolitan with slightly different morphological 

characteristics in different continents, for example P. irregulare rarely produce 

sporangia in Europe but those from Australia commonly do so (Dick, 2001).  Pythium 

irregulare is both one of the most widespread and most pathogenic species of the genus 

in the temperate zone (Domsch et al., 1980).  Levels of seed exudation were directly 

related to damping-off (P. ultimum) severity for seeds of a cucumber (Chen et al., 

1988). 

 

P. irregulare can penetrate through plant cells and cause seed decay, root rot, root 

necrosis and can also attack stems, foliage, even fruits, especially on juvenile or 

succulent tissue.  Pythium is affected by soil moisture, soil temperature, pH and organic 

matter quality and quantity and associated levels of microbial activity. 

 

Soil moisture  

Soil moisture affects the pathogenicity of P. irregulare for example, root rot in 

subterranean clover was found to be most severe at 65% WHC with less at 45% and 

least under flooding (Wong et al., 1984) for pathogenic fungi however, P. irregulare 

was more affected by soil temperature.  Wong et al. (1984) found that P. irregulare 

caused severe root rot to clover at 10 and 15 °C.  Punjasamarnwong (1990) showed that 

moisture (within the range of 20, 30, 45, 65% WHC) did not affect pathogenicity or 

recovery of P. irregulare.  Generally high soil moisture and reduced oxygen tension are 

required for infection of plant roots by Pythium spp. (Domsch et al., 1980).  Soil 

moisture alone is not a critical factor for Pythium infection, it is however related to 

temperature.  Temperature is one of the main factors effecting Pythium pathogenicity. 

 

Temperature  

Temperature affects the pathogenicity of different species of Pythium.  For example,  

P. aphanidermatum and P. myriotylum caused most severe damping-off at 20, 24, 28 

and 32 °C where as P. irregulare caused disease only at 20 and 24 °C (Ben-Yephet and 

Nelson, 1999).  Soil temperature is one of the most important factors governing the 

pathogenicity of P. irregulare.  P. irregulare has an optimum temperature of 25-30 °C 

minimum at 6 °C and maximum at 36.5 °C (Domsch et al., 1980).  P. irregulare has 

been reported to be highly pathogenic on wheat at temperatures of 10 -15°C 

(Chamswarng and Cook, 1985).  A combination of pathogenic fungi including 
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 P. irregulare cause severe root rot of subterranean clover seedlings at 10 and 15°C 

(Wong et al., 1984).    

 

Organic matter 

Soil-borne pathogens can be either suppressed or enhanced by organic amendments 

(Manici et al., 2004).  The incorporation of fresh barley plant material as green manure, 

into soils naturally infested with Pythium resulted in increased Pythium populations as 

well as a concurrent increase of soil microbial populations.  Furthermore, there was no 

evidence of any suppressive effect toward the pathogen.  The incorporation of dry and 

fresh wheat tissue into soils resulted in significant increases of Pythium populations.  

The increase in total fungal and bacterial counts did not have any suppressive effect on 

Pythium in naturally infested soil used in their study (Manici et al., 2004).  The increase 

in Pythium populations in intensively cultivated soils is considered to be a response to 

an increase in organic C due to decomposition of crop debris (Manici et al., 2002; 

Manici et al., 2004). 

 

Compost 

Numerous reports indicate that organic amendments may reduce the severity of diseases 

caused by soil-borne plant pathogenic fungi, offering a good alternative to fungicides.  

Chen et al. (1988) demonstrated high correlation between microbial activity 

(fluorescein diacetate hydrolysis) and suppressiveness to damping-off caused by 

Pythium ultimum in container media amended with composts.  Each particular type of 

organic amendment has its own capacity to induce suppression because of it effects on 

microbial activity (Hoitink et al., 1997). 

 

Composted cattle manure (rates exceeding 30% v/v) has been reported to control  

P. ultimum that causes damping-off of cucumber (Bettiol et al., 2000).  Pythium 

populations decreased with an increase in compost rate (e.g. 0, 10, 20, 30, 40, 50% v/v 

population were 3, 2.3, 0.33 x103, 0, 0, 0 cfu.ml-1, respectively).  Bettiol et al. (2000) 

suggest that the suppressive effect of manure on Pythium may be due to microbial 

activity, antagonistic microorganisms as well as other organisms such as micro-

arthropods that occur in the manure.   

 

Municipal and leaves compost suppressed Pythium (P. aphanidermatum, P. myriotylum 

and P. irregulare) isolates at dosage rates of more than or equal to 40mg/cm3 and 80mg 
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compost/cm3, respectively (Ben-Yephet and Nelson, 1999).  Ben-Yephet and Nelson 

(1999) also found that not all Pythium spp. are equally suppressed; the level of 

suppression of each species was also dependent on the incubation temperature. 

 

Microbes in compost suppress P. irregulare 

Punjasamarnwong, (1990) found that some of the organisms obtained from the compost 

eucalypt bark mix were found to suppress P. irregulare in vivo and in vitro.  Other 

wood composts also suppress Pythium, but the spectrum of suppression depends on the 

biological and chemical composition of the material when composted.  Chaetomium 

funicole alone was capable of suppressing P. irregulare.  The other 3 fungi operated 

either through competition for space and nutrients and/or by the production of 

antibiotics.  Verticillium lecanii, Streptomyces spp., Trichoderma harzianum , 

Aspergillus terreus were all able to inhibit P. irregulare under the test conditions 

(Punjasamarnwong, 1990). 

 

Green manure  

Lazzeri and Manici (2001) found that Pythium sp. was strongly suppressed by the fresh 

plant material of Cleome hassleriana (Cappariadacea), Iberis amara, and Rapistrum 

rugosum (Brassicaceae) (possessing high glucosinolates) selections, while sunflower 

(with no glucosinolates) and crambe (very low levels of glucosinolates) treatments 

increased the activity of Pythium sp. These findings indicate that the green manures 

assayed suppress Pythium sp. and also promoted total soil microbial activity.  As this 

occurred with all green manures, it is therefore a result of the addition of organic matter 

rather than just the presence of glucosinolates (Lazzeri and Manici, 2001).  Their aim 

was to determine if amendments with plants with glucosinolates were the only ones that 

suppressed soil borne pathogens.   

 

Methods for measuring microbial activity 

A variety of methods are available to measure the presence and activity of 

microorganisms in the soil, the most common methods include assays for enumeration 

of bacteria and fungi, assays of enzyme activities, microbial activity and microbial 

biomass, and more recently, the use of molecular methods (Taylor et al., 2002). 

Culturable counts measure the number of fungal and bacterial propagules that can be 

recovered on culture media.  This method may underestimate the number of fungi and 
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bacteria in a soil as it does not take into account the many microorganisms that can not 

be cultured on agar plates.   Direct microscopy counts are a very sensitive method, 

ensuring a complete count of bacteria in particular.  However there is no way of 

differentiating live from dead bacteria and therefore it overestimates the number of 

bacteria in the soil.  Microbial biomass is a method which measures the biomass of the 

microorganisms by the fumigation-extraction (Vance et al., 1987) method.   Microbial 

biomass can be estimated by measuring either the amount of N or C within the 

microorganisms.  

These methods do not take into account the activity or non-activity of the 

microorganisms in the soil.  Methods such as microbial and enzymatic activity take 

levels of microorganism activity into consideration.  For example, microbial activity 

within a soil can be easily measured via the measurement of the CO2 or O2 activity of 

the soil.  Fluorescent Diacetate (FDA) hydrolysis is one example of enzymatic activities 

which can be measured to provide an indirect measure of microbial activity.  Whilst 

being an indirect measure, it is considered to be a reliable measure of overall microbial 

activity (Taylor et al., 2002). 

 

Outline of thesis layout 

The chief focus of this thesis is green manures employed as soil amendments in relation 

to the soil microflora and to the survival/decay of various crop and weed seeds placed in 

the soil.  Small-scale laboratory and glasshouse experiments were conducted to quantify 

effects of fresh and dried green manures (of lupin, Brassica and oats) on seed 

population, and to determine whether the effects were direct (allelopathy), indirect by 

promotion of soil microflora capable of inactivating/killing/decaying the seeds, or 

through a combination of these.   

 

The literature review covers the background on soil weed seed bank dynamics, in 

particular seed and soil microbial characteristics affecting seed decay in soils, value of 

organic amendments in controlling weed germination, and plant allelopathyic effects on 

seed germination.  The research is divided into three parts: the study of the effect of 

green manure amended soil on seed decay, chemical and/or microbial effects of lupin 

green manure on seeds, and the effect of Pythium on seeds in soil and green manure 

amended soils. 
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Chapters 1 and 2 deal with the decay of seeds in green manure amended soils.  Chapter 

1 investigated the effect of green manure amendments on seed decay with treatments 

including nylon bags, soil moisture and fresh or dried amendments.  This was an 

extensive study including many measurements such as microbial activity, dissolved 

organic carbon, proportions of carbon and nitrogen, pH, moisture and conductivity.  The 

main finding was that lupin and mustard amended soils suppressed lettuce and cress 

seed, with the greatest suppression occurring with lupin amendments.   

 

Chapter 2 investigated the effect of lupin and mustard green manure amendments on 

weed seed decay.  The main results was that lupin amendment reduced germination of 

five species tested, with decay greatest in lettuce, ryegrass and sliver grass when 

compared to wild oat and wild radish seeds.   

 

Chapters 3, 4 and 5 deals with chemical and or microbial effect of lupin green manure 

on seeds.  Chapter 3 investigated the effect of lupin variety with differing alkaloid 

concentration on lettuce and cress seed decay.  The main outcome was that the three 

varieties of lupin with differing alkaloid content were similar in their decay of lettuce 

and cress seeds. 

   

Chapter 4 investigated the length of time for seed decay in lupin amended soil.  The 

main findings were that lettuce and cress seeds were decayed rapidly while ryegrass 

decay took longer.  Photographs were also taken to monitor stages of seed decay, over 

time.  

 

Chapter 5 investigated the effect of lupin amended soil extract on seed decay.  The main 

results were that lettuce and cress seeds were decayed largely when placed in lupin 

amended soil extracts, but ryegrass or silver grass were not greatly decayed in the 

extracts.  There were varied levels of seed decay when the soil extracts were passed 

through Millipore filtrations units, suggesting both microorganisms and chemicals were 

involved in seed decay.  

 

Pythium effect on seeds in soil and amended soils was investigated in chapter 6.  

Amendments, temperature and soil pasteurisation and irradiation of plant material were 

factors also investigated in conjunction with Pythium effect on seeds.  Soil 

pasteurisation and irradiation of plant material resulted in less seed decay than the non-
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irradiated (control), except when Pythium was added, indicating that microbial 

components play a role in seed decay and in reducing pathogen loads in soil.  

 

The relationships and interactions among numerous variables in this thesis 

The type and make up of soil microorganism populations and the effects of these 

populations on their environment are governed to a great extent by physical and 

chemical properties of the soil.  Soils contain a vast array of bacteria, fungi, 

actinomycetes, algae and protozoa, making the soil a very dynamic site.  There are 

many factors which influence the bacteria and fungi populations in the soil, these 

include organic matter status, hydrogen ion concentration (pH), organic or inorganic 

nutrients, moisture content, aeration and temperature.  Figure i shows the potential 

interactions among the relevant components studied in this thesis.  The main outcome is 

to determine what factors affect seed germination and decay in green manure amended 

soils.  The figure splits the factors into biotic and abiotic factors that could influence the 

outcomes during the experiments.  The factors shown are the factors that are were 

measured in this study. 

                                     

               
Figure i: The various biotic and abiotic factors tested and measured in the thesis 

(coloured black) and factors that were not studied (coloured blue) that can affect the 

germination of seeds. 
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Overall aim 

To monitor the effect of green manure amendments on soil seed bank dynamics.   

 

Specific aims of project  

Chapter 1 

1) to determine if changes in the biotic (seed type, microbial activity and microbial 

biomass) and abiotic (soil type, moisture, pH, temperature and soil fertility) affect seed 

germination and decay of lettuce, cress or lupin in soil amended with either lupin, 

mustard or oat green manures . 

2) to determine if the seed bags used for easy retrieval of seeds from the soil masked the 

effect of seed (lettuce, cress and annual ryegrass) decay in soil amended with lupin 

green manure (experiment two). 

3) to determine whether soil moisture level affects the decay of lettuce and cress seeds, 

and microbial activity, in soil amended with lupin green manure (experiment three).   

4) to determine if fresh and/or dried amendments of Brassica napus had an effect on the 

seed (lettuce and cress) decay (experiment four). 

 

Chapter 2 

1) to determine if lupin or mustard residues used as green manure amendments could 

inhibit seed germination in weed species. 

 

Chapter 3 

1) to determine if residues of different lupin species (Lupinus albus, L. angustifolius and 

L. luteus) used as green manures differentially affect lettuce and cress seed germination 

and decay;   

2) to determine the length of time taken for lettuce and cress seeds to be affected by 

lupin green manures (three or seven days after seeding in green manured soil).  

 

Chapter 4 

1) to determine the duration of incubation in Lupinus angustifolius amended soil 

required for the inhibition of germination and decay of lettuce, cress, ryegrass and lupin 

seeds and  

2) to monitor morphological changes in seed coat following incubation in L. 

angustifolius amended soils using an environmental scanning electron microscopy and 

light microscope (optical). 
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Chapter 5 

1) to determine whether extracts from soil amended with L. angustifolius or L. luteus 

affect lettuce, cress, ryegrass and silver grass seed germination and decay.   

2) to determine if microorganisms and/or plant toxins in extracts from soil amended 

with L. angustifolius or L. luteus affect lettuce, cress, ryegrass and silver grass seed 

germination and decay. 

3) to determine whether extracts from soil pre-incubated with L. angustifolius or L. 

luteus amendment for different periods of time affect lettuce, cress, ryegrass and silver 

grass seed germination and decay. 

4) to determine whether extracts from L. angustifolius or L. luteus amended soil affect 

lettuce, cress, ryegrass and silver grass seed germination and decay, when the seeds 

were removed from soil extracts or remained in the soil extracts for the duration of the 

experiment. 

 

Chapter 6 

1) to determine if amendment of soil with lupin or Brassica green manures affects the 

ability of Pythium irregulare to cause pre-emergence decay of lettuce and annual 

ryegrass seeds. 

2) to determine the effect of temperature on Pythium irregulare pathogenicity and 

lettuce seed decay in lupin or Brassica amended soils. 

3) to determine if microorganisms in the soil and on lupin green manure affect lettuce 

seed decay and Pythium irregulare pathogenicity and to explain certain discrepancies in 

the results from previous experiments. 

These goals were achieved by conducting laboratory and glasshouse studies. 

Characteristics of seed species used and plant material used as green manures are 

presented in Tables (i) and (ii). 



 23



 24 

 

 



 25

Section A: Decay of seeds in soils amended with green manure. 

Chapter 1: Seed decay in soil associated with green manure amendments. 

 

1. Introduction 

Seed decay 

The mortality of seeds in soil may be related to fluctuations in temperature and 

moisture, biology of the seed (seed age or viability), biological characteristics of the soil 

including predation by macrofauna, degradation by microorganisms or chemical stresses 

that reduce the seed viability or vigour (Kennedy, 1999).  However, little research has 

been done on seed mortality in seed banks caused by soil microorganisms.  For 

example, Roberts and Feast (1972) found that the loss of a proportion of the original 

population of buried seeds could not be accounted for by either germination or survival 

of viable seeds.  Attack by pathogens or non-specific deleterious microorganisms may 

have caused the observed seed decay or non-germination (Kremer, 1993).  

 

The death of some buried seeds has been attributed to attack by soil bacteria and fungi, 

but only a “few studies have addressed this problem” in detail (Baskin and Baskin, 

1998).  Even where it has been addressed, only indirect evidence that microorganisms 

play a role in causing seed death or decay have been proposed.  For example, there was 

a 10 to 16% decrease in germination of Mimosa pigra seeds which did not receive any 

fungicide treatment before burial (Lonsdale et al., 1988).  Another study found that 

germination of shattercane (Sorghum bicolor) seeds also increased when fungicide 

treatment was used for a burial experiment (Fellows and Roeth, 1992). 

 

Microbial influences  

The functioning of the whole microbial community is of greater concern than individual 

groups of organisms in agricultural and horticultural management systems (Kennedy, 

1999).  Changes in microbial communities are observed with changes in land 

management (Kennedy and Kremer, 1996).  Environmental and edaphic factors such as 

landscape, soil type, rainfall and macro-organisms may impact on the microbial 

community diversity.  Management factors such as tillage (Alvarez and Alvarez, 2000), 

crop species, cover crops, residues (Powlson et al., 1987), application of fertilisers and 

pesticides, crop rotations, pH (Tang et al., 2003), conductivity, organic matter all may 

impact on the microbial community diversity (Kennedy and Gewin, 1997).   
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Many practices influence microbial activity and mass as well as diversity.  Reduced 

tillage for example increased the soil organic matter resulting in the increase of active 

microbial biomass (Stenberg et al., 2000).  Liming of soil can also increase microbial 

activity (Stenberg et al., 2000). 

 

It is generally accepted that applying organic amendments to the soil increases the 

microbial community (Powlson et al., 1987).  However, it may also reduce the 

populations and activity of certain groups of microorganisms (Bulluck et al., 2002).  For 

instance, farmyard manure and mustard or oat green manure decreased the disease 

severity of Rhizoctonia solani stem canker of potato (Scholte and Lootsma, 1998).  

Pythium ultimum was found in greater amounts in soils amended with residues of 

Brassica cultivar Ebony and Indian mustards (Brassica juncea) and Rangi rape  

(B. napus spp. oleifera biennis) (Walker and Morey, 1999).  Organic mulches have been 

used successfully in the management of Phytophthora root rots in avocado orchards 

(You and Sivasithamparam, 1994, 1995; You et al., 1996).  Green manures therefore 

may bring the soil ecosystem into balance by increasing the activity of beneficial 

microorganisms and suppressing harmful microorganisms through altering microbial 

competition. 

 

Green manures not only change the nature of microbial community with consequences 

for seed viability, but also have the potential to directly reduce viable seed numbers in 

the soil.  For example, Brassica species as green manures inhibited the germination of 

hemp (Sesbania exaltata) and wheat (Triticum aestivum) seeds (Vaughn and Boydston, 

1997).  The residues of certain Brassica species have potential allelopathic effects 

through the release of volatile compounds that inhibit the germination of some species 

(Vaughn and Boydston, 1997).  High amounts of glucosinolates are contained mainly in 

Brassica spp. (Petersen et al., 2001).  Glucosinolates are not responsible for inhibiting 

seed germination, but Isothiocyanates (ITC) and other by-products of the microbial 

decomposition of glucosinolates are known to inhibit seed germination.  Glucosinolates 

are hydrolysed by the enzyme myrosinase to ITC, nitriles, thiocyanates and 

oxazolidinethiones (Brown and Morra, 1996).  These by-products vary depending on 

the side-chain substitution, pH and iron concentration and plant species (Petersen et al., 

2001; Vaughn and Boydston, 1997).  Large amounts of ITCs can only be released by 

the breakdown of cells, such as during decomposition of dead plant material or even 

faster by incorporation of green plant material into the soil.  Brown and Morra (1996) 
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determined that losses of ITCs may be due to adsorption by clay or organic matter, 

leaching or degradation by microorganisms.  Recent reports suggest that persistence of 

synthetic ITCs in soil decreases over a period of 14 days (Warton and Matthiessen, 

2000).  Gardiner et al. (1999) found that the concentration of the hydrolysis products of 

B. napus was highest within 30 h after the residues were incorporated and decreased 

gradually within the observation period of 20 d.  The environmental factors such as soil 

type, pH, temperature, and soil water may also influence the release of ITC from 

residues (Rosa and Rodrigues, 1999).  These volatile compounds have been shown to be 

toxic to plants, fungi, bacteria, nematodes and insects (Vaughn and Boydston, 1997).    

 

Microbial activity is greater in soil with incorporated residue than where crop residue 

has been burned or removed (Cookson et al., 1998; Powlson et al., 1987).  Higher 

decomposition rate in soil containing incorporated residue was explained by the 

increase in microbial activity.  Lupin residues showed a higher rate of decomposition 

(mass loss) compared to barley or wheat residues.  The lupin residues also supported the 

highest rate of Substrate Induced Respiration (SIR) and greater number of bacteria and 

fungi than barley or wheat straw (Cookson et al., 1998). 

 

Based on the brief review above, it can be hypothesised that green manure will decrease 

the survival of seeds in the soil by increasing microbial activity.  Green manures 

increase the activity and biomass of many microorganisms by providing a suitable food 

source.  The microorganisms also find seeds a suitable food source.  The green manures, 

especially Brassica residues, also have the potential to inhibit the seed germination and 

possibly allow microorganisms to decay the seeds by the production of allelopathic 

compounds. 

 

The overall aim of this study was to determine if the incorporation of different green 

manure amendments (mustard, lupin or oat) into the soil affected seed decay and 

survival of lettuce, cress, lupin or annual ryegrass. 

 

Additional aims were: 

1) to determine if changes in the biotic (seed type, microbial activity and microbial 

biomass) and abiotic (soil type, moisture, pH, temperature and soil fertility) affect seed 

germination and decay of lettuce, cress or lupin seeds in soil amended with either lupin, 

mustard or oat green manures (experiment one).  
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2) to determine if the seed bags used for easy retrieval of seeds from the soil masked the 

effect of seed (lettuce, cress and annual ryegrass) decay in soil amended with lupin 

green manure (experiment two). 

3) to determine whether soil moisture level affects the decay of lettuce and cress seeds, 

and microbial activity, in soil amended with lupin green manure (experiment three).   

4) to determine if fresh and/or dried amendments of Brassica napus had an effect on the 

seed (lettuce and cress) decay (experiment four). 

 

1.2 Material and Methods 

1.2.1 Experiment 1: Seed decay in soil associated with green manure amendments. 

Green manure preparation 

The surface layer (top 10 cm) of soil was collected from Lancelin (virgin bushland in 

Western Australian, Swan Coastal Plain, which behaves similarly to wheat-belt sands) 

(Singh, 2001; Toyparn, 1989), sieved (2 mm sieve) and air dried.  Lancelin soil was 

used in the experiments to avoid the effects of prior management of the land that have 

been reported to influence soil microbial communities residing in the soil (Cookson et 

al., 1998).  Lancelin soil is from native virgin bushland with relatively low organic 

matter levels and as a result low microbial activity and biomass.  Sandy Lancelin soil 

was amended with Lupinus angustifolius (variety tanjil), Avena sativa (variety toodyay) 

and Brassica juncea (mustard variety Fume's E-75) grown in fields at Bindoon (oat and 

mustard) and Merredin (lupin).  The plant materials were collected and stored in 

laboratory conditions of 18 to 25°C for about two months before they were used.  They 

varied in nitrogen and carbon content (Table 1.1). 

 

The plant residues were collected at flowering, and the shoot material was incorporated 

into the soil as dried 1-2 mm sized material1 at a rate of 1% (5 g dry plant residue / 500 

g of dry soil).  This is equivalent to field amendment rate of 5.7 tonne (dried material) 

per ha incorporated to 4 cm depth.  This represents a high biomass green manure crop 

for oat and mustard and a very high rate for lupin in Western Australia fields.  The 

average rate in the field for green manure is 3 to 4 t/ha (Hoyle and Schulz, 2003).  

However, the field rate can range from 0.44 to 6.4 t/ha depending on the rainfall and 

                                                 
1 Dried whole plant material was placed in a grinder machine to cut it up into smaller pieces.  The cut 
material was then put through a series of sieves (2mm and 1mm) to get 1-2 mm size material.  The plant 
material found between the two sieves was used.  
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inputs (e. g. fertilisers) (Hoyle and Schulz, 2003).  A high rate of green manure was 

added to observe a larger effect on the soil activity in a short period of time.   

 

The soil was placed into pots (12.6 L x 7.0 W x 4.0 H cm) and plant residue and water 

were added to each pot and thoroughly mixed.  The treated soil was brought to 10% 

moisture (47% of water holding capacity (WHC) (Piper, 1942)).  Each week, water was 

added to maintain the water level, but drying out of the top 1-2 cm of soil in each pot 

did occur between watering times. 

 

Table 1.1: Mean percent carbon and nitrogen content of the green manure shoot material 

(dry weight basis) ± standard error of the mean.  Column means, followed by the same 

letter are not significantly different.  

Green Manure % Carbon  % Nitrogen  C/N ratio  

Lupin 43.00 ± 0.15 b 4.116 ± 0.007 a 10.446 ± 0.049 c 

Oat 43.64 ± 0.12 a 1.451 ± 0.003 c 30.079 ± 0.130 a 

Mustard 40.03 ± 0.16 c 2.035 ± 0.016 b 19.670 ± 0.147 b 

LSD(P≤ 0.05)
*  0.51 0.03 0.40 

* LSD = least significant difference 

 

Soil preparation 

Moist soil treatments were incubated (hither to be called pre-incubated; the term pre-

incubation is to be used to define the time the soil was incubated for before seeds were 

added to the soil) for two or four weeks before sowing the appropriate seeds.  They 

were incubated in a laboratory at 18 to 25°C.  This pre-incubation was conducted to 

allow microorganisms to stabilise in the system.  Approximately 7 months is common 

for a field application of green manure to be left in the soil before a fresh (new) crop is 

sown, though the soils are generally dry during this time and little to no microbial 

decomposition would occur before seeding. 

 

Seeding 

After the pre-incubation period, seeds of lettuce (Lactuca sativa L.cv. Great lakes), 

lupin (Lupinus angustifolius cv R gungurru collected in 1998 from Wongan Hills) or 

cress (Lepidium sativum cv. American upland) were sown into the pots at 2.5 cm depth 

(after the soil had been mixed).  Lettuce and cress seeds were sown at a density of 50 
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per pot in nylon bags2 (mesh size 0.45 mm) so that they could be easily retrieved at 

sampling.  Lupin seeds were sown 30 per pot without the use of a bag into the soil, as 

they are much larger in size than the other seeds and were therefore easy to retrieve.  

Three replicate pots were used for each treatment.  Lettuce and cress seeds were used as 

they have been widely used as standard test species for seed viability studies (Macias et 

al., 2000) mainly due to the rapid germination of lettuce seeds and high sensitivity to 

changes in soil conditions.  Lupin seeds were used as it is a major grain crop species 

used in Western Australia.  Lupin however, can also be a weed in cereal crops in 

Australia.    

 

After one and four weeks of incubation, the seeds were recovered from the soil 

treatments for both pre-incubation times.  Seeds were assessed for germination (visible 

protrusion of the radicle or cotyledon from the seed) and decay (soft seeds that 

collapsed when squeezed).  Non-germinated, firm seeds were tested for germination by 

placing on 1% water agar for three weeks, after which the number of seeds that 

germinated was recorded.  Non-germinated seeds were then assessed for decomposition.  

A Tetrazolium (TZ) test (Moore, 1985) was performed on the non-germinated, non-

decayed seeds to determine their status i.e. alive (dormant) or non-viable (dead).  The 

seed coat of cress seeds were nicked prior to testing.  Lettuce and nicked cress seeds 

were placed in tetrazolium and incubated for 24 hours in the dark at 35°C before visible 

assessment was made on the red staining.  Seeds stained red if they were viable and 

remained non-stained if non-viable. 

 

Soil measurements 

Changes to chemical and biological properties of the soil treatments were measured, 

including pH, conductivity, soil moisture, nitrogen and carbon content, microbial 

biomass and microbial activity, to obtain as much information as possible about the soil 

conditions responsible for seed decay.     

 

Soil samples were analysed weekly during the seed incubation period for microbial 

activity (respiration) (measurements taken on days 7, 9, 17, 25, 33, 39, 44 and 54), 

microbial biomass, soil moisture, pH, conductivity and nitrogen and carbon content in 

the soil (samples taken on days 14, 21, 28, 35, 42 and 56).  The microbial activity 

                                                 
2 Please note in subsequent experiment two, results found that nylon bags had no effect on seed decay. 
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measurement was taken from undisturbed pots and placed in jars.  Then the soil in the 

pots was thoroughly mixed before soil samples were taken for the other measurements.  

 

Soil microbial activity (respiration) 

At each sample time, pots (500 g soil) were placed into a gas-tight glass jar (1000 ml) 

(with a Suba-seal™ in the lid) and incubated at room temperature. Gas samples from 

the jars were taken and measured on a gas analyser machine (Series 225 gas analyser, 

the analytical development Co. Ltd. Hoddeson. England) at 0, 30 and 60 min after the 

pots were placed into the jars. A standard concentration of carbon dioxide (0.4%) was 

used to determine the concentration of carbon dioxide in the samples.  The rates of soil 

activity were determined and were calculated as µg CO2 - C g-1 soil per d-1. 

 

Soil microbial biomass carbon  

Soil microbial biomass C was measured by the fumigation-extraction method (Vance et 

al., 1987) on moist soils.  Portions of 12 g of each soil were weighed into 50 ml beakers 

and fumigated with ethanol-free chloroform for 24 h at room temperature (three 

replicates from different pots for each soil and seed type were used).  The fumigated 

soils were then extracted with 40 ml 0.5 M K2SO4, placed on a shaker for one h and 

centrifuged at 2500 rpm for 10 min then filtered.  Three replicates of each non-

fumigated soil were extracted similarly at the time fumigation commenced.  The total 

organic carbon (TOC) in the soil extracts were measured using a Shimadzu TOC-5000a 

analyser machine.  The difference between chloroform fumigated and non-fumigated 

soil was used to estimate microbial biomass C using a KEC factor of 0.45 (Wu et al., 

2000).  The non-fumigated soil extract was used to determine dissolved organic carbon 

(DOC). 

 

Other soil properties 

Soil moisture content was measured by oven-drying (at 105°C) approximately 25 g of 

soil for 48 hours.  The difference between the moist soil and oven dried soil was 

calculated as a percentage of dried soil (wet soil wt – dried soil wt /dried soil wt)*100%.  

Soil pH and conductivity were measured using a 1: 5 soil to water ratio (4 g soil and 20 

ml water) left overnight on a shaker and centrifuged at 2000 rpm before measurements 

were recorded.  pH was recorded using an expandable ion analyser EA940 machine 

(Orion Research) and conductivity  was recorded using a 4020 conductivity meter 

(Jenway). 
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Percent carbon and nitrogen 

The dried green manure material was ground into powder using a Sibertechnib grinder, 

dried at 60°C and analysed for total carbon and nitrogen on a LECO CHN 1000 

combustion analyser.  The carbon and nitrogen amounts in the plants were related to 

plant dry weight.  Soil samples were also ground into powder, but dried at 40°C before 

being analysed for total carbon and nitrogen. 

 

Statistical analysis 

The experimental design was completely randomised with three replicates per 

treatment.  All means and standard error of the means were analysed using GenStat® 

Release 6.1 (Copyright 2002, Lawes Agricultural Trust (Rothamsted Experimental 

Station) GenStat Sixth Edition, GenStat Procedure Library Release PL14).  Each seed 

species was analysed separately by three-way analysis of variance (ANOVA), except 

lettuce seed data, as they did not meet the assumptions of ANOVA, due to many zero 

values  (Draper and Smith, 1981; Mead et al., 1993).  Cress seeds data was transformed 

(square root) prior to statistical analysis, to meet the assumptions of ANOVA.  Lupin 

seeds data was analysed using only the lupin green manure data, as transformation of 

the data for oat, mustard and non-amended conditions did not improve normality.  All 

other treatments were analysed separately.  Microbial biomass, DOC, microbial activity, 

soil moisture, pH and conductivity were analysed by a two-way ANOVA.  Significant 

differences among means were assessed by least significant difference test (LSD, P≤ 

0.05).  Correlation between seed decay and other measurements were also assessed. 

 

1.2.2 Experiment 2: Effect of nylon seed bags on seed decay.  

The materials and methods used were similar to those used in experiment one (chapter 

one), with the exception of green manure preparation, seed type used and methods of 

adding the seeds into the soil.  No chemical or biological factors were measured, only 

seed status (germination, decay, dormancy and non-viability). 

 

Green manure preparation  

Only Lupinus angustifolius (variety gungurru) green manure and non-amended (control) 

soil were used, as experiment one showed no effect of other green manures on seed 

decay.  Lupin plants were grown in the glasshouse (18 – 22°C), removed at anthesis and 

dried at 40°C.  The dried plant material was kept in the laboratory at 18 to 25°C for 

about one month before use.  The plant residue (shoot material) was incorporated into 
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the soil as dried 0.5 - 2 mm sized material at a rate of 1% (1.5 g dry plant residue / 150 g 

of dry soil).  Plant residue and water were added to each pot of Lancelin soil (round 500 

ml yoghurt containers with lids) and were thoroughly mixed.   

 

Seeding 

After two weeks soil pre-incubation, lettuce (Lactuca sativa L.cv. Great lakes), cress 

(Lepidium sativum cv. American upland) or annual ryegrass (Lolium rigidum collected 

in Mt. Barker, 2000) seeds were added to the pots at 1.5 cm depth.  Fifty seeds per pot 

were sown either in nylon bags (mesh size 0.45 mm) or without the bag directly into the 

soil.  Annual ryegrass seeds were used as they have become a major weed with 

resistance to some herbicides.  

 

All the seeds were recovered after nine days, as this was found to be the best period of 

time for lettuce seed decay (experiment one, chapter one) and the number of seeds that 

germinated was recorded.  The remaining non-germinated seeds were plated on water 

agar for a further three wks, after which the number of seeds that further germinated 

was recorded.  The seeds which had still not germinated were assessed for decay.   The 

status of the seeds i.e. dormant or non-viable was determined using a Tetrazolium (TZ) 

test for all non-germinated, non-decayed seeds. 

 

Statistical analysis 

The experimental design was completely randomised with six replicates per treatments.  

All means and standard error of the means were analysed using GenStat®.  The data was 

analysed by three-way analysis of variance (ANOVA), with no transformations required 

as the data met the assumptions made by ANOVA (Draper and Smith, 1981; Mead et 

al., 1993).  Significant differences among means were assessed by least significant 

difference test (LSD, P≤ 0.05).   

 

1.2.3 Experiment 3: Effect of varied soil moisture levels on seed decay. 

The materials and methods used were similar to those used in chapter one (experiment 

two).  The same green manure treatments and soil volumes were used.  The only 

exceptions were seed type, soil moisture levels and microbial measurements. 
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Soil moisture  

The soil treatments were adjusted with distilled water to 16, 28, 56 and 75% WHC 

(Piper, 1942).  Each week, water was added to maintain the water level content, but 

drying-out of the surface soil did occur in between watering.  The soils were incubated 

in the laboratory maintaining 18 to 25°C. 

 

Seeding  

After two weeks soil incubation, lettuce and cress seeds were introduced at 1.5 cm 

depth.  Lettuce and cress seeds were added 50 per pot in nylon bags (mesh size 0.45 

mm) so that they could be easily retrieved at collection.  Lettuce and cress seeds were 

recovered after one week, as this was found to be appropriate time for the assessment of 

lettuce seed decay (experiment one, chapter one).  The seeds were assessed for 

germination when recovered from the soil and the non-germinated seeds were plated on 

water agar for a further 3 weeks, after which the number of seeds that further 

germinated was recorded.  The seeds which had still not germinated were assessed for 

decay.  Seed status, dormant or non-viable, was determined using a Tetrazolium (TZ) 

test on the non-germinated and non-decayed seeds.   

 

Soil measurements 

Soil samples were analysed weekly during the seed incubation period for, soil microbial 

enzyme activity (on days 2, 9, 16, 23), soil microbial activity (respiration) (on days 1, 8, 

15, 22) and soil moisture (on days 1, 8, 15, 22).  The soil in the pots was thoroughly 

mixed before soil samples were taken for the measurements, except for microbial 

activity (respiration) measurement; the pots were placed in jars undisturbed. 

 

Soil microbial enzyme activity (fluorescein diacetate (FDA) hydrolysis) 

FDA hydrolysis was measured according to the method of Schnurer and Rosswall 

(1982).  Moist soil (5.0 g dry weight) was suspended in 20 ml of 60 mM potassium 

phosphate buffer and 0.2 ml FDA (2 mg ml -1 in acetone) added.  The soil suspensions 

were incubated (24°C, at 90 rpm) for 30 min.  After incubation, the reaction was 

terminated by adding 20 ml acetone to the suspension.  The soil suspensions were then 

centrifuged for 10 min at 600 rpm and filtered with Whatman no. 1 filter paper.  The 

supernatant was measured as absorbance at 490 nm using a spectrophotometer (UV/VIS 

920, GBC Scientific equipment Pty, Ltd).  Values of FDA hydrolysis were obtained 
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using a calibration curve (for each green manure type and moisture level) relating 

absorbance and fluorescein concentration (ranging from 0 to 200 µl) 

 

Soil microbial activity (respiration) 

The same method as experiment one (chapter one) was used except, that gas samples 

from the jars were taken at 0, 30, 60 and 120 min after the pots were placed into the jars, 

due to the reduced volume of soil used.  A similar standard concentration of carbon 

dioxide (0.4%) was used to determine the concentration of carbon dioxide in the 

samples.  The rates of soil activity were determined and were calculated as  

µg CO2 - C g-1 soil per d-1. 

 

Soil moisture  

Soil moisture content was measured by oven-drying (at 105°C) approximately 25 g of 

soil for 48 hours. 

 

Statistical analysis 

The experimental design was completely randomised with four replicates per 

treatments.  All means and standard error of the means were analysed using GenStat®.  

Each seed type was analysed separately by two-way ANOVA, with no transformations 

required as the data met the assumptions made by ANOVA (Draper and Smith, 1981; 

Mead et al., 1993).  Significant differences among means were assessed by least 

significant difference test (LSD, P≤ 0.05).   

 

Microbial activity was monitored both by FDA hydrolysis and respiration assays.  FDA 

hydrolysis assay was statistically analysed (three-way ANOVA).  Respiration data was 

analysed (two-way ANOVA) using only the lupin green manure data, as using all the 

green manure data produced a non-normal distribution.  The data was also square root 

transformed prior to statistical analysis.  To determine if there were statistical 

differences between amended and non amended soils, a two-way ANOVA was 

conducted at each time point for respiration data.  Correlation between seed decay and 

other measurements also assessed. 
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1.2.4 Experiment 4: Effect of fresh and dried Brassica napus varieties on seed 

decay. 

The materials and methods used were similar to those used in experiment one and three 

(chapter one); the same experimental conditions, seed types and microbial 

measurements were used.  The only exceptions were the green manure treatments, soil 

moisture level and soil volume used.   

 

Green manure preparation 

Brassica napus varieties 2809 and 4063 (BQ mulch) and unamended soil were used, as 

experiment one showed no effect of other green manures on seed decay.  B. napus 

plants were grown in the glasshouse maintaining 18 – 22°C and harvested at flowering.  

Half of the plants were dried at 40°C and the other half used fresh.  The plant residue 

(shoot material) was incorporated into the soil as dried 1 – 2 mm or fresh 5 – 10 mm 

sized material at a rate of 1% (1g dry plant residue / 100 g of dry soil) or 5% (5 g fresh 

plant residue / 100 g dry soil), allow for differences in the moisture contents of the 

added plant material.  Lancelin sand was placed into pots (round 500 ml containers with 

lids) and plant residue and water were added to each pot separately and thoroughly 

mixed individually.  The soil treatments were hydrated to 14% moisture (60% of WHC 

(Piper, 1942)).  Each week, water was added to maintain the water level content, but 

some drying out of the surface soil did occur in between watering.   

 

Soil preparation 

The soil treatments were pre-incubated for zero, two and four weeks before sowing the 

appropriate seeds.  The aim was to determine the appropriate incubation time required 

for seed decay.  The soils were incubated in the laboratory maintaining 18 to 25°C. 

 

Seeding 

After zero, two and four weeks soil incubation, lettuce and cress seeds were sown into 

pots at 1cm depth.  Lettuce and cress seeds were added 50 per pot in nylon bags (mesh 

size 0.45 mm) so that they could be easily retrieved at collection.  Lettuce and cress 

seeds were recovered after one week, as it was found that this is the best period of time 

required for lettuce seed decay (experiment one, chapter two).  The seeds were assessed 

for germination when recovered from the soil and the non-germinated seeds were plated 

on water agar for a further three weeks, after which the number of seeds that further 

germinated was recorded.  The seeds which had still not germinated were assessed for 
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decay.  A Tetrazolium (TZ) test was preformed on the non-germinated, non-decayed 

seeds to determine their status i.e. dormant or non-viable.   

 

Soil measurements 

Soil samples were analysed weekly during the seed incubation period for microbial 

activity (FDA and respiration) and soil moisture (measured on days 1, 8, 15, 22, 29 and 

35).  Soil microbial activity was measured with the fluorescein diacetate (FDA) 

hydrolysis assay (on days 3, 10, 17, 24, 31 and 38) and the respiration method 

(measured on days 1, 8, 15, 22, 29 and 35), as in experiment three (chapter one).  The 

soil in the pots was thoroughly mixed before soil samples were taken for the 

measurements, except for microbial activity (respiration) measurement; the pots were 

placed in jars undisturbed. 

 

Statistical analysis 

The experimental design was completely randomised with six replicates per treatments.  

All means and standard error of the means were analysed using GenStat®.  Each seed 

species was analysed separately by three-way Analysis of variance (ANOVA).  

Significant differences among means were assessed by least significant difference test 

(LSD, P≤ 0.05).  One outlier was removed from each; lettuce seed decay, lettuce soil 

germination and cress seed decay and two outliers were removed from cress soil 

germination data prior to statistical analysis.  Both lettuce and cress soil germination 

data were transformed (squared transformation (x2)) prior to statistical analysis, to meet 

the assumptions made by ANOVA (Draper and Smith, 1981; Mead et al., 1993).   

 

Microbial activity (FDA hydrolysis and respiration) was also statistically analysed 

(three-way ANOVA).  Respiration data were transformed (square root of data plus 

one 1+x ) prior to statistical analysis.  Correlation between seed decay and other 

measurements was also assessed. 

 

Due to large number of experiments see Table 1.i of summary of all experiment 

treatments and measurements.   



Table 1.i:  Details of all experiments treatments and measurements made. 

Experiment 
No. 

Treatments used      Measurements made  

 Green manure type and 
size 

Soil pre-
incubation 
period 

Seeds Seeds 
recovered 
after 

Soil Moisture 
%WHC 

exp. 
Temp. 
°C 

Seeds tests Soil test 

1: Seed 
decay is soil 
associated 
with green 
manure 
amendments 

(dried 1-2mm) 
Lupinus angustifolius  
Avena sativa 
Brassica juncea 
unamended 

 2 wks 
 4 wks 

nylon bags 
 
Lettuce 
Cress 
Lupin 
 

1 wk 
4 wks 

47% 18-25 Germination  
TZ test 
 

-Soil microbial biomass 
C 
-Soil microbial activity 
( respiration) 
-Soil moisture 
-pH 
-conductivity 
-C content 
-N content 

2: Effect of 
nylon seed 
bags on seed 
decay 

(dried 0.5-2mm) 
Lupinus angustifolius 
unamended 

2 wks nylon bags 
and no bags 
 
Lettuce 
Cress 
Ryegrass 
 

9 days 47% 18-25 Germination  
TZ test 
 

 

3. Effect of 
varied soil 
moisture 
levels on 
seed decay 

(dried 1-2mm) 
Lupinus angustifolius 
unamended 

2 wks nylon bags 
 
Lettuce 
Cress 
 

1 wk 16% 
28% 
56% 
75% 

18-25 Germination  
TZ test 
 

-Soil microbial enzyme 
activity (FDA) 
-Soil microbial activity 
( respiration) 
-Soil moisture 

4. Effect of 
fresh and 
dried 
Brassica 
napus 
varieties on 
seed decay. 

Dried 1-2mm or 
Fresh 5-10mm  
Brassica napus variety 
2809 and 4063 
unamended 

0 
2 wks 
4 wks 

nylon bags  
 
Lettuce 
Cress 
 

1 wk 60% 18-25 Germination  
TZ test 
 

-Soil microbial enzyme 
activity (FDA) 
-Soil microbial activity 
( respiration) 
-Soil moisture 
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1.3 Results 

1.3.1 Experiment 1: Seed decay in soil associated with green manure amendments. 

Lettuce seed decay and germination 

All lettuce seeds sown in lupin green manured soil showed decay, but only when the soil 

was pre-incubated for two weeks before the seeds were sown (Figure 1.1).  Seeds were 

recovered one week after sowing.  There was little decay in any of the other treatments 

(<10%).    
 

Germination in the soil showed a reversal of results, in seeds recovered after one week, 

with no germination in lupin green manure and 90% germination or more for all the other 

green manured soils (data not shown).  Lettuce seeds and seedlings had decayed in the 

sachets, which made it difficult to make assessments when recovered from the soil after 

four weeks, for both pre-incubation periods.   
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Figure 1.1: Mean percent decayed seeds of lettuce seeded after two and four weeks pre-

incubation (prior to seeding) with different green manure amendments.  Seeds were 

recovered from the soil after one week.  Error bars indicate the standard error of the 

means.   
 

Cress seed decay  

Greater percentages (P≤ 0.05) of cress seeds were found to have decayed in lupin green 

manured soil, which had been pre-incubated for two weeks compared to the four weeks 

pre-incubation period (Table 1.2).  Lupin green manured soil pre-incubated for two weeks 

caused significantly (P≤ 0.05) greater seed decay than all other green manured soils and 

at both pre-incubation times (Table 1.2).   
 

A larger proportion (P≤ 0.05) of cress seeds recovered from lupin green manured soil 

after four weeks, showed greater decay than seeds recovered from the same treatment 
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after one week (Table 1.2).  Seeds recovered from lupin green manured soil after four 

weeks showed significantly (P≤ 0.05) greater decay than in other green manured soils 

(Table 1.2).  No significant difference was seen between all other factors: green manure 

type, soil pre-incubation time and time of seed recovery.  Appendix A shows the non-

transformed data.  
 

Table 1.2: Mean percent decayed cress seeds (square root transformed x ) in soil 

amended with different green manures and subjected to two or four weeks pre-incubation 

periods before seeding.  Seeds were recovered after one and four weeks.  Means in 

columns and rows followed by the same letter are not significantly different. 

Green manure 
amendments 

Seed recovery 
time 

Soil pre-incubation time  Mean 1 

  2 weeks 4 weeks  
Lupin 1 week 5.1 1.6 3.3 b   

 4 weeks  9.5 4.3 6.9 a   

 Mean 2 7.3 a   3.0 b   n.a. 
   
Mustard 1 week 2.9 2.7 2.8 b   

 4 weeks  3.1 2.4 2.8 b   

 Mean 2 3.0 b   2.6 b   n.a. 
   
Oat 1 week 3.3 2.7 3.0 b   

 4 weeks  3.1 2.6 2.9 b   

 Mean 2 3.2 b   2.7 b   n.a. 
   
Non-amended 1 week 2.5 3.5 3.0 b   

 4 weeks  3.0 2.8 2.9 b   

 Mean 2 2.8 b   3.2 b   n.a. 
     
Overall Mean 3  4.1 a   2.8 b n.a. 
  
Significance  
Cress seed decay:   
(green manure amendments): P<0.001 l.s.d. (P≤ 0.05) = 0.7 
(soil pre-incubation time): P<0.001 l.s.d. (P≤ 0.05) = 0.5 
(seed recovery time): P=0.004 l.s.d. (P≤ 0.05) = 0.5 
(green manure amendments . soil pre-incubation time): P<0.001  l.s.d. (P≤ 0.05) = 1.1 
(green manure amendments . seed recovery time): P<0.001 l.s.d. (P≤ 0.05) = 1.1 
(soil pre-incubation time . seed recovery time): n.s.  
(green manure amendments . soil extract type . soil pre-incubation time):  n.s.  
Mean 1 = mean for the combination between green manure amendments and seed recovery time 
Mean 2 = mean for the combination between green manure amendments and soil pre-incubation time  
Mean 3 = overall mean for soil pre-incubation time 
 

Cress seed germination 

Cress seed germination in the soil was lower (P≤ 0.05) in lupin amended soil than in 

other amended soils (Figures 1.2a and 1.2b).  No cress seeds germinated in lupin 
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amended soil which had been pre-incubated for two weeks, while in soil subjected to 

four weeks pre-incubation with lupin amendment more seeds had germinated when they 

were recovered at one week (83%) than at four weeks (33%) (Figures 1.2a and 1.2b).  

When mustard was used to amend the soil, germination was lower in soil which had 

been pre-incubated for two weeks than in soil pre-incubated for four weeks before 

seeding, and more germination occurred when they were retrieved from the soil than 

after one week.   
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Figure 1.2: Mean percent cress germination in soil which was subjected to two weeks 

and four weeks pre-incubation (before seeding) with different green manure 

amendments.  Seeds were recovered from soil after one (a) and four (b) weeks.  Error 

bars indicate the standard error of the means, LSD(P≤ 0.05) = 16. 

 

Lupin seed decay  

Lupin seeds also showed greater (P≤ 0.05) decay in lupin green manured soil pre-

incubated for 4 weeks (mean = 63%) compared to lupin green manured soil pre-

incubated for 2 weeks before seeding (mean = 0%).  There were no significant 

differences between the other treatments, all showing little or no seed decay (Appendix 

A shows the data graphically).   

 

Soil moisture 

The soil moisture content was not significantly different for the interaction between 

green manure type and duration of experiment.  The soil was maintained at 

approximately 47% water holding capacity.  However, there was higher (P≤ 0.05) soil 

moisture content in amended soils than non-amended soil (Table 1.3).  There was also 

a b 



 42 

higher (P≤ 0.05) soil moisture content at two weeks than at four weeks after amending 

the soil (Table 1.4). 

 

Table 1.3: Mean percent soil moisture with different green manure types,  

LSD(P≤ 0.05) = 1.4.  Means followed by the same letter are not significantly different.   

Green manure Oat Lupin Mustard None 
Soil moisture (%) 10.8 a 10.4 a 10.1 a 8.2 b 

 

Table 1.4: Mean percent soil moisture through time, LSD(P≤ 0.05) = 1.7.  Means followed 

by the same letter are not significantly different.  

Time (wks) 2 3 4 5 6 8
Soil moisture (%) 10.2 ab 8.6 bc 8.4 c 11.1 a 9.9 abc 11.0 a

 

Soil pH 

Soil pH ranged between 6.5 and 9, with a gradual (P≤ 0.05) increase in pH over time 

(Figure 1.3).  Lupin and mustard green manured soils showed similar trends (Figure 

1.3).  The pH of soil amended with oat green manure was initially lower than that of 

soils amended with lupin or mustard manures, but was the same at 8 weeks (end of 

experiment) (Figure 1.3).   

 

Soil conductivity 

There was greater (P≤ 0.05) soil conductivity in green manured amended soil than non-

amended soil (Figure 1.4).  Mustard green manured soil showed greater (P≤ 0.05) 

conductivity than lupin or oat amended soils (Figure 1.4).  
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Figure 1.3: Mean soil pH of soil amended with various green manures, LSD(P≤ 0.05) = 0.5.  

Error bars indicate the standard error of the means (n=3). 
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Figure 1.4: Mean conductivity (µS cm-1) level of soil amended with various green 

manures,             LSD(P≤ 0.05) = 60.  Error bars indicate the standard error of the means. 

 

Plant carbon : nitrogen  ratio 

Oat green shoot material provided greater (P≤ 0.05) carbon content than lupin or 

mustard plant material (dry weight basis) (Table 1.1).  Lupin shoot material resulted in 

greater (P≤ 0.05) nitrogen content than the other plant materials (Table 1.1).  Oat shoot 
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material resulted in the greatest (P≤ 0.05) C:N ratio while lupin shoot material resulted 

in the lowest C:N ratio (Table 1.1). 

 

Soil Carbon and Nitrogen 

As expected there was greater (P≤ 0.05) carbon content in oat amended soils than the 

other amended soils (Table 1.5).  There was no significant difference between carbon 

values at two and four weeks of incubation (data not shown). 

 

Table 1.5: Mean percent carbon in soil amended with green manure at two and four 

weeks after green manure amendment, LSD(P≤ 0.05) = 0.03.  Means followed by the same 

letter are not significantly different.   

Green 
manure Lupin Mustard Oat None 
 % carbon 0.35 b 0.38 b 0.45 a 0.21 c 

 

As expected lupin amended soil had greater (P≤ 0.05) nitrogen content than the other 

amended soils after four weeks incubation (Table 1.6).  At two weeks soil incubation, 

there was no significant difference in nitrogen content between the amended soils 

(Table 1.6).  Only lupin green manured soil gained nitrogen content over time (Table 

1.6).   

 

Table 1.6: Mean percent nitrogen in soil amended with green manure at two and four 

weeks after green manure amendments, LSD(P≤ 0.05) = 0.010.  Means followed by the 

same letter are not significantly different.   

 Soil incubation time 
Green manure 
type 2 wks 4 wks 
Lupin 0.030 b 0.042 a 
Mustard 0.034 ab 0.024 bc  
Oat 0.029 b  0.025 bc  
Non-amended 0.015 cd  0.008 d 

 

At four weeks, oat green manured and non-amended soils had greater (P≤ 0.05) C:N 

ratio than lupin amended soils (Table 1.7).  The C:N ratio was the same for all the 

amended soils after two weeks of incubation.  An increase in C:N ratio over time was 

only  evident in non-amended soils (Table 1.7).  This unusual result is due to the slight 

decrease in nitrogen content at four weeks.    
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Table 1.7: Mean C:N ratio in soil amended with green manure at two and four weeks 

after green manure amendments, LSD(P≤ 0.05) = 7.72.  Means followed by the same letter 

are not significantly different.   

 Soil incubation time 
Green manure 
type 2 wks 4 wks 
Lupin 11.73 cd 8.36 d  
Mustard 11.27 cd 16.55 bc 
Oat 15.37 bcd 20.85 ab  
None 14.62 bcd 28.14 a 

 

Soil microbial activity (respiration) 

Microbial respiration levels were higher (P≤ 0.05) in green manured soil than non-

amended soils throughout the experiment (Figure 1.5).  There was a gradual decrease in 

microbial respiration with time (Figure 1.5).  Initially (day 7 and 9) mustard amended 

soil showed greater (P≤ 0.05) microbial activity than the lupin amended soil, followed 

by oat amended soil (Figure 1.5).  After this time, all the green manured soils showed a 

similar trend, and became constant (Figure 1.5).  The microbial respiration in mustard, 

lupin and oat amended soils was greater (P≤ 0.05) at two weeks than at four weeks 

incubation period, when the seeds were added.  The addition of seeds had no effect on 

microbial respiration (data not shown). 
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Figure 1.5: Mean microbial respiration (µg CO2 - C g-1d-1) in soil amended with various 

green manures, LSD(P≤ 0.05) = 4.  Error bars indicate the standard error of the means. 
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Soil microbial biomass C  

The microbial biomass C of the green manured soils was greater (P≤ 0.05) than that of 

the non-amended soils (Figure 1.6).  Oat amended (mean = 226 µg/g C) soil had 

significantly greater microbial biomass C than lupin (mean = 106 µg/g C) or mustard 

(mean = 132 µg/g C) amended soils.  The microbial biomass C for non-amended soil 

(mean = 16 µg/g C) remained relatively low throughout the experiment.  There were no 

significant differences in the microbial biomass C levels over time (8 weeks) (Figure 

1.6).  The addition of seeds had no effect on microbial biomass C (data not shown).  
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Figure 1.6: Mean microbial biomass carbon (total organic carbon - µg/g C) from soil 

amended with different green manures.  Error bars indicate the standard error of the 

means.   

 

Dissolved organic carbon (DOC) 

There was greater (P≤ 0.05) DOC in amended soils than non-amended soils for the 

duration of the experiment (Figure 1.7).  DOC was greater (P≤ 0.05) in lupin green 

manured soil at two weeks than the other soil treatments (Figure 1.7).  Oat amended soil 

showed lower (P≤ 0.05) levels of DOC than lupin and mustard amended soils at two and 

three weeks (Figure 1.7). 
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Figure 1.7: Mean dissolved organic carbon (µg/g C) from soil amended with green 

manure, LSD(P≤ 0.05) = 44.  Error bars indicate the standard error of the means.   

 

Correlation between all measurements and time 

Positive correlations were found between the following variables:  

DOC and lettuce seed decay (r2 = 0.72);  DOC  and cress seed decay (seed in soil for 4 

weeks only) (r2 = 0.76);   DOC and microbial respiration (r2 = 0.63); conductivity and 

microbial respiration (r2 = 0.69); DOC and soil carbon (r2 = 0.63); soil carbon and 

conductivity (r2 = 0.60) (Table 1.8).   

Negative correlations were found between the following variables: 

DOC and lettuce seed germination in the soil (r2 = -0.65);  DOC and cress seed 

germination (recovered from the soil after 1 and 4 weeks) (r2 = -0.73, r2 = -0.73), 

respectively (Table 1.8).     

No correlations were found between the following variables: 

seed decay and other biotic or abiotic parameters measured;  seed germination in the 

soil and other biotic or abiotic factors measured (Table 1.8).   
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1.3.2 Experiment 2: Effect of introducing seeds in nylon bags on seed decay.  

Seed decay 

The use of nylon bags to introduce seeds into soil had no effect on seed decay.  There was 

however a large percentage of seed decayed in lupin green manured soils (Table 1.9).  A 

greater percentage of lettuce seeds were decayed in lupin amended soil than with cress or 

ryegrass seeds (Table 1.9).  Seed germination in the soil showed a reversal of results, with 

little germination in lupin amended soils and high germination for non-amended (control) 

soils (data not shown).  
 

Table 1.9: Mean percent decayed seeds for the interaction between seed species and green 

manure type (LSD(P≤ 0.05) = 6).  Means followed by the same letter are not significantly 

different. 

 Seed species    
Green manure 
type Lettuce Cress Ryegrass
Lupin 100 a 90 b 76 c 
Non-amended 7 de 10 d 3 e 

 

1.3.3 Experiment 3: Effect of varied soil moisture levels on seed decay. 

Seed decay 

Soil moisture levels had no effect on lettuce and cress seed decay.  However, both seed 

species were significantly (P≤ 0.05) decayed in lupin green manured soil (Table 1.10).   
 

Table 1.10: Mean percent decayed lettuce and cress seeds in non-amended and lupin 

amended soil, for all soil moisture levels.  Column means followed by the same letter are 

not significantly different. 

 Seed species 
 Green manure type  Lettuce cress 
Lupin  91 a 66 a 
None 9 b 18 b 
LSD(P≤ 0.05)

* 9 7 
*LSD = least significant difference 
 

Lettuce seed germination 

There was little or no lettuce seed germination (P≤ 0.05) in the lupin amended soil at all 

moisture levels (Figure 1.8).  Soil moisture effect was evident only in the non-amended 

soil.  Seed germination was greater at higher moisture levels of 56 and 75% water holding 

capacity (WHC), than at 16 and 28% soil moisture (WHC).  Least germination occurred 

in the non-amended soil at 16% soil moisture level (WHC).   
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Figure 1.8: Mean percent lettuce germination in soil after two weeks pre-incubation in 

lupin green manured soil at different soil moisture levels (% of WHC).  Seeds were 

recovered from soil after one week. Error bars indicate the standard error of the means, 

LSD(P≤ 0.05) = 13.  
 

Cress seed germination 

There was little or no cress seed germination (P≤ 0.05) in the lupin amended soil at all 

moisture levels (Figure 1.9).  Soil moisture effect was evident only in the non-amended 

soil.  Only the soil moisture level at 16% of WHC significantly (P≤ 0.05) reduced seed 

germination in non-amended soil (Figure 1.9).  
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Figure 1.9: Mean percent cress germination in soil after two weeks pre-incubation in 

lupin green manured soil at different soil moisture levels (% of WHC).  Seeds were 

recovered from soil after one week.  Error bars indicate the standard error of the means, 

LSD(P≤ 0.05) = 8.  
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Soil microbial activity (respiration) 

Microbial respiration was greater (P≤ 0.05) in lupin amended soils than non-amended 

soils (data not shown).  Data for non-amended soil was very close to a zero result (overall 

mean of 0.8).  The greatest (P≤ 0.05) activity was at 56% WHC and 16% WHC had the 

lowest activity initially (day one) (Figure 1.10).  After this time, all soil moisture levels 

showed a similar trend of gradual decrease in activity.  At day 15 (when the seeds were 

sown) the microbial respiration level was greater in soils moist to 56 and 75% WHC than 

in soils of 16 and 28% WHC (Figure 1.10).  Twenty eight percent WHC supported the 

lowest activity (P≤ 0.05) at this time (day 15).  Appendix A shows the non-transformed 

data graphically. 
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Figure 1.10: Mean microbial respiration (square root transformed) (µg CO2 - C g-1d-1) 

with time in lupin amended soil, held at specific levels of WHC, LSD(P≤ 0.05) = 0.9.  Error 

bars indicate the standard error of the means.  
 

Soil microbial activity (fluorescein diacetate (FDA) hydrolysis)  

There were higher (P≤ 0.05) levels of hydrolysed FDA in lupin amended soils than non-

amended soils (Figure 1.11).  The hydrolysis of FDA for non-amended soil did not 

change over time (P≤ 0.05) or with different soil moistures levels (Figure 1.11).  At day 

three, the lupin amended soil at 28% WHC showed the highest level of FDA hydrolysis.  

Sixteen percent WHC treatment had the lowest FDA hydrolysis among the lupin amended 

treatments (at day three) (Figure 1.11).  Near the time of sowing the seeds (day 14), soil 

maintaining 16% WHC showed significantly higher level of hydrolysis of FDA than soil 

of 28% WHC (which was the lowest).   
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Figure 1.11:  Mean hydrolysis of FDA over time in lupin amended soils with varying 

WHC (16 to 75%) levels (5.0g [dry weight] of soil in 20 ml of 60 mM potassium 

phosphate buffer), LSD(P≤ 0.05) = 12.  Error bars indicate the standard error of the means. 
 

Correlation between all measurements and time 

Decay of lettuce and cress seeds was positively correlated with the hydrolysis of FDA (r2 

= 0.922 and r2 = 0.836, respectively) and microbial respiration (r2 = 0.952 and r2 = 0.891, 

respectively).  Hydrolysis of FDA and microbial respiration were also positively 

correlated (r2 = 0.915).  Soil moisture was not correlated with seed decay, germination or 

microbial activity (respiration or FDA hydrolysis) (Table 1.11).   
 

Table 1.11: Correlation matrix, between all measurements and time. 
Lettuce decayed 1      
Cress decayed 0.89 1     
Lettuce germ* 0.54 0.50 1    
Cress germ* 0.06 0.08 0.33 1   
FDA 0.92 0.84 -0.45 0.09 1  
Respiration^ 0.95 0.89 0.54 0.02 0.92 1 
Soil moisture 0.00 0.09 0.02 0.35 -0.01 0.35 
 Lettuce 

decayed 
Cress 
decayed 

Lettuce 
germ* 

Cress 
germ* FDA Resp.^ 

* germination in the soil at the recovery time, ^ transformed data 

 

1.3.4 Experiment 4: Effect of fresh and dried Brassica napus varieties on seed 

decay. 

Lettuce seed decay  

Little decay occurred for lettuce seeds in soil amended with both varieties of Brassica 

napus (Figure 1.12), however there were significant interactions.  More (P≤ 0.05) 
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lettuce seed decay was found in fresh material of B. napus variety 2809 at two and four 

weeks than in dried B. napus variety 2809 (Figure 1.12).  For B. napus variety 4063 

there was no significant difference in lettuce seed decay between fresh and dried plant 

material over the same time (Figure 1.12). 
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Figure 1.12: Mean percent lettuce seed decayed in soil pre-incubated for zero, two and 

four weeks with fresh (a) and dried (b) Brassica napus variety 4063 and variety 2809 

green manure types.  Seeds were recovered from soil after one week.  Error bars 

indicate the standard error of the means, LSD(P≤ 0.05) = 6.  

 

Cress seed decay 

Little decay occurred for cress seeds in soil amended with both varieties of Brassica 

napus (Figure 1.13), however there were significant interactions.  Greater cress seed 

decay occurred in fresh B. napus variety 4063 amended soil at two weeks than in dried 

in B. napus variety 4063 amended soil (Figure 1.13).  However, greater seed decay was 

found at four weeks in dried B. napus variety 2809 than in fresh B. napus variety 2809 

amended soil (Figure 1.13). 

   

a b 
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Figure 1.13: Mean percent cress seed decayed in soil pre-incubated for zero, two and 

four weeks with fresh (a) and dried (b) Brassica napus variety 4063 and variety 2809 

green manure types.  Seeds were recovered from soil after one week.  Error bars 

indicate the standard error of the means, LSD(P≤ 0.05) = 8.  

 

Lettuce seed germination 

Less (P≤ 0.05) lettuce seed germination occurred in dried B. napus variety 2809 without 

soil pre-incubation and with four weeks soil pre-incubation than in fresh B. napus 

variety 2809 (Figure 1.14).  Similarly the percentage of lettuce seed germination was 

lower in treatment with dried B. napus variety 4063 without soil pre-incubation than in 

that with fresh material from B. napus variety 4063.  Appendix A shows the non-

transformed data graphically. 
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Figure 1.14: Mean percent germination in soil (square (x2) transformed) of lettuce seeds 

in soil subjected to zero, two and four weeks pre-incubation with fresh (a) and dried (b) 

Brassica napus variety 4063 and variety 2809 green manures.  Seeds were recovered 

a b 

a b 
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from soil after one week.  Error bars indicate the standard error of the means, LSD(P≤ 0.05) 

= 1233.  

 

Cress seed germination 

Cress seeds recovered from soils amended with both fresh and dried varieties of  

B. napus germinated poorly (P≤ 0.05) without soil pre-incubation.  Less (P≤ 0.05) cress 

seed germination occurred in dried B. napus variety 2809 at four weeks soil pre-

incubation than in fresh B. napus variety 2809 (Figure 1.15).  Similarly fewer cress 

seeds germinated in dried B. napus variety 4063 at four weeks soil pre-incubation than 

in fresh B. napus variety 4063 (Figure 1.15).  Appendix A shows the non-transformed 

data graphically.   
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Figure 1.15: Mean percent germination in soil (square (x2) transformed) of cress seeds 

in treatments of zero, two and four weeks pre-incubation in fresh (a) and dried (b) 

Brassica napus variety 4063 and variety 2809 green manures.  Seeds were recovered 

from soil after one week.  Error bars indicate the standard error of the means, LSD(P≤ 0.05) 

=1306.  

 

Soil microbial activity (respiration) 

All amended soils had greater (P≤ 0.05) microbial respiration rates than non-amended 

soil for the duration of the experiment (Figures 1.16a and 1.16b).  Responses of 

microbial respiration in soil to amendments with dried or fresh B. napus plant material 

were different.  Microbial respiration rates in soil amended with dried B. napus was 

significantly higher initially (day one) than in fresh B. napus amended soil.  Dried  

B. napus amended soil had less activity from day 8 to day 22 compared to that with 

fresh B. napus amended soil (Figures 1.16a and 1.16b).  Appendix A shows the non-

transformed data graphically. 

a b 
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Figure 1.16: Mean microbial respiration (square root of data plus one 1+x  

transformation prior to statistical analysis (µg CO2 - C g-1d-1)) in soil amended with 

fresh (a) and dried (b) green manure from Brassica napus variety 4063 and variety 

2809.  Error bars indicate the standard error of the means, LSD(P≤ 0.05) = 1.2.  

 

Soil microbial activity (fluorescein diacetate (FDA) hydrolysis)  

The microbial activity (FDA hydrolysis) in the majority of soil treatments was greater 

(P≤ 0.05) than in the non-amended soils (Figures 1.17a and 1.17b).  There was more 

activity in fresh B. napus amended soil than in the non-amended, but only at days 17 to 

38 (Figure 1.17a).  There was an unexplained decrease in activity at day 31 for fresh 

material from both varieties of B. napus.  Hydrolysis of FDA in soil amended with dried 

material from the two B. napus varieties was significantly different than that of non-

amended for the entire duration of the experiment (Figure 1.17b).  FDA hydrolysis 

trends in the dried and fresh B. napus amended soils were different.  Responses of 

activity in soil amended with fresh B. napus varieties were significantly greater than in 

soil amended with dried B. napus varieties at day 24.  However, dried B. napus 

amended soils had greater activity from days 3 to 10 and at day 31 than in fresh  

B. napus amended soils (Figures 1.17a and 1.17b).  

a b 
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Figure 1.17: Mean hydrolysis of FDA over time in soil amended with fresh (a) and dried 

(b) green manure from Brassica napus variety 4063 and variety 2809.  Error bars 

indicate the standard error of the means, LSD(P≤ 0.05) = 23. 

 

Correlation 

There was only a very weak correlation between lettuce seed germination and microbial 

respiration (Table 1.12).  There was also a very weak correlation between lettuce seed 

decay and lettuce germination in the soil and a very weak correlation between cress 

decayed seeds and cress germination in the soil (Table 1.12). 

 

Table 1.12: Correlation matrix, between all measurements and time. 

Lettuce decayed 1     
Cress decayed 0.23 1     
Lettuce germ* -0.57 -0.19 1   
Cress germ* -0.20 -0.61 0.33 1  
FDA 0.32 0.21 -0.38 -0.33 1
Respiration * 0.24 0.16 -0.59 -0.30 0.10
            
  Lettuce decayed Cress decayed Lettuce germ* Cress germ* FDA

Lettuce germ = number of germinated lettuce seeds 

Cress germ = Number of germinated cress seeds 

* = transformed 

 

 

 

 

 

a b 
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1.4 Discussion 

Comparison of the experiments in relation to seed decay and germination   

The incorporation of lupin green manures into soil appeared to affect the survival of 

seeds significantly (experiments one, two and three).  Lupin green manured soils 

promoted decay of lettuce, cress and lupin seeds after various periods of incubation and 

soil pre-incubation (experiment one).  Lettuce and cress seeds decayed in soil which 

had been pre-incubated for two weeks while lupin seeds were decayed only in amended 

soil pre-incubated for four weeks.  Once placed in amended soils, lettuce and lupin 

seeds displayed signs of decay after only one week.  However, cress seeds needed to be 

in amended soils for four weeks for decay to occur.  The difference in the duration 

required for seed decay for each seed type could be due to the differences in seed 

characteristics (seed size, seed coat, germination rate and seed type).  For example, 

cress (Lepidium sativum) seed coat contains mucilage with cellulose elementary fibrils 

embedded in it, which has more structural strength when wet and the slime remains 

more adherent to the seed (Werker, 1997).   

 

Conflicting results were obtained for cress seeds incubated in lupin green manure.  

There was no cress seed germination in soil pre-incubated for two weeks before seeding 

irrespective of whether they were in the soil for one week or four.  However, seeds 

germinated well in lupin amended soil after one week (83%), but not after four weeks 

(33%).  Seed decay was only substantial after the seeds were in the soil for four weeks.  

This difference in results is possibly due to germination being inhibited by the lupin 

green manure initially, but decaying after prolonged exposure or contact with the green 

manure (experiment one).   

 

Lettuce, cress and ryegrass seeds were also decayed in lupin green manure amended 

soil in the glasshouse (experiment two).  However, cress seeds were decayed only after 

nine days (experiment two) and seven days (experiment three) of being in lupin 

amended soil.  Interestingly, in experiment one, cress seeds where not decayed when 

recovered after one week, however, they were decayed when recovered after four 

weeks.  This observation is possibly due to the differences in the variety, or age of lupin 

green manure or the growing conditions of the original lupin plants.  For example, lupin 

plants used in experiment one were grown in the field at Merredin, while for 

experiments two and three, lupin plants were grown in the glasshouse under controlled 

environments.  The differences in results between the three experiments could also be 
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due the use of different batches of cress seeds.  Even though they are from the same 

reputable seed supplier, there may have been some variations in seed batches.  There 

were also variations in the severity of seed decay between the seed species.   This is 

probably due to the differences in seed characteristics (seed size, seed coat, germination 

rate and seed type) (Baskin and Baskin, 1998).  The placement of seeds in the nylon 

seed bags did not mask the effect of green manure amendments on seed decay; 

therefore nylon bags were used in subsequent experiments to monitor the germination 

and decay of small seeds (experiment two).  

 

Soil moisture 

Similarly, lettuce and cress seeds were decayed in lupin amended soil at all soil 

moisture levels tested (experiment three).  Furthermore, the germination of lettuce and 

cress seeds in the soil were also reduced by lupin green manure as displayed by 

experiments one, two and three.  An effect of soil moisture was only seen in non-

amended soil for both seed types.  The lower the soil moisture the less seeds 

germinated, probably due to inadequate moisture to initiate germination processes, as 

these seeds were later able to germinate when provided with adequate moisture 

(experiment three).  Little to no lettuce or cress seeds germinated in lupin amended soils 

at all levels of moisture.  This could indicate that the range of soil moisture tested has 

no effect on the germination of lettuce and cress seeds in lupin amended soils.  

However, the effect of the lupin amendment may have overshadowed any possible 

effect of soil moisture within lupin amended soils.   

 

Brassica green manure 

Lettuce and cress seeds were decayed to a lesser extent by Brassica napus varieties than 

lupin amended soils (experiment four).  It was expected that Brassica napus would 

inhibit seed germination (Brown and Morra, 1996; Petersen et al., 2001; Vaughn and 

Boydston, 1997).  It was also expected that there would be a greater inhibition of seed 

germination with fresh plant material than dried plant material (Petersen et al., 2001).  

Glucosinolates are known to be hydrolysed to toxic volatile compounds soon after the 

addition as green manure into the soil (Borek et al., 1995; Gardiner et al., 1999) and the 

ITC’s only remain in the soil for a very short period (Petersen et al., 2001).  Therefore, 

initial seed decay was expected, but did not occur when the seeds were added to the soil 

soon after B. napus green manure was incorporated.  However, germination of some 

seeds were inhibited initially when  
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B. napus green manure was incorporated.  Vaughn and Boydston (1997) used Onarga 

sandy loam (typic Argiudoll) while these studies used very sandy Lancelin soil; the loss 

of volatile compounds from the plant material may be dispersed more rapidly in sandy 

soil than loam soil and lost to the atmosphere, which may explain why there was no 

effect of the volatiles on seed viability (soil texture effects the persistency of toxic 

volatile compounds in the soil). 

 

Germination of cress seeds in soil were inhibited without soil pre-incubation (week 

zero) in soil amended with both fresh and dried material from both B. napus varieties. 

Seed inhibition in fresh green manured soil was possibly due to ITCs and other water-

soluble components of glucosinolate hydrolysis products (Brown and Morra, 1996).   

Inhibition by dried green manure seed was possibly due to the presence of other 

compounds as ITCs are volatiles and would not be expected to be retained when the 

plant material were dried.  Brown and Morra (1996) found that water soluble 

components from B. napus plants also inhibited seed germination.  Germination of 

lettuce seeds in soil was also inhibited after dried green manure amendment without soil 

pre-incubation (zero week).  Other inhibitions at either two or four weeks in soil 

amended with fresh or dried plant material for cress and lettuce seeds is possibly due to 

the presence of chemical compounds of plant origin and to a lesser extent from direct 

activity of microorganisms.  Even though the germination of seeds were inhibited in the 

soil, when they were removed from the soil and plated on water agar they germinated 

well (experiment four).  This suggests the inhibition of the seeds was due to chemical 

compounds of the amended soil and not decay or death of seeds.  As it could not be 

physical constraints due to the control seeds not being affected.  The chemical 

compounds in the soil amended with B. napus were able to inhibit germination, but 

were not able to decay or kill the seeds.    

 

Purvis et al. (1985) has also observed differential effect of incorporated residues on 

seeds.  For example Brassica napus residue increased Hibiscus trionum and Avena 

fatua germination and had no effect on Polygonum aviculare and Lamium amplexicaule 

(Purvis et al., 1985).  Stimulation or inhibition of seeds is dependent on the type of 

plant material used and the test species under examination.  Other factors include the 

quality of plant material incorporated and the concentration of soluble compound in 

plant materials.  In some cases there may be variation between species due to varied 
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responses to plant chemicals or even within species due to their natural variations 

(Purvis et al., 1985). 

 

Factors affecting seed decay 

Dissolved Organic Carbon 

The highest positive correlation seed decay had was with dissolved organic carbon 

(DOC) in soils, but only for lettuce and cress seeds.  Soil DOC increased far greater 

with lupin green manure than other green manures.  Soil DOC is a measure of dissolved 

organic carbon within the soil and it comes from a range of sources including organic 

matter, soil flora or fauna dead and dying and microorganisms.  This carbon source may 

provide a substrate or stimulus for an increase in specific populations of 

microorganisms in the soil (Conklin et al., 2002) responsible for seed decay.  It is also 

possible that soil DOC reflects decomposition activity of microbial communities or 

population of dead/dying microorganisms.  Similarly, some species of microorganisms 

can be limited by competition for carbon (Martin and Loper, 1999), allowing seed 

decaying microbes to increase.  DOC of lupin green manure could enhance populations 

of microorganisms responsible for seed decay.  It could also be correlated only because 

lupin green manure released more DOC at the same time as seeds decayed (experiment 

one).   

 

Gunapala and Scow (1998) believed that the most important factor differentiating the 

microbial communities in the different farming systems is the level of C and N entering 

the soil.  Nitrogen is a key nutrient element for microbial growth and hence for organic 

matter breakdown ( Alexander, 1977).  Plant tissues always contain some nitrogen and 

carbon, but its availability and amount varies greatly.  Plant material is composed of 

cellulose, lignin and hemicellulose, which break down at different rates.  This is 

apparent in this experiment, with the largest amount of dissolved organic carbon 

entering the microbial soil communities from green manures and possibly the 

subsequent microbial populations.  Lupin green manure had the greatest DOC followed 

by mustard and oat.  Therefore, each type of amendment could support different 

microbial communities, with lupin green manure possibly enhancing microbial 

communities responsible for seed decay.  The amount of DOC could alter the microbial 

communities or reflect different microbial activities and this would explain why the 

cress and lettuce seed decayed at two weeks soil pre-incubation and lupin only decayed 

after 4 weeks of soil pre-incubation.  DOC can be a readily available source of C for 
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microorganisms.  The release of DOC from compost has been reported to promote the 

growth of native microorganisms in the soils (Borken et al., 2002).  They also observed 

increases in concentrations of DOC with compost (organic household waste) treatments. 

 

Microbial activity 

Microbial activity (respiration) was significantly greater with all green manure 

amendments, however this did not correlate with seed decay.  Perhaps high microbial 

activity is needed only for a few hours in order to reduce germination or initiate decay 

of seeds, so that respiration rates over long periods correlate only weakly.  General 

microbial community activity may not be important in inhibiting seed germination.  The 

activity of specific components of microbial communities may be more important.   

Even though lupin and mustard green manure have the same microbial activity their 

microbial community structure could be different, which may account for the 

differences in seed decay (experiment one).   

 

The addition of green manure may also have provided a good external source of 

nutrients for specific microbes to increase.  For example Trichoderma harzianum has 

been reported to increase with the addition of pine sawdust residue.  In addition,  

T. virens was expected to increase when sawdust was incorporated as this fungus is 

known to be closely associated with decaying wood of conifers.  However, T. virens did 

not increase with the addition of sawdust (Kwasna et al., 2000).  Therefore the structure 

of fungal communities in this case was determined not only by nutritional but also by 

environmental preferences.   

 

Adding mulch or herbage as live mulch has been reported to increase basal respiration 

in the soil (Larsson et al., 1997), which was evident in experiments one, three and four 

of this chapter.  The microbial respiration rate of soil (basal respiration) was low 

(10 µg CO2 – C g-1 d-1) and adding plant material in the form of green manures 

increased the respiration rate of soil to 93.6 µg CO2 – C g-1 d-1 initially (experiment 

one).  The changes in microbial biomass and microbial activity (respiration) were not 

unexpected as these generally track changes in soil organic matter (Pankhurst and 

Lynch, 1994; Sparling, 1997). 

 

Microbial activity (respiration µg CO2 – C g-1 d-1) was greater in lupin amended soils 

than non-amended soil (experiment three).  Soil moisture level at 56% resulted in the 
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greatest activity compared to 75% WHC which probably resulted in anaerobiosis.  Soil 

moisture at 16% WHC (field capacity) supported lower microbial activity as there may 

not have been enough soil moisture to support a significant increase in activity 

(experiment three).   

 

Microbial activity (determined by FDA hydrolysis) in lupin green manure was variable 

over time at all the moisture levels, except at 56% WHC (experiment three).  Soil 

moisture at 16% (WHC) was possibly inadequate to increase microbial activity 

immediately, however after some time this level was able to maintain a relatively high 

microbial activity.  Soil moisture at 56 and 75% WHC were able to maintain a 

relatively high microbial activity throughout the experiment as they had sufficient water 

to possibly initiate a rapid increase in the microbial activity population and sustain it.  

Soil moisture at 28% WHC increased activity initially this is possibly due to sufficient 

soil moisture, but subsequently decreased microbial activity, as there was insufficient 

amount of moisture to sustain a high level of microbial activity. 

 

The use of green manure has been reported to improve soil organic matter status, soil 

microbial biomass and activity (Chander et al., 1997).  This was also observed in the 

experiments reported here (experiments one, three and four).  However, only specific 

green manures were responsible for seed decay. 

 

pH 

Soil pH did not appear to be related to seed decay, as there was no significant difference 

between two and four weeks results when the seeds were added to the amended soil 

(and no correlation).  All the results showed composting processes were occurring for 

lupin and mustard green manures as the composting processes usually occurred at a pH 

value above 7.  Soil pH conditions below 6 can delay the initial composting activity 

(Tang et al., 2003), which was not evident in this study (experiment one).  In some 

investigations, soil pH was found to be unaffected by mulching or cover crops (Larsson 

et al., 1997), which was not evident in experiment one.  However, in other 

investigations, pH was a significant factor affecting microbial community structure in 

compost ecosystems (Tang et al., 2003). 
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Conductivity  

Conductivity did not appear to be related to seed decay, as lupin green manure 

conductivity did not change over time.  However, lupin green manure conductivity was 

significantly less than that of mustard green manure, which may account for the 

differences in microbial communities.  Conductivity was weakly correlated with DOC 

and total soil carbon, as all of the results were relatively constant over time (experiment 

one). 

 

Soil moisture 

Soil moisture did not appear to be related to seed decay, as the moisture was kept 

approximately constant throughout the duration of the experiment (experiment one).  

There was no correlation between soil moisture and seed decay, however there was 

significantly less soil moisture at four weeks than at two weeks (when the seeds were 

added).  Soil moisture is crucial to the activity of all organisms and they are stimulated 

by the required moisture content range (Tang et al., 2003).  Therefore, the reduction in 

soil moisture at four weeks may have reduced the activity of microorganisms in the soil 

and as a consequence there was little seed decay when the seeds were placed in the soil 

after four weeks soil incubation.  This reduction in moisture did not however, affect 

chemical or biological factors measured, as soil moisture in this range was not 

correlated with carbon and nitrogen levels or microbial respiration results.  

 

Total plant and soil carbon and nitrogen 

Total plant and soil carbon and nitrogen and C:N ratio were different for all green 

manures, and may have influenced microbial community structure.  The microbial 

properties of composts can be affected by the chemical properties of the raw materials 

and the composting conditions (Tang et al., 2003).  Tang et al. (2003) found a 

relationship between chemical properties and microbial properties.  They established 

that microbial biomass and diversity were correlated with pH, moisture content and C:N 

ratios of the composts.  This indicated that these chemical factors affected microbial 

community structure of the compost ecosystems.   These factors also varied between 

compost types (Tang et al., 2003).  In these experiments, there was no strong 

correlation between chemical and microbial properties; however there were a few weak 

correlations, which could indirectly indicate differences in community structure in the 

amended soils.  However, there were larger variations in pH, moisture and C:N ratios  

in Tang et al. (2003) study than in this study (experiment one), which could explain 
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why there were only weak correlations (or less relationship) between chemical and 

microbial properties in this study. 

 

Microbial activity  

Decay of lettuce and cress seeds was correlated with both parameters of microbial 

activity (FDA hydrolysis and respiration) (experiment three).  This was probably due to 

high microbial activity of lupin green manured soil and great number of seed decay.  

Microbial activity determined via FDA hydrolysis and respiration were also correlated, 

possibly due to the extreme levels in lupin amendment and low non-amended levels, for 

both microbial assays.   

 

There were obvious differences in microbial activity (respiration) between fresh and 

dried B. napus plant material (experiment four).  Microbial activity (respiration) in soil 

amended with fresh green manure stayed more constant through the experiment while 

treatment with dried green manure increased at a greater rate initially and then 

decreased rapidly.  This could be due to the fact that the dried plant material broke 

down faster than the fresh plant material.   

 

There were also marked differences between the microbial activity (FDA hydrolysis) of 

fresh and dried plant material (experiment four).  Microbial activity in fresh plant 

material increased quickly then decreased rapidly and dried plant material only 

increased initially then remained constant through out the experiment.  This could also 

be due to the slower ability of fresh green manure to break down, slowing down the 

time taken for the activity (FDA hydrolysis) to increase (experiment four). 

 

Lupin or Brassica green manured soils resulted in suppression of lettuce and cress seed 

germination.  Lupin amended soil showed the greatest inhibition and decay of lettuce, 

cress and ryegrass seeds.  The soil microbial activity, dissolved organic carbon and 

carbon and nitrogen amounts in lupin amended soil were related to the decay of lettuce 

and/or cress seeds.  Although the laboratory and green house investigations gave a clear 

indication on the response of seed to green manure amendments, caution needs to be 

taken in extrapolating laboratory and glass house experiments to field studies.  

Amending the soil with lupin or Brassica green manure could however help to 

minimise seed germination and could therefore be trialled on weed seeds. 
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Section A: Decay of seeds in green manure amended soils. 

Chapter 2: Weed seed decay in soil associated with lupin and mustard green 

manure amendments.  

 

2.1 Introduction 

Weeds are among the most serious threats to Australia’s primary production and natural 

environment.  They reduce farm and forest productivity, displace native species and 

contribute significantly to land degradation.  Lolium spp., Avena spp and Raphanus 

raphanistrum, in that order were recorded as the most problematic weeds in Australia 

(Alemseged et al., 2001).  Annual ryegrass (Lolium rigidum) is a problem weed 

occurring in cropping regions of southern Australia due to the build up of seed banks in 

the soil.  Wild oat (Avena fatua) is one of the most prolific grass weed species in the 

Australian grain growing regions.  Wild radish (Raphanus raphanistrum) is a very 

competitive broadleaf weed to cereals and other winter crops.  Silver grass (Vulpia spp.) 

are wide spread as weeds in Australia, they are poor pasture species and can host 

pathogens.  Weeds are difficult to control with mowing and cultivation and are mainly 

controlled with herbicides.   

 

Herbicides are generally a very effective way of controlling weeds, however weeds can 

increase their resistance to them.  In Western Australia wild radish has evolved in such a 

way that it has developed a widespread resistance to acetolactate synthase-inhibiting 

herbicides (Hashem et al., 2001a), photosystem II-inhibitors such as simazine and 

atrazine and carotenoid sysnthesis inhibitors such as diflufenican within the Western 

Australian wheat-belt (Hashem et al., 2001b).  Other weeds such as annual ryegrass, 

wild oat and silver grass weeds have also developed resistance in Western Australia to 

acetolactate synthase-inhibiting herbicides and acetyl-coenzyme A carboxylase 

herbicides (Powles and Holtum, 1994; Yu et al., 2004). 

 

The success of many annual weed species depends to a large extent on the ability of 

their seeds to survive in soil for long periods, and to germinate only when 

environmental conditions are optimal for seedling survival (Roberts and Totterdell, 

1981).  In managed ecosystems, such as agricultural environments, weed invasion 

occurs due to the disturbance of the environment.  After a few years there is a build up 

of weed seeds in the seed bank, allowing the weeds to persist.  For example at least nine 
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percent of wild radish seeds of the original seed bank persisted for up to five years in 

continuous cropping systems (Hashem and Wilkins, 2002).  Therefore, innovative 

methods need to be developed in order to decrease weed seed bank persistence.   

 

Using green manures to control weeds is a promising alternative method to reduce costs, 

decrease dependence on chemical herbicides, reduce seed banks and increase the use of 

environmentally sound practices.  Cover-cropping and mulching are common practices 

used in organic growing systems to help sustain and improve soil fertility and for weed 

control (Larsson et al., 1997). 

 

Cover crops have become a viable option for sustainable agriculture because they can 

improve crop performance and soil fertility by reducing erosion, improving infiltration 

of rain water, reducing run-off, facilitating nutrient enhancement, soil moisture retention 

and weed control (Teasdale, 1996).  Cover crops (such as green manures) can create an 

unfavourable environment for weed germination and establishment in the following 

ways: 

1. The residues influence the amount of light that reaches the seeds.  At high residue 

rates there is a reduction in the amount of light that can reach a seed and a 

reduction in germination of light-sensitive weed seeds (Teasdale, 1993). 

2. The residues reduce the maximum soil temperature, which may delay seed 

germination if temperature is a factor required to stimulate germination.  The soil 

temperature is reduced by the increase in soil moisture through increasing 

infiltration and by decreasing evaporative moisture loss and reduces direct light 

access to soil surface (Gallandt et al., 1999; Teasdale, 1993). 

3. Allelopathy – toxins released from cover crop residues have been presumed to 

inhibit weed germination and growth in natural environments (Caamal-

Maldonado et al., 2001; Teasdale, 1996). 

 

This chapter examines the effect of lupin and mustard amendment of Lancelin soil on 

seeds of weed species (annual ryegrass, wild oat, wild radish and silver grass).  These 

weeds were selected as they represent noxious weeds of Australia’s cropping regions.  

The aim of this study was to determine if lupin or mustard residues used as green 

manure amendments could inhibit seed germination in weed species. 
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2.2 Material and Methods  

The material and methods used were similar to those in chapter one (experiment two) 

except for the preparation of green manures, choice of seed species and soil moisture 

level used. 

 

Green manure preparation 

Lancelin soil was amended with Lupinus angustifolius (variety gungurru) and Brassica 

juncea (mustard variety Fume’s E-75), grown in fields at Bindoon (mustard) and 

glasshouse maintaining 18-22 °C (lupin).  The plant materials were collected and stored 

in laboratory conditions at 18 to 25°C for about two months before they were used.  

Lupin amendment was used as results in chapter one revealed substantial lettuce and 

cress seed decay in that treatment.  Mustard amendment was used as a control, to 

determine if there were any general organic matter effects on weed seeds.  The plant 

residue was incorporated into the soil as dried 0.5 - 2 mm sized material at a rate of one 

percent (1 g dry plant residue/100 g of dry soil).  The Lancelin soil was placed into pots 

(round 500ml containers with lids) and plant residue and water (to achieve 56% of water 

holding capacity (WHC) (Piper, 1942)) were added to each container and thoroughly 

mixed.  Each week, water was added to maintain the initial soil moisture level, but some 

drying out of the top 1-2 cm of soil in each pot did occur between watering times. 

 

The soil treatments were pre-incubated for two weeks before sowing the appropriate 

seeds.  They were incubated at 20 to 25°C in an incubator (with 12 h light and 12 h 

dark) for the duration of the experiment. 

 

Seeding 

After two weeks soil pre-incubation, lettuce (Lactuca sativa), silver grass (Vulpia 

bromoides collected in Pardelup, 2000), annual ryegrass (Lolium rigidum collected in 

Mt. Barker, 2000), wild radish (Raphanus raphanistrum collected from Mt. Barker 

research station, 2000) and wild oat (Avena fatua collected from Avondale research 

station in Beverly, 2002) were sown in the pots at 1 cm depth.  The seeds were stored in 

laboratory conditions at 18 to 25°C before they were used in 2002.  Wild radish and 

wild oat seeds had periods of time at 35°C during 2002 to try and break their dormancy.  

The seeds were sown at a rate of 50 per pot in nylon bags (mesh size 0.45 mm) so that 

they could be easily retrieved at sampling.  However, wild oat seeds were sown 50 per 

pot without use of a bag into the soil, as they were relatively large in size and were 
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therefore easy to retrieve.  Silver grass, ryegrass and wild oat were sown as florets 

(referred to as seeds hereon) and wild radish was sown in its pod. 

 

Annual ryegrass seeds and silver grass seeds had overcome dormancy.  Wild oat and 

wild radish seeds were still in their dormant state when used in the experiment.  

However, measures were taken to try and release them from dormancy, but this failed.  

Lettuce seeds were selected as they germinated rapidly, and are a commonly used 

species to model for weeds (Macias et al., 2000).  Furthermore, previous experiments 

(chapter one) showed reduced lettuce seed germination in lupin amended soil.   

 

After one and three weeks, the seeds were recovered from the soil treatments.  These 

recovery times were chosen as lettuce seeds had been found to decay after one week 

(chapter one) and these weed seeds have unknown duration of survival in these 

amended soils.  The seeds were assessed for germination and the number of germinated 

seeds was noted, as they were recovered from the soil. With the exception of wild oat 

seeds, the remaining non-germinated seeds were plated on water agar for a further four 

weeks.  Wild oat seeds showed little germination on water agar after one week.  As 

such, they were transferred to Petri dishes with filter paper and smoke water for three 

weeks.  Smoke water has been used to break the dormancy of wild oat seeds (Adkins 

and Peters, 2001).  Seeds that did not germinate after 4 weeks were assessed for decay 

and firm seeds were then tested for viability using the Tetrazolium (TZ) test (Moore, 

1985) to determine their status i.e. alive (dormant) or non-viable (dead).   

 

Statistical analysis 

The experimental design was completely randomised with four replicates per treatment.  

All means and standard error of the means were analysed using GenStat® Release 6.1 

(6th Edition) (Lawes Agricultural Trust, Rothamsted Experimental Station).  Not all the 

data was statistically analysed as some data (percent germination on water agar, percent 

dormant and percent non-viable data) did not fit the assumptions made by ANOVA, due 

to many zero values.  The data (percent decayed and percent germination in soil) 

reasonably met the assumptions of ANOVA and no transformations were required 

(Draper and Smith, 1981; Mead et al., 1993).  The percent decayed and percent 

germination in soil data was analysed using three-way analysis of variance (ANOVA), 

where the factors were green manure amended soil type, seed species and recovery 
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time.  Significant differences among means were assessed by least significant difference 

test (LSD, P≤ 0.05).   

 

2.3 Results 

Germination of seeds in the soil 

No lettuce, silver grass and ryegrass seeds germinated in lupin amended soil, at both 

recovery times (Figure 2.1a and 2.1b).  Fewer (P≤ 0.05) lettuce seeds germinated in 

mustard amended soil after one week than three weeks (Figure 2.1a).  Silver grass seeds 

had the highest (P≤ 0.05) level of seed germination in mustard amended soil and control 

soil.  Few (P≤ 0.05) wild oat and wild radish seeds germinated in non-amended soil, 

whereas germination of lettuce, silver grass and ryegrass seeds was high (>65%)  

(Figure 2.1a and 2.1b). 

0
10
20
30
40
50
60
70
80
90

100

Le
ttu

ce

Si
lv

er
gr

as
s

R
ye

gr
as

s

W
ild

 o
at

W
ild

ra
di

sh

Seed species

%
 g

er
m

in
at

io
n 

in
 s

oi
l

0
10
20
30
40
50
60
70
80
90

100

Le
ttu

ce

Si
lv

er
gr

as
s

R
ye

gr
as

s

W
ild

 o
at

W
ild

ra
di

sh

Seed species

Lupin
M ustard
Non-amended

  
Figure 2.1: Mean percent germination of different seed species in soil with different 

green manure amendments.  Seeds were recovered from the soil after one (a) and three 

(b) weeks of incubation.  Error bars indicate the standard error of the means, LSD(P≤ 0.05) 

= 6%. 

 

Seed decay 

Lettuce, silver grass, ryegrass, wild oat and wild radish were more (P≤ 0.05) decayed in 

lupin amended soils compared to mustard or non-amended soils (Figure 2.2a and 2.2b).  

All lettuce and silver grass seeds recovered after one and three weeks (Figure 2.2a and 

2.2b) from lupin amended soil were decayed.  Ryegrass seeds were decayed greater 

when recovered after three weeks from lupin amended soil than after one week (97% 

and 48%, respectively).  Wild radish seeds were also decayed more when recovered 

a b
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after three weeks from lupin amended soil than after one week (35% and 9%, 

respectively) (Figure 2.2a and 2.2b).  Wild oat seeds were decayed the least (17%). 
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Figure 2.2: Mean percent decayed seed species with different green manure amendments.  

Seeds were recovered from the soil after one (a) and three (b) weeks of incubation.  Error 

bars indicate the standard error of the means, LSD(P≤ 0.05) = 7%.   

 

Seed germination on water agar 

Only lettuce seeds recovered after one week incubation from mustard amended soils 

germinated readily when plated on water agar (Figure 2.3a).  Few to no silver grass or 

wild radish seeds geminated on water agar when recovered from all amended soil types 

(Figures 2.3a and 2.3b). Only ryegrass seeds recovered after one week incubation from 

lupin amended soils germinated readily when plated on water agar (Figure 2.3a).  A 

large percent of wild oat seeds germinated when removed from various soil treatments 

and after being exposed to smoke water (Figure 2.3a and 2.3b).    

a b 
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Figure 2.3: Mean percent germination of seeds on water agar after recovery from different 

green manure amendments.  Seeds were recovered from the soil after one (a) and three (b) 

weeks of incubation.  Error bars indicate the standard error of the means.   

 

Dormancy3 

Little to no dormancy was evident with lettuce, silver grass, ryegrass and wild oat seeds 

in all treatments (Figure 2.4).  Many wild radish seeds incubated in amended soil 

treatments, showed dormancy when recovered after one and three weeks (Figure 2.4).  

However, there were fewer dormant wild radish seeds from lupin amended soil when 

they were recovered after three weeks incubation than in all other treatments (Figure 

2.4).   

 

 

 

 

 

 

 

 

 

 

 

                                                 
3 Dormancy – seeds that did not germinate after 5 weeks were assessed using the Tetralzolium (TZ) test 
and seeds that stained red and were firm were determined as alive and therefore dormant seeds.   

a b
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Figure 2.4: Mean percent of dormant seeds after incubation in different green manure 

amendments.  Seeds were recovered from the soil after one (a) and three (b) weeks of 

incubation.  Error bars indicate the standard error of the means.   

 

Non-viable (dead) seeds 

There were few to no dead lettuce, silver grass, ryegrass or wild oat seeds (Figure 2.5) 

in all treatments.  There were some non-viable wild radish seeds in all treatments except 

seeds recovered from lupin amended soil after incubation for one week (Figure 2.5).  

There was a greater percent of non-viable wild radish seeds when they were recovered 

after three weeks from lupin amended soil than other soil amendments or recovery times 

(Figure 2.5). 
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Figure 2.5: Mean percent non-viable (dead) seed among those recovered from other green 

manure amendments.  Seeds were recovered from the soil after one (a) and three (b) weeks 

of incubation.  Error bars indicate the standard error of the means.   
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2.4 Discussion 

The amendment of soil with lupin plant material hindered the germination of all the 

seed species tested.  There was little to no germination of lettuce (0%), silver grass 

(0%), annual ryegrass (0%), wild oat (5%) or wild radish (0%) in lupin amended soils.  

However, wild oat and wild radish seeds also showed little to no gemination in non-

amended soils, due to dormancy.   

 

Lettuce and silver grass seeds were all decayed when seeds were recovered from lupin 

amended soil after one and three weeks.  More wild radish and ryegrass seeds were 

observed to have decayed when recovered at three weeks (35 and 97% decay, 

respectively) than after one week (9 and 48% decayed, respectively) in lupin amended 

soil.  The differences in duration taken for the seeds to decay could be due to the 

differences in seed characteristics such as seed size, germination rate, seed coat 

thickness, type and makeup (Baskin and Baskin, 1998; Kozlowski and Gunn, 1972).  

There are structural, chemical and functional differences between seeds of different 

plant species.  The effects of microorganisms may differentially affect seed species 

dependent upon the physical and chemical characteristics of the seed.  The seeds of the 

weeds used in this experiment are all florets, however there are still differences in their 

physical characteristics.  For example silver grass seeds (florets) are smaller in size than 

ryegrass seeds (florets) and wild oat seeds (florets) are the largest in size.  Each seed 

species even though they are all florets showed different percentages of, and times taken 

for the seeds to become decayed.  Another possible explanation for the increased decay 

of seeds is the prolonged exposure to inhibitors and/or microorganisms in lupin 

amended soil.   

 

Seeds of all tested species were decayed to some extent by lupin amended soils.  This is 

possibly due to the activity of chemicals and/or microorganisms in the soil as a result of 

lupin plant material breakdown.  Lupin alkaloids have been found to inhibit the 

germination of lettuce and grass seeds (Wink, 1983).  Lupin alkaloids also have been 

found to inhibit the germination of weed seeds (Vicia villosa and Avena sterilis) 

(Muzquiz et al., 1994).  However, some seeds are not affected by lupin alkloids for 

example seeds of Chenopodium album (weed) were not found to be inhibited by lupin 

alkaloids (Muzquiz et al., 1994).  Lehle et al. (1983) also found that seeds of some 

species where inhibited and other species were stimulated to germinate or were not 

affected by lupin amendment.  They found a reduction in cotton and soybean emergence 
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when Lupinus albus plant material was incorporated into autoclaved soil.  They also 

found that emergence of large crabgrass and johnsongrass seeds were stimulated more 

in Lupinus albus amended soil than control soils.  Other seeds (Ipomoea hederacea, 

Xanthium pensylvanicum, Sida spinosa and Amaranthus hybridus) tested were not 

affected by Lupinus albus amended soil (Lehle et al., 1983). 

 

Natural degenerative changes to cells occur gradually through time (seed age), with 

species differences in survival time.   Lupinus arcticus, Nelumbo nucifera, 

Chenopodium album, Spergula arvensis were reported to have survived for 1000 years 

in soil (Tran and Cavanagh, 1984), while Abution theophrasti was found to be viable for 

five years in soil (Lueschen and Andersen, 1980).  Delayed germination and dormancy 

helps wild and cultivated plants to survive changing environmental conditions 

(Kozlowski and Gunn, 1972).  This prevents them from germinating at an inappropriate 

time or place.  This is one of the factors that would aid in the longevity of seeds.  

 

The duration of time that seeds require to be decayed in the soil is dependent on the 

environmental sites in which they are found or exist.  For example Kozlowski and Gunn 

(1972) found that Pseudotsuga menziesii seeds showed different survival rates at 

different experimental sites.  It showed that about 40% (20% fungal attack, 10% insect 

and invertebrate, 8% rodents and 2% birds) of seeds were lost at site one and at site two 

about 90% (40% were destroyed by mice, 24% by birds and chipmunks and 25% other 

factors such as invertebrates disease) were lost. 

 

Two possible ways seeds can be decayed are through the activities of deleterious 

microorganisms and invertebrates.  Many researchers have found that a greater percent 

of viable seeds were recovered from soils when treated with fungicides prior to sowing 

(Blaney and Kotanen, 2002; Lonsdale et al., 1988).  Therefore, the addition of lupin 

amendment provides an increased food source (nutrients) and thus increases microbial 

activity, thereby increasing the probability for microbial activity generated seed decay.   

 

Wild radish and wild oat seeds were decayed in lupin amended soil, but only to a small 

extent (35 and 17%, respectively) compared to lettuce, silver grass and ryegrass seeds 

(100, 100 and 97% decayed, respectively).  This could also possibly be due to the seeds 

being dormant or differences in the seeds physical and chemical characteristics.  

However, if the seeds of wild radish and wild oat that are more than likely to germinate 
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(65 and 83%, respectively) this would still be valuable to reduce the weed seed bank, 

especially if the next green manure crop would kill a further 35 or 17% of weed seeds.  

Wild oat seeds did not germinate when plated on water agar, but did germinate when 

placed on filter paper with smoke water.  Smoke water has been reported to stimulate 

germination of wild oat seeds (Adkins and Peters, 2001).  Wild radish seeds did not 

germinate in the soil or when plated on water agar as their pod provides a hard 

protective coating that delays their germination (Vitou and Scott, 2002).  The depth of 

seed burial and seed coat-imposed dormancy (Cheam, 1984) regulate the emergence 

pattern of wild radish seeds.   

 

Hashem and Wilkins (2002) found that wild radish seed banks persist under continuous 

cropping systems.  There was only 3% of seeds that were unaccounted for after 5 years, 

the seeds may be viable, partly decayed or predated (Hashem and Wilkins, 2002).  This 

showed that not many seeds decay in nature.  This experiment also revealed that wild 

radish seeds were not substantially decayed in an environment conducive to seed decay.  

However, there were also a great percent of wild radish seeds that became non-viable 

(dead) when placed in lupin amended soil for three weeks.  This suggests that the lupin 

amended soil has the potential to cause death of wild radish seeds.     

 

The difference in seed decay response to the amended soil was possibly due to the 

differences in seed characteristics such as seed size and type.  Other researchers have 

found that small-seeded species were inhibited by various grass residues more than 

large seeded species (Putnam and DeFrank, 1983).  Perennial weed species were 

unaffected by residues in contrast to annual species.  Generally, small-seeded annual 

species having a light requirement for germination appear to be most sensitive to 

surface residue (Teasdale, 1996). 

 

Lettuce seeds recovered from mustard amended soil after one week had little seed decay 

and poor germination.  The seeds only germinated when plated on water agar.  This 

delay in seed gemination is due possibly to inhibitors in the soil or the seeds being slow 

to germinate, as the lettuce seeds recovered from mustard amended soil after three 

weeks germinated well.  

 

Other researchers have observed differential effects of incorporated residues on weed 

species.  For example wheat, Brassica napus, sunflower and field pea residues increased 
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Avena fatua germination.  Other grass weeds were inhibited by residues of wheat, 

Brassica napus, sunflower and field pea (Purvis et al., 1985).  Stimulation or inhibition 

of seeds is dependent on the type of plant material used and the test species under 

examination.  Other factors are the quality of plant material incorporated and 

concentration of extracts of plant material.  In some cases there may be variation 

between species due to varied responses to plant chemicals, or within species, due to 

natural variations (Purvis et al., 1985). 

 

In summary the germination of annual ryegrass, silver grass, wild oat and wild radish 

weed seed was inhibited in lupin amended soil.  However, more decay was evident for 

annual ryegrass and silver grass seeds than wild oat and wild radish seeds in lupin 

amended soil.  Although these laboratory investigations gave a clear indication on the 

response of weed seed to green manure amendments, caution needs to be taken in 

extrapolating laboratory experiments to field studies.  Further experiments are clearly 

required to confirm these findings.  
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Section B: Chemical and/or microbial effect of lupin green manure on seeds. 

Chapter 3: Variety of lupin species with different alkaloid types and 

concentrations.  

 

3.1 Introduction  

Secondary metabolites have been found in many plants and are important for the 

survival and fitness of the plant in addition to being deterrents/repellents/toxins against 

herbivores, microorganisms, viruses and/or competing plants (Wink, 1993).  They can 

be activated by wounding (e.g. cyanogenic glycosides, glucosinolates, coumaryl 

glycosides, alliin, ranunculin, etc.) through infection or herbivory.  Secondary 

metabolites are produced and/or stored in the plant parts that are important for 

reproduction and survival (flowers, fruits, seeds, bark, roots) and in epidermal tissues or 

in cells adjacent to an infection (Wink, 1993).   

 

Quinolizidine alkaloids (QA) are secondary metabolites, which are especially rich in 

lupin (Genisteae family) plant material.  The genus Lupinus relies substantially on 

quinolizidine alkaloids for chemical defence against herbivores.  They are able to 

deter/repel insects (wide range of insect orders) and animals such as nematodes, snails, 

mice, rabbits, cows, sheep and pigs.  They also have shown defensive activities against 

other competing plants and against micoroganisms such as viruses, bacteria and fungi 

(Wink, 1993).   

 

Lupin alkaloids are produced by leaf chloroplasts and are distributed throughout the 

plant via the phloem and stored in epidermal cells and in seeds.  They are also stored in 

fruits and roots.  Normally the alkaloid profiles are typical and characteristic for a given 

lupin species (producing an alkaloid fingerprint) (Bermudez Torres et al., 1999; Wink et 

al., 1995).  However, there are variations in lupin alkaloid types and concentrations for 

different varieties (Muzquiz et al., 1994) and in different organs such as leaves and 

seeds (Bermudez Torres et al., 1999).   

 

The major alkaloids of Lupinus albus, L. angustifolius and L. luteus are lupanine and 

lupinine although other minor compounds also occur such as sparteine and gramine 

(Muzquiz et al., 1994; Wink et al., 1995).  Lupanine and sparteine type alkaloids 

display medium herbivore toxicity, whereas ά-pyridone alkaloids, such as cytisine are 
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almost 10-100 times more toxic.  Lupin alkaloids provide defence against most 

invertebrate and vertebrate herbivores (Wink et al., 1995). 

 

As alkaloids are non-volatile, the probable method for their release is by leaching of the 

above ground parts by dew, fog and rain.  Lupin alkaloids may also be introduced into 

the soil by exudation or leaching from the plant roots, living or dead, and by leaching 

from plant remains in general (Lovett and Hoult, 1998).  The lupin alkaloids do not 

accumulate in the soil, but generally degrade within 10 days (Wink et al., 1995), 

depending on many factors such as biological activity of the soil and environmental 

conditions.  

 

It has been found that mixtures of lupin alkaloid extracts inhibit lettuce seed 

germination (Wink, 1983).  Lupanine alkaloid was found to exhibit the strongest 

inhibition.  Lupin germination however, was not affected by lupin (quinolizidine) 

alkaloids (Wink, 1983).  Lupanine extracts from L. albus reduced the seed germination 

of wild oats, vetch, tomatoes and wheat significantly.  While lupinine extracts caused a 

small decrease in tomato seed germination and they showed no effect on the 

germination of other species tested (Muzquiz et al., 1994).   

 

In general, it has been found that seed germination is inhibited by sparteine, lupanine, 

13-tigloyloxylupanine, cytisine and a mixture of lupin alkaloids (Wink, 1993).  

Sparteine has also been found to inhibit fungal growth, while bacterial growth is 

inhibited by sparteine, lupanine, 13-tigloyloxylupanine, angustifoline and 13-

hydroxylupanine (Wink, 1993).  

 

It has also been found that grass weed density was reduced by the presence of residues 

from different crop species in a field study (Purvis et al., 1985).  However, the extent of 

inhibition depended on the residue type.  Oilseed rape (Brassica napus) residue allowed 

similar numbers of grassy weed and Lolium sp. density compared to non-residue 

controls.  Wheat and pea residues, promoted the germination and growth of Avena fatua 

and A. sterilis spp. (Purvis et al., 1985).  

  

The experiment reported in this chapter examined the effect of Lancelin soil amended 

with leaf and stem material of three species of lupin and one Brassica species on the 

germination of lettuce and cress seeds.  Lettuce seed was selected as they are a 
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commonly used species to model for weeds due to their rapid germination and high 

sensitivity to chemicals (Macias et al., 2000).  L. albus and L. angustifolius were used 

as they contain high levels of the alkaloid lupanine and L. luteus species was used as it 

has been found to contain high levels of alkaloid lupinine (Muzquiz et al., 1994; Wink 

et al., 1995).  L. angustifolius green manure was also used in this experiment as a 

control as the results reported in the preceding chapters (chapter one and two) showed 

reduced seed germination of lettuce and cress in L. angustifolius amended soil.  Mustard 

(Brassica juncea) was used as it contains glucosinolates  (Petersen et al., 2001).  

Glucosinolates do not inhibit seed germination, but Isothiocyantes (ITC) and other by-

products of glucosinolates are known to inhibit seed germination (Brown and Morra, 

1996).   

 

This investigation aimed at determining: 1) if residues of different lupin species 

(Lupinus albus, L. angustifolius and L. luteus) used as green manures differentially 

affect lettuce and cress seed germination and decay;  2) the length of time taken for 

lettuce and cress seeds to be affected by lupin green manures (three or seven days after 

seeding in green manured soil).  Note: Using mustard plants as green manure in 

previous experiments did not show a significant number of decayed seeds compared to 

lupin, therefore mustard was not used in this experiment.   

 

3.2 Material and methods 

The materials and methods used were similar to those used in chapter one (experiment 

one), with the exception of green manure and seed species.  No chemical or biological 

factors were measured, only seed status (germination, decay, dormancy and non-

viabilty). 

 

Green manure preparation  

Lupinus angustifolius (variety gungurru), L. luteus,  L. albus and Brassica juncea 

(mustard variety Fume's E-75) green manure and non-amended (control) soil were used.  

Lupanine alkaloid occurs in significantly high amounts in L. albus and L. angustifolius, 

while lupinine appears in high amounts in L. luteus (Muzquiz et al., 1994; Wink et al., 

1995).   

 

Lupin plants were grown in the glasshouse maintaining 18 – 22°C and mustard plants 

were grown in fields at Bindoon, Western Australia.  They were all harvested at 
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flowering and dried at 40°C.  The dried plant materials were stored in the laboratory at 

18 to 25°C for about one month before they were used.  The plant residue (shoot 

material) was incorporated into the soil as dried 0.5 - 2 mm sized material at a rate of 

1% (1.0 g dry plant residue / 100 g of dry soil).  Plant residue and water were added to 

each container of Lancelin soil (500 ml containers with lids) and thoroughly mixed.  

The treated soil was wet to 12% moisture (56% of water holding capacity (WHC) 

(Piper, 1942)).  Each week, water was added to maintain this moisture level, but some 

drying out of the soil did occur between watering.  They were incubated in the 

laboratory maintaining 18 – 25°C.  

 
Seeding 
Green manure treatments were added to Lancelin soil and left to pre-incubate for two 

weeks.  After two weeks of pre-incubation, lettuce (Lactuca sativa L.cv. Great lakes) or 

cress (Lepidium sativum cv. American upland) seeds were sown into the pots at 1 cm 

depth.  The seeds were added, 50 per pot in nylon bags4 (mesh size 0.45 mm) so that 

they could be easily retrieved at collection.  Four replicates were used for each 

treatment.  After three and seven days, the seeds were recovered from the soil 

treatments.  Chapter one results showed optimal levels of decay of lettuce and cress 

seeds when the seeds were recovered after seven days.  The seeds were assessed for 

germination when recovered from the soil and the non-germinated seeds were plated on 

water agar for a further three weeks.  A Tetrazolium (TZ) test was preformed on the 

non-germinated seeds to determine their status i.e. dormant or non-viable (dead).  The 

seeds were also assessed for decay (decomposition) before the TZ test was preformed.   

 

Plant material analysis 

Analysis of lupin plant material for lupin alkaloid type and concentration was conducted 

by Chemistry Centre (Western Australia) (The Chemistry Centre is a Registered 

Research Agency (No 16360)).  Lupin alkaloids were measured using Gas 

Chromatography/Mass Spectrometry (GC/MS) (Wang, S. F. Personal communication).  

 

Statistical analysis 

The experiment was set out using a completely randomised design with four replicates 

per treatment.  All means and standard error of the means were analysed using GenStat® 

Release 6.1 (6th edition) (Lawes Agricultural Trust, Rothamsted Experimental Station).  

                                                 
4 The seeds were in a monolayer in the nylon bags with minimal direct contact with soil. 



 83

The data was analysed using three-way analysis of variance (ANOVA) (Factors were 

seed species, green manure type and recovery time) on GenStat®.  Significant 

differences among means were assessed by least significant difference test (LSD, P≤ 

0.05).  Percentage germination of seeds in soil data was transformed (square root of data 

plus one 1+x  ) prior to statistical analysis to meet the assumptions of ANOVA.  Other 

seed data was not transformed as the assumptions of ANOVA were met (Draper and 

Smith, 1981; Mead et al., 1993).   

 

3.3 Results 

Seed decay 

Lettuce and cress seed decay was high (P≤ 0.05) in all lupin (Lupinus angustifolius, 

Lupinus albus and Lupinus luteus) amended soils (Figure 3.1a and 3.1b).  There was 

100% decay of lettuce seeds in all lupin amended soils, at three and seven days recovery 

time (Figure 3.1a).  Decay of cress seeds was greater (P≤ 0.05) in all lupin amended 

soils recovered after seven days than seeds recovered after three days (Figure 3.1b).  

While there was no difference in lettuce or cress seed decay between the three lupin 

amended soils (L. angustifolius, L. albus and L. luteus), a greater percentage of cress 

seeds decayed in L. angustifolius amended soil than in L. luteus amended soil, when the 

seeds were recovered after three days.  A greater percentage of cress seeds were 

decayed after three days than seven days recovery in non-amended soil. 
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Figure 3.1: Mean percent decayed lettuce (a) and cress (b) seeds seeded after two weeks 

soil pre-incubation (prior to seeding) with different green manure types.  Seeds were 

a b 
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recovered from the soil after three and seven days.  Error bars indicate the standard error 

of the means, LSD(P≤ 0.05)  = 8.  

 

Seed germination in the soil 

No lettuce or cress seeds germinated in any lupin (L. angustifolius, L. albus and L. luteus) 

amended soils (note: as data was transformed; the values appear on Figure 3.2 as 1%).  

There was greater (P≤ 0.05) lettuce seed germination in mustard amended soil after seven 

days than when seeds were recovered after three days (Figure 3.2a).  While there was 

greater (P≤ 0.05) cress seed germination in mustard amended and non-amended soils after 

seven days than when seeds were recovered after three days (Figure 3.2b).   
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Figure 3.2: Mean percent lettuce (a) and cress (b) seed germination in soil ( 1+x  

transformed data) after two weeks soil pre-incubation (prior to seeding) with different 

green manure types.  Seeds were recovered from the soil after three and seven days.  

Error bars indicate the standard error of the means, LSD(P≤ 0.05)  = 0.6.  Appendix B 

shows the non-transformed data graphically. 

 

Lupin plant material analysis 

Lupinine alkaloids were only present in L. luteus plant material (Table 3.1), while 

lupanine alkaloids were present in all three lupin species.  L. angustifolius (64 ug/g) and 

L. albus (34 ug/g) showed greater amounts of lupanine alkaloids than L. luteus (7 ug/g) 

(Table 3.1). 
 

 

 

a b 
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Table 3.1: Lupin plant material analysis for lupin alkaloids 

Plant name epilupinine* epilu-

ester 

lupanine iso-

lupanine 

13-OH 

lupanine 

Total Total 

 ug/g  

dry mass 

ug/g  

dry mass 

ug/g  

dry mass 

ug/g  

dry mass 

ug/g  

dry mass 

ug/g  

dry mass 

% 

Lupinus 

angustifolius 

0 0 6.98 

 

2.99 54.24 64.21 0.0064 

Lupinus 

albus 

0 

 

0 

 

17.81 

 

1.19 

 

15.32 

 

34.32 

 

0.0034 

 

Lupinus 

luteus 

39.45 

 

25.59 

 

  0.74 

 

0 

 

  5.91 

 

71.70 

 

0.0072 

 

 

3.4 Discussion 

All lupin species (Lupinus angustifolius, Lupinus albus and Lupinus luteus) used as 

green manure substantially promoted lettuce and cress seed decay.  Lettuce seeds were 

decayed to a greater extent than cress seeds.  Greater cress seed decay was evident in 

the seeds recovered after seven days than after three days, however 100% of lettuce 

seeds decayed after three days, therefore there was no difference between the recovery 

times for lettuce seeds.  Germination of lettuce and cress seeds were inhibited (zero 

germination) in all lupin (L. angustifolius, L. albus and L. luteus) amended soils at both 

three and seven days recovery times.  Seeds of cress were less affected by lupin 

amended soil than lettuce seeds.  The difference in the duration and frequency of seed 

inhibition and decay for lettuce and cress seeds is possibly due to differences in seed 

characteristics (seed size, seed coat, germination rate and seed type).  

 

Neither lettuce nor cress seeds were decayed in mustard amended soil however, they 

failed to germinate when recovered from the soil after three days.  Mustard plants have 

been reported to have potential allelopathic effects through the release of volatile 

compounds such as isothiocyanates (ITC) and other by-products of glucosinolates that 

can inhibit seed germination (Brown and Morra, 1996).  Brassica napus as residue 

however showed no effect on grass weeds and Lolium density (Purvis et al., 1985).   

 

There was no difference in lettuce and cress seed decay between the three species of 

lupin used for amendments (L. angustifolius, L. albus and L. luteus), except for cress 

seeds recovered at three days.  There was greater frequency of cress seed decay in  
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L. angustifolius amended soil than in L. luteus amended soil, when the seeds were 

recovered after three days.  This could be explained by the differences in chemical 

composition of the Lupinus species.  L. angustifolius plant material contains high 

amounts of lupanine alkaloids and L. luteus only contains trace amount of lupanine 

alkaoids however, L. luteus contains high amount of lupinine alkaloids.   

 

It was expected that the material from L. albus and L. angustifolius with lupanine 

alkaloids would decay the seeds and L. luteus with mainly lupinine alkaloids would 

have little or no effect on the seeds (Muzquiz et al., 1994; Wink et al., 1995).  The 

pronounced seed inhibition and decay of lettuce and cress seeds in L. luteus amended 

soil was possibly due to the presence of lupanine alkaloids or other alkaloids known to 

inhibit seed germination.  Another possibility for the inhibition and decay of seeds in 

lupin amended soil was the consequence of increased microorganisms in the lupin 

amended soil.  It is also possible that the effects of both alkaloids and microorganisms 

combined to inhibit lettuce and cress seed germination and promote decay.   

 

In summary, all three species of lupins used as green manure amendments caused 

significant decay of lettuce and cress seeds.  There was no relationship with the 

different lupin alkaloids present in different species of lupins and the decay of seeds.  

This is possibly due to the three species of lupins not being different enough in their 

alkaloid components to show strong differential effects in seed decay.   Although these 

laboratory investigations gave a clear indication on the response of seeds to green 

manure amendments, caution needs to be taken in extrapolating laboratory experiments 

to field studies and further experiments are required to confirm these findings.   
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Section B: Chemical and/or microbial effect of lupin green manure on seeds. 

Chapter 4: Duration of incubation required for seed to be affected in lupin 

amended soil. 

 

4.1 Introduction 

Seeds can vary structurally, chemically and functionally.  Externally there are many 

different structural variations in seed size, shape, colour and surface (Kozlowski and 

Gunn, 1972).  Internally there are differences in embryo type, size, placement, food 

reserve quality and quantity.  A part of the work reported in this chapter relates to 

studies on the external structure of lettuce, cress, ryegrass and lupin seeds and the 

effects of different soil treatments on the external structure of the seeds of these four 

different species of plants.  Seeds of the four species tested are known to have different 

internal and external structures. 

  

A mature lettuce (Lactuca sativa) seed is called an achene, but it is considered in the 

broader sense as a seed.  An achene is a small dry, simple, one-seeded fruit with the 

seed attached to the inner wall at only one point.  Achenes are indehiscent, i.e., they do 

not split open at maturity (Kozlowski and Gunn, 1972).  Lettuce seeds have three layers 

that surround the embryo: the outermost layer or pericarp; a median layer or 

integument; and an inner layer, the endosperm.  The layers can be easily removed or 

dissected from the embryo after the seeds imbibe.  The pericarp has longitudinal “ribs”, 

they are dead lignified material (sclerenchymatous tissue).  Of the tissues that cover the 

embryo, only the endosperm is living (Nijsse et al., 1998).   

 

Hill and Taylor (1989) showed that increased seed swelling and decreased density of 

non-viable seeds is a consequence of seed death that occurred after natural seed 

deterioration.  The endosperm allows water movement, but restricts electrolyte leakage 

to the environment.  The higher concentrations of solutes in the extra-embryonic fluid of 

the endosperm of heat-killed seeds can decrease the water potential, which, in turn, 

results in additional water uptake and increased seed swelling (Hill and Taylor, 1989).   

 

The seed coat of cress (Lepidium sativum) seeds possesses mucilage (composed of 

pectin, with rhamnose as its main neutral sugar), which is produced in the outer 

epidermal layer.  The inner integument layer is made up of empty thick-walled cells.  

The seed also possesses a brown amorphous layer (brown pigment layer) in the outer 
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integument layer.  Cress seeds possess a hyaline layer (surrounding the embryo) and 

aleurone layer (endosperm layer) (Beeckman et al., 2000).    

 

Annual ryegrass (Lolium rigidum) seeds are most often composed of the caryopsis 

shrouded in the lower glumelle called lemma and in the upper palea.  A caryopsis is a 

dry, indehiscent (not opening at maturity), one-seeded fruit.  It resembles an achene, 

except that in a caryopsis the pericarp is fused with the thin seed coat (so that the fruit 

and seed are incorporated in one body).  The caryopsis is loosely called a grain and is 

typical of the family Poaceae (grasses).  Examples of plants that produce a caryopsis 

fruit are wheat, barely, rice and corn (Bernard, 1998). 

 

The seed coat thickness of lupin seeds has decreased with breeding (reduction in 

palisade layer).  Generally domesticated legumes have thinner seed coats than their wild 

relatives. Sweet white lupins (L. angustifolius) over the past 30-40 years of breeding 

serve as a strong reminder that changes in seed coat composition will occur with 

selection for other characteristics that are important to the agronomic success of a 

species (Miao et al., 1996).  

 

A legume seed coat has three layers. The outermost is the palisade layer, the next layer 

is comprised of the hourglass cells, the innermost layer is the parenchymatous layer.  

The loss of seed coat thickness is due to a reduction of the palisade layer (with 

breeding).  The lupin species used in this study was L. angustifolius, these seeds are 

‘soft seeded’ and ‘smooth seeded’.  The soft seeded seeds have a reduction of toxins 

(alkaloids) in the seeds and plants (Miao et al., 2001) and seeds are permeable 

(Garcinuno et al., 2003). 

 

Seed (pre-germination) loss in soil can occur due to attack by microorganisms, insects 

and other invertebrates.  Seed germination can also be inhibited by applied chemicals, 

e.g. insecticides, fungicides, herbicides and fertilizers (Kozlowski and Gunn, 1972).  

Germination can also be inhibited by naturally occurring compounds in plants which are 

released into the soil.  Allelopathic chemicals are released from roots and aerial tissues 

as well.  They may be released to the soil by leaching, volatilization, excretion, 

exudation and by decay either directly or by activity of microorganisms.  The 

compounds that have an inhibitory effect on seed germination are phenolic acids, 

coumarins and quinones, terpenes, essential oils, alkaloids, organic cyanides 
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(Kozlowski and Gunn, 1972) and depending on the concentration, some of these 

compounds can have a stimulatory effect on seed germination (Inderjit and Keating, 

1999).  Some of these compounds can have a stimulatory effect on seed germination.  

Alkaloids of lupin plants are one source of alkaloids that inhibit seed germination.  It 

has been found that mixtures of lupin alkaloid extracts inhibit lettuce seed germination 

(Wink, 1983).  Lupanine extracts from L. albus reduced the seed germination of wild 

oats, vetch, tomatoes and wheat significantly (Muzquiz et al., 1994).  Lupin seeds 

germination are not affected by lupin (quinolizidine) alkaloids (Wink, 1983).   

 

Many researchers have published microscopy of seeds for general seed coat structure, 

development and characteristics/features and for seed identification (Beeckman et al., 

2000; Bernard, 1998; Nijsse et al., 1998; Valenti et al., 1989).  Some work on natural 

degradation of seed coats over long periods of time (Tieu et al., 1999) have been related 

to seed dormancy.   

 

The work reported in this chapter investigated the time required for seeds to be decayed 

in Lupinus angustifolius amended soil.  Work presented in the previous chapters 

(chapters one, two and three) showed a reduction in seed germination in lupin amended 

soils.  The seeds subjected to incubation in the amended soil were also analysed under 

environmental scanning electron microscope and optical microscope to determine the 

nature of seed decay.   

 

This investigation aimed at determining: 1) the duration of incubation in Lupinus 

angustifolius amended soil required for the inhibition of germination and decay of 

lettuce, cress, ryegrass and lupin seeds (experiment one) and 2) to monitor 

morphological changes in seed coat following incubation in L. angustifolius amended 

soils using an environmental scanning electron microscopy and light microscope 

(optical) (experiment two). 

 

4.2 Material and methods 

4.2.1 Experiment 1: Time taken for seeds to be affected in lupin amended soil. 

The materials and methods used were similar to those used in chapter one (experiment 

one) and chapter three, with the exception of the green manure and the seed species 

used.  No chemical or biological factors were measured, only seed germination, decay, 

dormancy and non-viable seed status were measured. 
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Soil preparation  

Lancelin soil amended with Lupinus angustifolius (variety Gungurru) green manure, 

without any amendment (control soil) and white washed sand (an additional control to 

account for any effect of resident microorganisms in Lancelin soil) were used as the 

three soil treatments.   

 

Lupin plants were grown in the glasshouse maintaining 18 – 22°C.  They were all 

harvested at flowering and dried at 40°C.  The dried plant materials were stored in the 

laboratory at 18 to 25°C for about one month before they were used.  The plant residue 

(shoot material) was incorporated into the soil as dried 0.5 - 2 mm sized material at a 

rate of 1% (1.0 g dry plant residue / 100 g of dry soil).  Plant residue was added to each 

container of Lancelin soil (500 ml containers with lids) and thoroughly mixed.  The 

treated soil was wet to 12% moisture (56% of water holding capacity (WHC)(Piper, 

1942)).  Each week, water was added to maintain this moisture level, but some drying 

out of the soil did occur between watering.   

 

The soil treatments were pre-incubated for two weeks before sowing with lettuce, cress 

or ryegrass seeds.  Two weeks was found to be the optimum incubation time for lettuce, 

cress and ryegrass seeds to be affected by lupin amended soils (chapters one and two).  

The soil treatments were pre-incubated for four weeks before sowing lupin seeds.  Four 

weeks was found to be the optimum incubation time for lupin seeds to be affected by 

lupin amended soils (chapter one).  The soils were incubated in the laboratory 

maintaining 18 – 25°C for the duration of the experiment. 

 

Seeding 

Green manure treatments were added to Lancelin soil and left to pre-incubate for two 

weeks.  After two weeks of pre-incubation, lettuce (Lactuca sativa cv. Great lakes), 

cress (Lepidium sativum cv. American upland) annual ryegrass (Lolium rigidum 

collected in Mt. Barker, 2000) and lupin (Lupinus angustifolius cv Gungurru) seeds 

were sown into separate pots, at 1 cm depth.  The seeds were sown, 50 per pot in nylon 

bags (mesh size 0.45 mm) so that they could be easily retrieved at collection.  However, 

lupin seeds were sown 30 per pot freely into the soil, as they were large in size relative 

to the other seeds and were therefore easy to retrieve.  Three replicates were used for 

each treatment.   
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A preliminary study with lettuce seeds recovered after 1, 2, 4 and 7 days showed that 

the seeds were all decayed after one day in lupin amended soil.  Lettuce seeds were 

therefore recovered from the soil treatments after 2, 4, 6, 12 and 18 hours.  Cress and 

ryegrass seeds were recovered from the soil treatments after 3, 7, 14, 21 and 28 days.  

Lupin seeds were recovered from the soil treatments after 2, 4, 7 and 14 days.  Results 

reported in chapters one and two showed some decay of cress, ryegrass and lupin seeds 

when the seeds were recovered from lupin amended soil after seven days.   

 

Seeds were plated on water agar after removal from the soil treatments.  Seed 

germination was recorded every day after the seeds were removed from the soil 

treatments.  Seeds that did not germinate after three weeks on water agar were assessed 

for decay.  A Tetrazolium (TZ) test was preformed on the non-germinated seeds to 

determine their status i.e. dormant or non-viable.   

 

Statistical analysis 

The experiment was set out using a completely randomised design with three replicates 

per treatment.  All means and standard error of the means were analysed using GenStat® 

Release 6.1 (6th edition) (Lawes Agricultural Trust, Rothamsted Experimental Station).  

Each seed species was analysed separately by two-way analysis of variance (ANOVA) 

on GenStat® with green manure type and recovery time as the factors.  The data 

reasonably met the assumptions of ANOVA and no transformations were required 

(Draper and Smith, 1981; Mead et al., 1993).  Significant differences among means 

were assessed by least significant difference test (LSD, P≤ 0.05).   

 

4.2.2 Experiment 2: Microscopy analysis  

The materials and methods used were exactly the same as in experiment one (chapter 

four), except that when the seeds were removed from the soil they were used only for 

microscopy analysis. 

 

Changes in the surface morphology of seeds (lettuce, cress, ryegrass and lupin) over 

time were evaluated using environmental scanning electron microscope (Centre of 

Microscopy, University of Western Australia).  An environmental scanning electron 

microscope operates in conventional high vacuum mode and, through the introduction 

of gas into the sample chamber, at higher pressures.  In environmental mode samples 

can be imaged in their natural state, therefore with out the need to coat them.  The 
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lettuce seeds were recovered after (2, 4, 6, 12, 18 hours), cress and annual ryegrass 

seeds were recovered after 3, 7, 14, 21 and 28 days.  The lupin seeds were recovered 

after 2, 4, 7 and 14 days. 

 

Seeds were placed on carbon conductive adhesive tape and placed onto the stage mount 

of the microscope.  All samples were examined and imaged using an environmental 

scanning electron microscope and an accelerating voltage of 15kV (large bullet, 

combined detector, spot size of 30, 0.5 torr).  

 

Seeds were also analysed under the light microscope (optical microscope) for visual 

differences e.g. colour differences.  The Royal Horticultural Society colour chart was 

used to determine the colour of the seeds (London. Flower council of Holland, Leiden – 

FAN 4 Greyed colours of yellow, orange, red, purple, green, brown, grey, black and 

white) 

 

4.3 Results 

4.3.1 Experiment 1: Time taken for seeds to be affected in lupin amended soil. 

Results from this experiment showed that there was no significant difference in seed 

decay or germination between non-amended Lancelin soil and non-amended white 

washed sand, for each seed type. 

 

Lettuce seeds   

A great (P≤ 0.05) percentage of lettuce seeds were decayed at every recovery time when 

removed from lupin amended soil, with the greatest percentage of decayed seeds 

occurring after six hours (Figure 4.1).   A greater (P≤ 0.05) percentage of lettuce seeds 

germinated in non-amended soil treatments than in lupin amended soils (Figure 4.2).  

The majority of lettuce seeds, when recovered at all times from non-amended soil 

treatments, germinated within two days of plating on agar (Figure 4.2).  Lettuce seeds 

removed from lupin amended soil treatments showed less (P≤ 0.05) germination after 

two days on water agar than those removed from non-amended soil treatments (Figure 

4.2).  Lettuce seeds removed from lupin amended soil after four hours gradually 

germinated and took five days (P≤ 0.05) to reach maximum germination (Figure 4.2).  

Lettuce seeds removed from lupin amended soil after two hours germinated gradually 

and took three days to reach maximum (P≤ 0.05) germination (Figure 4.2).  
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Figure 4.1: Mean percentage of decayed lettuces seeds after different periods of time in 

lupin amended soils and non-amended soils.  Error bars indicate the standard error of 

the means, LSD(P≤ 0.05) = 8. 
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Figure 4.2: Mean percent cumulative lettuce seed germination over time in non-

amended and lupin amended soils.  Seeds were recovered from soil after 2, 4, 6, 12 and 

18 hours of incubation.  Error bars indicate the standard error of the means, LSD(P≤ 0.05) 

= 9. 
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Cress seeds  

A greater (P≤ 0.05) percentage of cress seeds decayed in lupin amended soil compared 

to non-amended soil at all recovery times (Figure 4.3).  Greater (P≤ 0.05) decay of cress 

seeds was evident when seeds were recovered from lupin amended soil after 7, 14, 21 

and 28 days compared to those recovered after 3 days (Figure 4.3).   

 

Cress seeds failed to germinate in lupin amended soil (Figure 4.4a) and germinated only 

when they were recovered from lupin amended soil after 3 and 7 days and plated on 

water agar (Figure 4.4a).  In non-amended soils, there was a gradual increase in seed 

germination, with time (Figure 4.4b).  The greatest (P≤ 0.05) percentage of cress seeds 

germinated in non-amended soil when they were recovered after 14 days (Figure 4.4b).  

Few to no cress seeds germinated on water agar when recovered from either lupin 

amended soils or non-amended soils (Figure 4.4a and 4.4b).  A greater (P≤ 0.05) 

percentage of dormant cress seeds were evident in non-amended soil than in lupin 

amended soil at all recovery times.  There were only a few to no non-viable cress seeds 

in lupin and non-amended soils (Figure 4.4a and 4.4b).   
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Figure 4.3: Mean percentage of decayed cress seeds after different periods of time in 

lupin amended soils and non-amended soils.  Error bars indicate the standard error of 

the means, LSD(P≤ 0.05) = 7. 
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Figure 4.4: Status (percentage) of cress seeds after different periods of time in lupin 

amended (a) and non-amended (b) soils.  
Soil germ = seeds that germinated in the soil  

WA germ = seeds that germinated on water agar after recovery from the soil   

Statistics for the comparison between lupin and non-amended soil: 

Soil germination (Time x Amended soil): P<0.001,  LSD(P≤ 0.05) = 12% 

Water agar germination (Time x Amended soil): n.s. 

Dormant (Time x Amended soil): P=0.008,  LSD(P≤ 0.05) = 9% 

Non-viable (Time x Amended soil): skewed 

Decayed (Time x Amended soil): P<0.001,  LSD(P≤ 0.05) = 7% 

 

Ryegrass seeds  

A great (P≤ 0.05) percentage of ryegrass seeds were decayed in lupin amended soil 

compared to non-amended soils, when the seeds were recovered after 7, 14, 21 and 28 

days, with greatest percentage of seed decay occurring after 14 days (Figure 4.5).  Only 

a few ryegrass seeds germinated in lupin amended soils (soil germination) (Figure 4.6a).  

Significantly (P≤ 0.05) more ryegrass seeds germinated in non-amended soils than in 

lupin amended soils (Figures 4.6a and 4.6b).  A greater percentage of ryegrass seeds 

germinated on water agar following recovery from lupin amended soils than non-

amended soils (Figure 4.6a and 4.6b).  Ryegrass seeds recovered from lupin amended 

soil after 3 days and plated on water agar showed the greatest germination (Figure 4.6a).  

The least germination on water agar occurred when the seeds were removed after 21 and 

28 days from lupin amended soil.   

a b
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Figure 4.5: Mean percent decayed ryegrass seeds after different periods of time in lupin 

amended soils and non-amended soils.  Error bars indicate the standard error of the 

means.  p<0.001, LSD(P≤ 0.05) = 12. 
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Figure 4.6: Status (percentage) of ryegrass seeds after different periods of time in lupin 

amended (a) and non-amended (b) soils. 
Soil germ = seeds that germinated in the soil  

WA germ = seeds that germinated on water agar after recovery from the soil   

Statistics for the comparison between lupin and non-amended soil for each seed state: 
Soil germination (Time x Amended soil): n.s. 

Water agar germination (Time x Amended soil): P<0.001,  LSD(P≤ 0.05) = 14% 

Dormant (Time x Amended soil): skewed 

Decayed (Time x Amended soil): P<0.001,  LSD(P≤ 0.05) = 12% 

 

Lupin seeds 

There was no decay of lupin seeds in non-amended soils (Figure 4.7b).  However, there 

was some decay of lupin seeds in lupin amended soils, with the greatest decay of lupin 

seeds observed when the seeds were recovered after 14 days (Figure 4.7a).  A greater (P≤ 

a b 
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0.05) percentage of lupin seeds germinated in non-amended soil compared to lupin 

amended soil at all recovery times (Figures 4.7a and 4.7b).  There was no lupin seed 

germination in lupin amended soils when the seeds were recovered after 2 days (Figure 

4.7a).  More lupin seeds germinated on water agar following recovery from lupin amended 

soils than from non-amended soils (Figure 4.7a and 4.7b).  
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Figure 4.7: Status (percentage) of lupin seeds after different periods of time in lupin 

amended (a) and unamended (b) soils. 
Soil germ = seeds that germinated in the soil  

WA germ = seeds that germinated on water agar after recovery from the soil   

Statistics for the comparison between lupin and non-amended soil for each seed state: 
Soil germination (Time x Amended soil): P<0.001,  LSD(P≤ 0.05) = 12% 

Water agar germination (Time x Amended soil): non-normal data set 

Decayed (Time x Amended soil): non-normal data set 

 

4.3.2 Experiment 2: Microscopy analysis 

Lettuce seeds  

Lettuce seeds maintained their shape and general seed surface texture in lupin and non-

amended soils (Figures 4.8 and 4.9), when the seeds were recovered after 2, 4, 6, 12 or 

18 hours.  Only two of the eight replicate seeds in lupin amended soils showed seed coat 

disintegration (Figures 4.10a, 4.10b and 4.10c).  Environmental Scanning Electron 

Microscopy pictures show the pericarp with longitudinal “ribs” with no cracks or 

disintegration of an imbibed lettuce seed in non-amended (Figures 4.8a, 4.8b and 4.8c) 

and lupin amended soils (Figures 4.9a, 4.9b and 4.9c).  Figures 4.8b, 4.8c, 4.9b, 4.9c 

show a close up of the surface of the lettuce seeds.  

 

Some non-germinated lettuce seeds removed from non-amended and lupin amended 

soils and plated on water agar became swollen (Figures 4.12a, 4.12b and 4.15b) with 

evidence of the presence of fungal hyphae (Figure 4.11a, 4.11b, 4.13a, 4.13b and 4.15a) 

a b
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on some of these seeds after plating on water agar for two days (Figures 4.13a and 4.13b 

and Figures 4.15a and 4.15b).    

 

Lettuce seeds showed a subtle change in colour when recovered after two hours from 

lupin amended soil (Figure 4.14a and 4.14b and Table 4.1) and more distinct colour 

changes were observed when recovered after 4, 6, 12 and 18 hours from lupin amended 

soil (Figures 4.14a, 4.14c, 4.14d, 4.14e, 4.14f and Table 4.1).  Optical (light 

microscopy) pictures of lettuce seed show the darker colour of the endosperm and 

embryo of seeds incubated in lupin amended soil (Figures 4.14a, 4.14c, 4.14d, 4.14e, 

4.14f and Table 4.1). 

 

Table 4.1: Colour of lettuce seeds after different treatments, with time.  

The Royal Horticultural Society colour chart (London. Flower council of Holland, 

Leiden – FAN 4 Greyed colours of yellow, orange, red, purple, green, brown, grey, 

black, white) 

Hours in soil Treatment Colour  Amount  
0  None (dry seed) 198B Grey brown Majority 
2, 4, 6, 12 and 
18 

Non-amended 199D Grey brown Majority 

2 Lupin 
amendments 

199D,  
197A 

Grey brown: 
darker grey 

Mixture 
(approximately 
60:40) 

4 Lupin 
amendments 

199D, 197A, 
200C 

Grey brown: 
darker grey: 
brown 

Mixture 
(approximately 
40:50:10) 

6, 12 and18  Lupin 
amendments 

197A Darker grey Majority 

 

 

 

 

 



 

       
Figure 4.8: Environmental Scanning Electron Microscopy of lettuce seeds after incubation in non-amended soil treatment for 12 hours, x 30 

magnification (a) x 100 magnification (b) and x 200 magnification (c).  The pericarp (outer layer) is visible with longitudinal ‘ribs’. 

 

     
Figure 4.9: Environmental Scanning Electron Microscopy of lettuce seeds after incubation in lupin amended soil treatment for 12 hours, x 30 

magnification (a) x 100 magnification (b) and x 200 magnification (c).  No differences in pericarp can be seen between seeds from lupin amended and 

non-amended (control) soils. 
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Figure 4.10: Environmental Scanning Electron Microscopy of lettuce seeds after incubation in lupin amended soil treatment for 12 hours, x 30 

magnification (a) x 100 magnification (b) and x 200 magnification (c), showing seed coat disintegration of the pericarp longitudinal ‘ribs’. 
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Figure 4.11: Environmental Scanning Electron Microscopy of lettuce seeds incubated 

for 18 hours in non-amended soil after two days on water agar.  Note evidence of 

hyphae in Figure 4.11b.  Lettuce seed x 30 magnification (a) and x 100 magnification 

(b). 

 

   
Figure 4.12: Environmental Scanning Electron Microscopy of lettuce seeds incubated 

for 18 hours in lupin amended soil after two days on water agar, showing seed swelling 

(the pericarp can be seen splitting to reveal the integument (median layer) and 

endosperm (inner layer). 

 

   
Figure 4.13: Environmental Scanning Electron Microscopy of lettuce seeds incubated 

for 12 hours in lupin amended soil, showing seed swelling and hyphal activity, after 5 

days on water agar. 
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Figure 4.14: Optical microscopy of lettuce seeds in non-amended soil (a), and lupin 

amended soil after 2 h (b), 4 h (c), 6 h (d), 12 h (e) and 18 h (f).  Seeds from lupin amended 

soil show darker colouring of the embryo and not the seed coat (outer layers). (x 1.2 

magnification) 

 

   
Figure 4.15: Optical microscopy of lettuce seeds incubated for 12 h in lupin amended soil, 

showing hyphal activity (a) and seed swelling (b) after two days on water agar.  The 

pericarp can be seen splitting to reveal the integument (median layer) and endosperm (inner 

layer). 
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Cress seeds  

Cress seeds maintained their shape and general seed surface texture in lupin amended 

and non-amended soils (Figures 4.16, 4.17, 4.18 and 4.19), when the seeds were 

recovered after 3, 7, 14, 21 and 28 days.  Dry cress seeds had no open seed pores 

(Figures 4.20a, 4.20b, 4.20c), while the pores were open in moist soil environment by 

day 7 (Figures 4.16, 4.17 and 4.18).   Some of the seeds showed seed coat disintegration 

with some foreign particles in the seed coat pores (Figure 4.19b and 4.19c). 

 

The majority of the non-germinated seeds were darker in colour in all lupin amended 

treatments compared to all non-amended treatments (Figure 4.21 and Table 4.2).  Some 

non-germinated seeds removed from non-amended and lupin amended soils and plated 

on water agar were found to be covered with fungal hyphae and bacteria (Figure 4.22a 

and 4.22b) after 7 days.    

 

Table 4.2: Colour of cress seeds after different treatments, with time. 

The Royal Horticultural Society colour chart (London. Flower council of Holland, 

Leiden – FAN 4 Greyed colours of yellow, orange, red, purple, green, brown, grey, 

black, white) 

Days in soil Treatment Colour  Amount  
0 None (dry seed) 200C Brown Majority 
3, 7, 14, 21 and 
28 

Non-amended 166A and 200B Greyed orange: 
dark brown 

Mixture 
(70:30) 

3, 7, 14, 21 and 
28 

Lupin 
amendment 

200A Dark brown Majority 

 

 

 

 

 

 

 

 



     
Figure 4.16: Environmental Scanning Electron Microscopy of cress seeds after incubation in non-amended soil treatment for 3 days, x 46 

magnification (a) and x 140 magnification of middle of seed (b) and x 140 magnification of hilum, micropyle and raphe of the seed (c). 

     
Figure 4.17: Environmental Scanning Electron Microscopy of cress seeds after incubation in lupin amended soil treatment for 3 days, x 46 

magnification (a) and x 140 magnification of middle of seed (b) and x 140 magnification of hilum, micropyle and raphe of the seed (c). 
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Figure 4.18: Environmental Scanning Electron Microscopy of cress seeds after incubation in lupin amended soil treatment for 7 days, x 46 

magnification (a) and x 140 magnification of the middle of seed (b) and x 140 magnification of hilum, micropyle and raphe of the seed (c).  

     
Figure 4.19: Environmental Scanning Electron Microscopy of cress seeds after incubation in non-amended soil treatment for 7 days, x 46 

magnification (a) and x 140 magnification of middle of seed with some seed coat disintegration (b) and x 140 magnification of hilum, micropyle and 

raphe of the seed (c). 
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Figure 4.20: Environmental Scanning Electron Microscopy of dry cress seeds, x 46 magnification (a) and x 140 magnification of middle of seed (b) 

and x 140 magnification of hilum, micropyle and raphe of the seed (c).  No pores were visible when the seed was dry. 
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Figure 4.21: Optical microscopy of cress seeds in non-amended soil (left) and lupin 

amended soil (right) after 3 days (mag. x 2).  Note the darker colour of the seed (right) from 

lupin amended soil. 

 
 

   
 
Figure 4.22: Optical microscopy of cress seeds with hyphae and bacterial colonies were 

seen on the seed coat of seed recovered from lupin amended soil incubated for 3 d x 1.2 

magnification (a) and non-amended soil incubated for 3 d x 1.2 magnification (b) after 

plating on water agar for 7 days. 

A B 

Bacteria 



 108 

Ryegrass seeds  

Ryegrass seeds retained their shape and general seed surface texture in lupin amended 

and non-amended soils (Figures 4.23 and 4.24), when the seeds were recovered after 3, 

7, 14, 21 and 28 days.  There were however, some minor differences in seed surface 

texture.  Seed recovered after 14 days from lupin amended soil have less horizontal 

protrusions than seeds recovered from non-amended soils after 14 days (Figures 4.23 

and 4.24).  Ryegrass seed recovered after 14 days from lupin amended soil showed 

more extensive fungal colonisation than the seeds recovered from non-amended soil 

(Figures 4.24 and 4.25).  Only one of the seeds recovered from non-amended soils 

showed some hyphal activity. 

 

There was no change in seed coat colour (Figure 4.26 and Table 4.3) in lupin amended 

or non-amended soil with recovery time.  Some non-germinated seeds removed from 

non-amended and lupin amended soils and plated on water agar became covered with 

fungi hyphae and bacterial colonies (Figure 4.27) after 7 days.    

 

Table 4.3: Colour of ryegrass seeds after different treatments, with time. 

The Royal Horticultural Society colour chart (London. Flower council of Holland, 

Leiden – FAN 4 Greyed colours of yellow, orange, red, purple, green, brown, grey, 

black, white) 

Days in soil Treatment Colour  Amount  
0 None (dry 

seed) 
197B (embryo) 
199D lemma, 
palea and 
rachilla 

Greyed brown Majority 

3, 7, 14, 21 and 
28 

Non-amended 199A, 199B 
200D 
202A  

Greyed brown, 
Brown 
Black 

Majority 
Few (2%) 
Few (1%) 

3, 7, 14, 21 and 
28 

Lupin amended 199A, 199B 
200D 
202A  

Greyed brown, 
Brown 
Black 

Majority 
Few (3%) 
Few (2%) 

 

 

 

 



     
Figure 4.23: Environmental Scanning Electron Microscopy of ryegrass seed after incubation in non-amended soil for 14 days (x 20 

magnification) whole seed (a) and x 100 magnification of mid-portion of seed (b) and x 200 magnification showing the reticulated surface 

with a circular protuberance, inside each reticule, with foreign particles and fungal hyphae (c). 

     
Figure 4.24: Environmental Scanning Electron Microscopy of ryegrass seed after incubation in lupin amended soil treatment for 14 days (x 

20 magnification) whole seed (a) and x 100 magnification of mid-portion of seed (b) and x 200 magnification showing the reticulated 

surface with a circular protuberance, inside each reticule and foreign particles and fungal hyphae (c). 
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.  

   

   
Figure 4.25: Environmental Scanning Electron Microscopy of ryegrass seed after 

incubation in non-amended (a and b) and lupin amended (c and d) soil treatment for 14 

days.  Figures 4.25a and 4.25c showing the rachilla segment (wedge shaped) and figures 

4.25b and 4.25d showing a close up of this region with fungal hyphae present (c and d) in 

lupin amended soil.  
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Figure 4.26: Optical microscopy of ryegrass seeds in non-amended soil (a), lupin amended 

soil (b).  Note there is no difference in ryegrass seed colour between seeds recovered from 

non-amended and lupin amended soil after 14 days. (mag x 1.2) 

 

     
Figure 4.27: Optical microscopy of ryegrass seed with hyphae and bacterial colonies seen 

on the seed coat of seed recovered from lupin amended soil after 14 d (a) and non-amended 

soil (b) after plating on water agar for 7 days. 
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Lupin seeds  

Only a small percentage of lupin seeds were decayed in lupin amended soils (Figure 

4.28a and 4.28b).  Of the few seeds that were decayed in lupin amended soils, there was 

a definite difference between control and decayed seeds in regards to shape and general 

seed surface texture (Figure 4.28).   Lupin seeds recovered after 2 days from lupin 

amended soil showed some cracking (disintegration) of the seed coat (Figures 4.28b and 

4.28f).  Seed recovered after 4 days showed great number of cracks, fungal hyphae and 

attached soil particles (Figures 4.28c and 4.28g).  Seeds recovered after 7 days had a 

profusion of cracks on the seed coat with a profusion of hyphae and more soil particle 

attached (Figures 4.28d and 4.28h).    After 14 days, the seed coat could not been seen 

due to the mantle of hyphae and soil particles attached to the seed coat.   

 

Although there was no distinct change in seed coat colour (Figure 4.29 and Table 4.4) 

during the experiment, Environmental SEM pictures showed cracking of the seed coat.  

The cracking of the upper and lower portions of the palisade cell and the start of the 

hourglass cells coming away from the parenchyma cells can be seen on SEM pictures 

(Figures 4.28c and 4.28g). 



    
 
 

    
Figure 4.28: Environmental Scanning Electron Microscopy of lupin seeds in non-amended soil (a), lupin amended soil after 2 d (b), 4 d (c) and 7 d (d).  

Close up (x 200 magnification) of lupin seeds in non-amended soil (e), lupin amended soil after 2 d (f), 4 d (g) and 7 d (h).  Note the initial cracking of 

the seed coat after 2 d (b) and more extensive cracking after 4 d (c).  Note also the attachment of sand particle to the seed coat (d) and the profusion of 

hyphae (h). 
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Figure 4.29: Optical microscopy of lupin seed coat in non-amended soil (a and d (close up)) and  

lupin amended soil after 2 days (b and e) and 4 days (c and f).  Note there are no seed coat colour differences between lupin amended soil 

and non-amended soil, except for dark patches (b and e) on lupin seeds in lupin amended soil.  The cracking of the seed coat (c and f) in 

lupin amended soil. 

 

A B C 
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Table 4.4: Colour of lupin seeds after different treatments, with time. 

The Royal Horticultural Society colour chart (London. Flower council of Holland, 

Leiden – FAN 4 Greyed colours of yellow, orange, red, purple, green, brown, grey, 

black, white) 

Days in 
soil 

Treatment Colour  Notes Amount  

0 None (dry 
seed) 

159B 
165A 

Cream with 
dark brown 
patches 

No sand 
particles 
attached to seed 
surface 

All 

2, 4, 7 
and 14 

Non-
amended 

159C 
165B 

Cream with 
brown patches 

No sand 
particles 
attached to seed 
surface 

All 

2 Lupin 
amendment 

159C 
165B 
202A 

Cream with 
light brown 
patches and a 
small area 
with black 
patches 

No sand 
particles 
attached to seed 
surface 

All 

4 Lupin 
amendment 

159C 
165B 
202A 

Cream with 
light brown 
patches and a 
small area of 
black patches 

40% of seed 
surface covered 
by sand 

Some seeds 
(6%) 
decayed 

7 Lupin 
amendment 

159C 
165B 
202A 

Cream with 
light brown 
patches and a 
large area of 
black patches 

Sand covering 
most of seed 
surface 

Some seeds  
(12%) 
decayed 

14 Lupin 
amendment 

159C 
165B 
202A 

Cream with 
light brown 
patches and  a 
large area of  
black patches  

Sand covering 
entire seed 
surface 

Some seeds 
(24%) 
decayed 

 

4.4 Discussion 

Some seeds of all species tested were decayed in lupin amended soil.  The time taken 

for seeds to decay varied between species.  Lettuce seeds suffered significant (90%) 

decay after only just 6 hours in lupin amended soil.  Germination of lettuce seeds was 

inhibited at all recovery times in lupin amended soils.  No surface deterioration of 

lettuce seeds was apparent in lupin amended soil, but colour differences were apparent 

in lupin amended soil compared to non-amended soil.  The colour differences were 

related to levels of germination following seed removal from lupin amended soil.  The 

darker seeds showed less germination when recovered from lupin amended soil 
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indicating that chemicals from lupin residues affected lettuce seed germination and 

decay.  Wink (1983) has also found that lupin alkaloids inhibit the germination of 

lettuce seeds.  

 

Seeds that die naturally show an increase in seed swelling (Hill and Taylor, 1989).  

Therefore it is possible that the chemicals from lupin residues were related to the death 

of lettuce seeds that showed swelling when recovered from lupin amended soil. 

 

Cress seeds suffered significant (95%) decay after 7 days in lupin amended soil.  Cress 

seed germination was inhibited in lupin amended soils, at all recovery times.  There 

were no apparent degradation of cress seed coat surface, but some colour differences 

were apparent in response to exposure to lupin amendment.  Therefore it is possible that 

the chemicals from the decomposing lupin plant material in the soil affected the cress 

seeds.  Muzquiz et al. (1994) found that lupin alkaloids inhibit seed germination of 

other seeds (e.g. Vicia villosa and Avena sterilis). 

 

Ryegrass seeds suffered significant (79%) decay after 14 days in lupin amended soil.  

They were more severely (91%) decayed after 21 days in lupin amended soil.  Ryegrass 

seed germination was inhibited at all recovery times in lupin amended soils.  Ryegrass 

seeds however, germinated well when plated on water agar after recovery from lupin 

amended soil, after 3 and 7 days.  Therefore the length of time the seeds are in the soil is 

a factor affecting seed decay.  There was no apparent degradation or change in colour of 

ryegrass seed surface in lupin amended soil compared to non-amended soil.  However, 

more fungal activity was evident on non-germinated ryegrass seeds in lupin amended 

soils than non-amended soils.  Therefore it could be possible that the chemicals from the 

decomposing lupin plant material were related to the inhibition of ryegrass seed 

germination and to the decay of ryegrass seeds.  Fungi and bacteria were possibly 

associated with the decaying process of the ryegrass seeds. 

 

Most severe (24%) decay of lupin seeds was observed after 14 days in lupin amended 

soil.  Germination of lupin seeds was inhibited at all recovery times in lupin amended 

soils, especially when the seeds were recovered after 2 days.  Lupin seeds germinated 

well on water agar after the seeds were recovered 2, 4 and 7 days following incubation 

in lupin amended soil.  There were no apparent colour differences in lupin seeds, 

incubated in lupin amended soil compared to those incubated in non-amended soil, 
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except for the appearance of dark patches on decaying seeds.  Of the seeds that were 

decayed in lupin amended soil, there was a gradual increase in the number of seeds with 

cracks and fungal presence, with recovery times.  This suggests that the seeds were 

inhibited by the lupin chemicals and only some of the seeds showed the presence of 

fungi and bacteria on the seed coat.  Less lupin seeds were probably decayed as lupin 

seeds can possibly tolerate lupin alkaloids more than the other seed species used.  It is 

probably more likely that microorganisms caused seed decay.   

 

In summary, this study illustrates that there was species-specific variation in seed 

morphology and response to incubation in lupin amended soils.  Lettuce seeds and cress 

seeds were decayed after a short period of time (6 hours and 7 days, respectively), 

where as ryegrass seeds were decayed after a longer period of time (14 days) in lupin 

amended soils.  The morphology of the seeds differed, lettuce, cress and lupin seeds 

having a relatively smooth flat seed coat with no external coverings, where as ryegrass 

seeds (or florets) have many layers covering the seed coat.  In general, more research is 

needed to determine the actual cause of seed decay, as many other factors such as the 

chemicals that originate from the seeds themselves could also affect seed decay.   
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Section B: Chemical and/or microbial effect of lupin green manure on seeds. 

Chapter 5: Effect on seeds of extracts from lupin amended soil. 

 

5.1 Introduction 

As mentioned in chapter three lupin plants contain alkaloids for chemical defence 

against animals, insects, competing plants and microorganisms (Wink, 1993).  The 

alkaloids are non-volatile, the probable method for their release is by leaching of the 

above ground parts by dew, fog and rain.  Lupin alkaloids may also be introduced into 

the soil by exudation or leaching from the plant roots, living or dead, and by leaching 

from plant remains in general (Lovett and Hoult, 1998).   

 

Lupin alkaloids also have the ability to inhibit seed germination.  It has been found that 

mixtures of lupin alkaloid extracts inhibit lettuce seed germination (Wink, 1983).  

Lupanine alkaloid was found to exhibit the strongest inhibition.  Lupanine extracts from 

L. albus reduced the seed germination of wild oat, vetch, tomatoes and wheat 

significantly.  While lupinine extracts caused small decrease in tomato seed 

germination, lupinine extracts showed no effect on the germination of other species 

tested (Muzquiz et al., 1994).   

 

In general, it has been found that seed germination is inhibited by sparteine, lupanine, 

13-tigloyloxylupanine, cytisine and a mixture of lupin alkaloids extracts (Wink, 1993).  

Sparteine has been found to inhibit fungal growth, while bacterial growth is inhibited by 

sparteine, lupanine, 13-tigloyloxylupanine, angustifoline and 13-hydroxylupanine 

(Wink, 1993).  

 

The experiments reported in this chapter examined the effect of using extracts from  

L. angustifolius or L. luteus amended Lancelin soil on lettuce, cress and weed species 

(annual ryegrass and silver grass) seeds.  A portion of the extracts from lupin amended 

soil were sterilised to determine if microorganisms affected seed germination or the 

plant toxins.  The experiments also investigated the pre-incubation time required for  

L. angustifolius or L. luteus amended soil extracts to affect the seeds.  An additional 

experiment investigated the effect of removing the seeds from lupin (L. angustifolius or 

L. luteus) soil extracts and plating them on water agar.     
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L. angustifolius species were used as they contain high amounts of the alkaloid lupanine 

and L. luteus species was used as it has been found to contain high levels of alkaloid 

lupinine (chapter three) (Muzquiz et al., 1994; Wink et al., 1995).  L. angustifolius 

green manure was also used in this experiment as work reported in the preceding 

chapters (chapters one, two and three) showed reduced seed germination of lettuce, 

cress, silver grass and annual ryegrass in L. angustifolius amended soil.     

 

This investigation aimed at determining  

1) whether extracts from soil amended with L. angustifolius or L. luteus affect lettuce, 

cress, ryegrass and silver grass seed germination and decay.   

2) if microorganisms and/or plant toxins in extracts from soil amended with  

L. angustifolius or L. luteus affect lettuce, cress, ryegrass and silver grass seed 

germination and decay. 

3) whether extracts from soil pre-incubated with L. angustifolius or L. luteus 

amendment for different periods of time affect lettuce, cress, ryegrass and silver grass 

seed germination and decay (experiment one). 

4) whether extracts from L. angustifolius or L. luteus amended soil affect lettuce, cress, 

ryegrass and silver grass seed germination and decay, when the seeds were removed 

from soil extracts or remained in the soil extracts for the duration of the experiment 

(experiment two). 

 

5.2 Material and methods 

5.2.1 Experiment 1: Effect on seeds of extracts from lupin amended soil incubated 

for different periods of time.  

The materials and methods used were similar to those used in tests described in chapter 

one (experiment one), with the exception of green manure and seed species used.  There 

were no chemical or biological factors measured, only seed germination, decay, 

viability and non-viability. 

 

Green manure preparation  

Lupinus angustifolius, L. luteus and non-amended Lancelin soil (control) were used.  

Lupin plants were grown in the glasshouse maintaining 18 – 22°C and were harvested at 

flowering and dried at 40°C.  The dried plant materials were stored in the laboratory at 

18 to 25°C for about one month before they were used.  The plant residue (shoot 

material) was incorporated into the soil as dried 1 - 2 mm sized material at a rate of 1% 
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(1.0 g dry plant residue / 100 g of dry soil).  Plant residue and water were added to each 

container of Lancelin soil (500 ml containers with lids) and thoroughly mixed.  The 

treated soil was wet to 12% moisture (56% of water holding capacity (WHC)).  Each 

week, water was added to maintain this moisture level, but some drying of the soil did 

occur between watering.  They were placed in an incubator maintaining 20 – 25°C (12 

hours light and 12 hours dark). 

 

Soil extract preparation  

After the soil treatments were pre-incubated for one, two, three or four weeks, the soil 

was placed into a centrifuge extraction vessel (Figure 5.1) and centrifuged at 2500 rpm 

for 10 minutes in a swinging bucket.  Nylon mesh (0.45 mm) was placed in the 

centrifuge extraction vessel to prevent soil and small particles from being present in the 

soil extract.  Approximately 6 ml of soil extract was collected from the base of the 

centrifuge extraction vessel and was either used unchanged (non-sterile) or sterilised 

with (by passing the soil extract through) a sterile Millipore (MILLEX® -GS) 0.45µm 

filter unit (with a 1 ml sterile syringe).  The soil extract (0.5 ml) was then added to 3.5 

cm diam. Petri dishes each with two sheets of sterile Whatman no. 1 filter paper.  The 

method of extracting the soil extract from the soil treatments and testing them is 

presented in Figure 5.1.  Extra soil extract was stored in the fridge (4°C) for moistening 

the filter paper when it became dry.   

 

Seeding 

Lettuce (Lactuca sativa cv. Great lakes), cress (Lepidium sativum cv. American upland), 

annual ryegrass (Lolium rigidum collected in Mt. Barker, 2000) and silver grass (Vulpia 

bromoides collected in Pardelup, 2000) seeds were added to the Petri dishes between 

two sheets of Whatman no. 1 filter paper.  The seeds were placed between two sheets of 

filter paper to keep the seeds moist.  The seeds were added 50 per 3.5 cm diam. Petri 

dish of lettuce, cress, silver grass or ryegrass.  Four replicate Petri dishes were used for 

each treatment.  The seeds remained in the soil extract for the duration of the 

experiment.  The seeds were assessed for germination every second day and after three 

weeks the seeds were assessed for decay.  A Tetrazolium (TZ) test was preformed on 

the non-germinated seeds to determine their status i.e. dormant or non-viable.     
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Figure 5.1: Method using a centrifuge extraction vessel to obtain extract from soil 

subjected to various treatments. 

  

Statistical analysis 

The experiment was set out using a completely randomised design with four replicates 

per treatment.  All means and standard error of the means were analysed using GenStat® 

Release 6.1 (6th Edition) (Lawes Agricultural Trust, Rothamsted Experimental Station).   

The data was analysed by three-way analysis of variance (ANOVA) (factors were green 

manure amended soil type, soil extract type (sterile and non-sterile) and soil pre-

incubation times) on GenStat®.  Significant differences among means were assessed by 

least significant difference test (LSD, P≤ 0.05).  Percent ryegrass seed decay and 

percent non-viable cress seed data were transformed (square root) prior to statistical 

analysis.  Percent non-viable lettuce seeds data was not statistically analysed as the data 

did not fit the assumptions made by ANOVA, due to many zero values (Draper and 

Smith, 1981; Mead et al., 1993).   

  

5.2.2 Experiment 2: Effect on seeds of extracts from lupin amended soil for 

different lengths of time.   

The materials and methods used were the same as those used in experiment one (chapter 

five), except that the soils were only pre-incubated for two weeks before extracting the 

soil extract using the centrifuge extraction vessel (Figure 5.1).  The seeds were placed 

between two sheets of filter paper in 3.5cm diam. Petri dishes and 0.5ml of either non-

sterile or sterile soil extract was added (the same as experiment one (chapter five).  Four 

replicates of each treatment (for each seed type) remained in the soil extract for the 

duration of the experiment (28 days) and four replicates of each treatment were 

  or 

non-amended soil  or   lupin amended soil 

Soil pre - incubation 

Extract collected here 

Soil placed in here  

nylon mesh (0.45 mm) 
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sterile un-sterile 
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Millipore filter 
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     lettuce        cress         ryegrass     silver grass         lettuce      cress        ryegrass     silver grass 
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removed after one day for lettuce seeds,  after seven days for silver grass and cress 

seeds and after 14 days for annual ryegrass seeds.  The seeds were assessed for 

germination every second day and after 28 days the seeds were assessed for decay.  A 

Tetrazolium (TZ) test was preformed on the non-germinated seeds to determine their 

status i.e. dormant or non-viable.   

 

Statistical analysis 

The experiment was set out using a completely randomised design with four replicates 

per treatment.  All means and standard error of the means were analysed using GenStat®  

Release 6.1 (6th Edition) (Lawes Agricultural Trust, Rothamsted Experimental Station).  

The data was analysed by three-way analysis of variance (ANOVA) (factors were green 

manure amended soil type, soil extract type (non-sterile and sterile) and duration seeds 

are in the soil extracts) on GenStat®.  Significant differences among means were 

assessed by least significant difference test (LSD, P≤ 0.05).  Percent non-viable cress 

seed data were transformed (square root) and percent viable cress seed data were 

transformed (square root plus one )1( +x ) prior to statistical analysis.  Percent non-viable 

and percent dormant for lettuce seeds and percent non-viable for ryegrass and silver 

grass seed data were not statistically analysed as the data did not fit the assumptions 

made by ANOVA, due to many zero values (Draper and Smith, 1981; Mead et al., 

1993).   

 

5.3 Results  

5.3.1 Experiment 1: Effect on seeds of extracts from lupin amended soil incubated 

for different periods of time.  

Lettuce seeds decay 

A greater (P≤ 0.05) percentage of lettuce seeds was decayed in extracts from  

L. angustifolius amended soil than in extracts from L. luteus amended soil.  The greatest 

percentage of lettuce seeds were decayed in extracts from L. angustifolius amended soil 

that was pre-incubated for two weeks (Table 5.1).  After four weeks of soil pre-

incubation, the highest percentage of decayed lettuce seeds was observed in extracts 

from L. angustifolius amendment (Table 5.1).  Greater (P≤ 0.05) decay of lettuce seeds 

was found in non-sterile extracts than in sterile extracts from L. luteus amended soil 

(Table 5.1).  Appendix B shows the data graphically. 
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Table 5.1: Mean percent decayed lettuce seeds in extracts from soil amended with 

different green manures subjected to different soil pre-incubation times.  Means in 

columns and rows followed by the same letter are not significantly different.  
Soil extract 
type 

Green manure 
amendments 

 
Soil pre-incubation time 

    
Mean 1 

       
  1 week 2 weeks 3 weeks 4 weeks  
Sterile L. angustifolius 49 100 32 71 63 a 
 L. luteus 11 9 17 17 13 c 
 Non-amended 13 9 7 10 10 c 
 Mean 2 24 cd 39 ab 19 d 33 bc n.a. 
       
Non-sterile L. angustifolius 32 95 41 76 61 a 
 L. luteus 17 39 42 30 32 b 
 Non-amended 9 11 11 6 9 c 
 Mean 2 19 d 48 a 31 bc 37 b n.a. 
       
Overall 
Mean 3 

 22 c 44 a 25 c 35 b n.a. 

  
Significance  
Lettuce seed decay:   
(green manure amendments): P<0.001 l.s.d. (P≤ 0.05) = 5 
(soil extract type): P=0.013  l.s.d. (P≤ 0.05) = 4 
(soil pre-incubation time): P<0.001 l.s.d. (P≤ 0.05) = 6 
(green manure amendments x soil extract type): P<0.001  l.s.d. (P≤ 0.05) = 7 
(green manure amendments x soil pre-incubation time): P<0.001 l.s.d. (P≤ 0.05) = 10 
(soil extract type x soil pre-incubation time): P=0.029 l.s.d. (P≤ 0.05) = 9 
(green manure amendments x soil extract type x soil pre-incubation time):  n.s.  
Mean 1 = mean for the combination between green manure amendments and soil extract type 

Mean 2 = mean for the combination between soil extract type and soil pre-incubation time  

Overall Mean 3 = overall mean for soil pre-incubation time  

 

Non-viable lettuce seeds 

There was a greater percentage of non-viable (dead, but not decayed) lettuce seeds 

among those treated with extracts from L. luteus amended soils than in extracts from  

L. angustifolius amended soils (Figure 5.2a and 5.2b).  Figures 5.2a and 5.2b show 

greater percentages of non-viable lettuce seeds in sterile soil extract as compared to 

non-sterile extract from L. luteus or L. angustifolius amended soils.  The greatest 

percentage of non-viable lettuce seeds occurred in sterile extract from soil pre-incubated 

for one or three weeks in L. luteus amended soil (Figure 5.2a).   
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Figure 5.2: Mean percent non-viable lettuce seeds in sterile (a) and non-sterile (b) 

extracts from soil amended with different green manures, which had been pre-incubated 

for one, two, three and four weeks.  Error bars indicate the standard error of the means.  
 

Table 5.2: Mean percent lettuce seeds germination in extracts from soil amended with 

different green manures subjected to different soil pre-incubation times. Means in 

columns and rows followed by the same letter are not significantly different.  
Green manure 
amendments 

Soil extract 
type 

 
Soil pre-incubation time 

    
Mean 1 

       

  1 week 2 weeks 3 weeks 4 weeks  
L. angustifolius Sterile 51 0 46 29 32 c 
 Non-sterile 67 5 58 24 39 c 
 Mean 2 59 b 2 e 52 bc 27 d n.a. 
       

L. luteus Sterile 14 53 32 58 39 c 
 Non-sterile 45 61 57 67 58 b 
 Mean 2 30 d 57 b 44 c 62 b n.a. 
       

Non-amended Sterile 87 91 93 90 90 a 
 Non-sterile 91 89 89 94 91 a 
 Mean 2 89 a 90 a 91 a 92 a n.a. 
       

Overall Mean 3  59 a 50 b 63 a 60 a n.a. 
  

Significance:  
Lettuce seed decay:   
(green manure amendments): P<0.001 l.s.d. (P≤ 0.05) = 5 
(soil extract type): P<0.001 l.s.d. (P≤ 0.05) = 4 
(soil pre-incubation time): P<0.001 l.s.d. (P≤ 0.05) = 6 
(green manure amendments x soil extract type): P=0.008  l.s.d. (P≤ 0.05) = 8 
(green manure amendments x soil pre-incubation time): P<0.001 l.s.d. (P≤ 0.05) = 11 
(soil extract type x soil pre-incubation time): n.s.  
(green manure amendments x soil extract type x soil pre-incubation time):  n.s.  
Mean 1 = mean for the combination between green manure amendments and soil extract type 
Mean 2 = mean for the combination between green manure amendments and soil pre-incubation time  
Overall Mean 3 = overall mean for soil pre-incubation time  
 

 

 

a 
b 



 126 

Lettuce seed germination 

Less (P≤ 0.05) lettuce seeds germinated in extracts from L. angustifolius and L. luteus 

amended soils than in extracts from non-amended soils, at each soil pre-incubation time 

(Table 5.2).  The least (P≤ 0.05) percentage of lettuce seeds germinated in extracts from 

L. angustifolius amended soil which had been pre-incubated for two weeks (Table 5.2).  

Less lettuce seeds germinated in sterile extracts than in non-sterile extracts from  

L. luteus amended soils, at each soil pre-incubation time (Table 5.2).  Appendix B 

shows the data graphically. 

 

Cress seed decay 

A larger (P≤ 0.05) percentage of cress seeds were decayed in non-sterile extracts than in 

sterile extracts from L. angustifolius and L. luteus amended soils (Figures 5.3a and 

5.3b).  More (P≤ 0.05) cress seeds were decayed in non-sterile extracts from  

L. angustifolius amended soil than in non-sterile extracts from L. luteus amended soil, 

which had been pre-incubated for one, two or three weeks (Figure 5.3b ).  However, a 

greater percentage of cress seeds showed decay in non-sterile extract from L. luteus 

amended soil than in non-sterile extract from L. angustifolius soil at four weeks soil pre-

incubation (Figure 5.3b).   
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Figure 5.3: Mean percent decayed cress seeds in sterile (a) and non-sterile (b) extracts 

from soil amended with different green manures, which had been pre-incubated for one, 

two, three or four weeks.  Error bars indicate the standard error of the means, LSD(P≤ 

0.05) = 14.   

 

 

 

a b 
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5.3.3a.5 Non-viable cress seeds  

There were more (P≤ 0.05) non-viable (dead, but not decayed) cress seeds in extracts 

from L. angustifolius and L. luteus amended soils than in extracts from non-amended 

soil (Figures 5.4a and 5.4b).  There were greater (P≤ 0.05) percentages of non-viable 

cress seeds in sterile extracts than in non-sterile extracts from lupin (L. angustifolius and 

L. luteus) amended soils (Figures 5.4a and 5.4b), except in extract from L. angustifolius 

amended soil which had been pre-incubated for four weeks and in extract from L. luteus 

amended soil which had been pre-incubated for one week (Figure 5.4a and 5.4b).  

Sterile extract from L. angustifolius and L. luteus amended soils pre-incubated for three 

weeks caused the greatest (P≤ 0.05) loss of viability of cress seeds (Figure 5.4a).  

Appendix B shows the non-transformed data graphically.   
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Figure 5.4: Mean percent non-viable cress seeds (square root transformed) in sterile (a) 

and non-sterile (b) extracts from soil amended with different green manures, which had 

been pre-incubated for one, two, three or four weeks.  Error bars indicate the standard 

error of the means, LSD(P≤ 0.05) = 1.6.   

 

Cress seed germination 

Less than 20% of cress seeds germinated in extracts from L. angustifolius and L. luteus 

amended soils (Figures 5.5a and 5.5b).  No significant difference was observed for cress 

seed germination in sterile and non-sterile extracts (Figures 5.5a and 5.5b) from soil 

which had been pre-incubated for one, two or three weeks (Figure 5.5a and 5.5b).     

a b 
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Figure 5.5: Mean percent cress seed germination in sterile (a) and non-sterile (b) 

extracts from soil amended with different green manures, which had been pre-incubated 

for one, two, three or four weeks.  Error bars indicate the standard error of the means, 

LSD(P≤ 0.05) = 8.   

 

Ryegrass seed decay 

Less than 7% of ryegrass seeds were decayed in extracts from all amended soils, for all 

soil pre-incubation times.  No significant difference was observed for decayed ryegrass 

seeds in sterile and non-sterile soil extracts for all soil pre-incubation times.  Appendix 

B shows the non-transformed data graphically. 

 

Ryegrass seed germination 

Greater than 74% of ryegrass seeds germinated in extracts from all amended soils 

(Table 5.3).  The least (P≤ 0.05) percentage of ryegrass seed germinated in extracts 

from L. luteus amended soil after the soil was pre-incubated for one week (Table 5.3).  

No significant difference was observed for ryegrass seed germination in sterile and non-

sterile soil extracts, for all soil pre-incubation times.  Appendix B shows the data 

graphically.   
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Table 5.3: Mean percent ryegrass seeds germination in extracts from soil amended with 

different green manures subjected to different soil pre-incubation times. Means in 

columns and rows followed by the same letter are not significantly different.  
Green manure 
amendments 

Soil extract 
type 

 
Soil pre-incubation time 

   Overall 
Mean 1 

       
  1 week 2 weeks 3 weeks 4 weeks  
L. angustifolius Sterile 89 88 93 89 n.a. 
 Non-sterile 85 91 93 91 n.a. 
 Mean 2 87 b 89 ab 93 a 90 ab 90 a 
       
L. luteus Sterile 74 91 92 89 n.a. 
 Non-sterile 75 89 91 86 n.a. 
 Mean 2 75 c 90 ab 91 ab 87 ab 84 b 
       
Non-amended Sterile 92 87 90 93 n.a. 
 Non-sterile 91 85 90 89 n.a. 
 Mean 2 92 ab 86 b 90 ab 91 ab 90 a 
       
Overall Mean 3  84 b 89 a 91 a 89 a n.a. 
  
Significance:  
Ryegrass seed germination:   
(green manure amendments): P=0.014 l.s.d. (P≤ 0.05) = 3 
(soil extract type): n.s  
(soil pre-incubation time): P<0.001 l.s.d. (P≤ 0.05) = 3 
(green manure amendments x soil extract type): n.s.  
(green manure amendments x soil pre-incubation time): P<0.001 l.s.d. (P≤ 0.05) = 6 
(soil extract type x soil pre-incubation time): n.s.  
(green manure amendments x soil extract type x soil pre-incubation time):  n.s.  
Overall Mean 1 = overall mean for green manure amendments  

Mean 2 = mean for the combination between green manure amendments and soil pre-incubation time  

Overall Mean 3 = overall mean for soil pre-incubation time  

 

Silver grass seed decay 

Less than 13% of silver grass seeds decayed in extracts from all amended soils (Table 

5.4).  A greater (P≤ 0.05) percentage of silver grass seeds were decayed in extracts from 

L. angustifolius or L. luteus amended soils than in extracts from non-amended soils 

(Table 5.4).  More (P≤ 0.05) silver grass seeds were decayed in extracts from soil which 

had been pre-incubated for two, three or four weeks (Table 5.4).  No significant 

difference was observed for decayed silver grass seeds in sterile and non-sterile soil 

extracts for all soil pre-incubation times.  Appendix B shows the data graphically.   

 

Silver grass seed germination 

Germination in the soil showed a reversal of results, with 87% germination or more of 

silver grass seeds in extracts from all amended soils (data not shown).  Less silver grass 

seeds germinated in L. angustifolius or L. luteus amended soils than in extracts from 
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non-amended soils.  No significant difference was observed for silver grass seed 

germination in sterile and non-sterile soil extracts, for all soil pre-incubation times.   

 

Table 5.4: Mean percent decayed silver grass seeds in extracts from soil amended with 

different green manures subjected to different soil pre-incubation times. Means in 

columns and rows followed by the same letter are not significantly different.  
Green manure 
amendments 

Soil extract 
type 

 
Soil pre-incubation time 

   Overall   
Mean 1 

       
  1 week 2 weeks 3 weeks 4 weeks  
L. angustifolius Sterile             6           10           12             8  n.a. 
 Non-sterile             3           11           13           12  n.a. 
 Mean 2 n.a. n.a. n.a. n.a. 9 a  
       
L. luteus Sterile             6           10             8           10  n.a. 
 Non-sterile             7           11           11             8  n.a. 
 Mean 2 n.a. n.a. n.a. n.a. 9 a 
       
Non-amended Sterile             3             3             3             5  n.a. 
 Non-sterile             3             3             3             6  n.a. 
 Mean 2 n.a. n.a. n.a. n.a. 4 b 
       
Overall Mean 3   5 b 8 a 9 a 8 a n.a. 
  
Significance:  
Lettuce seed decay:   
(green manure amendments): P<0.001 l.s.d. (P≤ 0.05) = 2 
(soil extract type): n.s  
(soil pre-incubation time): P=0.007 l.s.d. (P≤ 0.05) = 2 
(green manure amendments x soil extract type): n.s.  
(green manure amendments x soil pre-incubation time): n.s  
(soil extract type x soil pre-incubation time): n.s.  
(green manure amendments x soil extract type x soil pre-incubation time):  n.s.  
Overall Mean 1 = overall mean for each green manure amendments 

Mean 2 = mean for the combination between green manure amendments and soil pre-incubation time  

Overall Mean 3 = overall mean for soil pre-incubation time  

 

 

5.3.2 Experiment 2: Effect on seeds of extracts from lupin amended soil for 

different lengths of time.   

Lettuce seed decay 

The greatest (P≤ 0.05) percentage of lettuce seeds were decayed in extracts from 

Lupinus angustifolius amended soil (Figure 5.6a and 5.6b).  The next highest percent of 

lettuce seeds decayed were in extracts from Lupinus luteus amended soil.  More (P≤ 

0.05) lettuce seeds were decayed in non-sterile extract than in sterile extract from 

L. luteus amended soil, when the seeds remained in the soil extract for the duration of 

the experiment (Figure 5.6b).  A greater (P≤ 0.05) percentage of lettuce seeds were 
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decayed when the seeds remained in the non-sterile extract for the duration of the 

experiment than when the seeds were removed after one day in non-sterile extract from 

L. luteus amended soil (Figure 5.6a and 5.6b). 
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Figure 5.6a: Mean percent decayed lettuce seeds in extracts from soil treated with 

different green manure amendments and the effect of soil extract type (sterile or non-

sterile).  The seeds were removed from the soil extracts after one day.   

Figure 5.6b: Mean percent decayed lettuce seeds in extracts from soil treated with 

different green manure amendments and the effect of soil soil extract type (sterile or 

non-sterile).  The seeds remained in the soil extracts for the duration of the experiment 

(28 days).  Error bars indicate the standard error of the means, LSD(p=0.05) = 9.   

 

Non-viable lettuce seeds 

There were no non-viable lettuce seeds in all the treatments, except the non-viable 

lettuce seeds in sterile extract from L. luteus amended soil that remained in the 

treatment for the duration of the experiment (mean = 29%). 
 

Lettuce seed germination 

The least (P≤ 0.05) percentage of lettuce seeds germinated in extracts from  

L. angustifolius amended soil (Table 5.5), at both recovery times.  Less (P≤ 0.05) lettuce 

seeds germinated in extracts from L. luteus amended soil, when the seeds remained in 

the treatment for the duration of the experiment than when the seeds were removed after 

one day from the soil extracts (Table 5.5).  No significant difference was observed for 

lettuce seed germination in sterile and non-sterile soil extracts.  Appendix B shows the 

data graphically. 
 

a b 
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Table 5.5: Mean percent lettuce seed germination in extracts from soil amended with 

different green manures and subjected to different durations of incubation in the soil 

extracts.  Means in columns and rows followed by the same letter are not significantly 

different.  
Green manure 
amendments 

 
Soil extract type 

 
Duration in which seeds were in the 
treatments 

 Overall 
Mean 1 

  Seeds removed after 
one day 

Seeds remained for 
duration of experiment 

 

L. angustifolius Sterile 8 0 n.a. 
 Non-sterile 7 5 n.a. 
 Mean 2 7 c 2 c 5 c 
     

L. luteus Sterile 87 53 n.a. 
 Non-sterile 79 61 n.a. 
 Mean 2 83 a 57 b 70 b 
     

Non-amended Sterile 91 91 n.a. 
 Non-sterile 88 89 n.a. 
 Mean 2 89 a 90 a 90 a 
     

Overall Mean 3  60 a  50 b   
  

Significance:  
Lettuce seed germination:   
(green manure amendments): P<0.001 l.s.d. (P≤ 0.05) = 5 
(soil extract type): n.s  
(duration seeds in extract): P<0.001 l.s.d. (P≤ 0.05) = 4 
(green manure amendments x soil extract type): n.s.  
(green manure amendments x duration seeds in extract): P<0.001 l.s.d. (P≤ 0.05) = 7 
(soil extract type x duration seeds in extract): n.s.  
(green manure amendments x soil extract type x duration seeds in extract):  
n.s. 

 

Overall Mean 1 = overall mean for green manure amendments  
Mean 2 = mean for the combination between green manure amendments and duration seeds in extract  
Overall Mean 3 = overall mean for duration seeds in extract 
 

 

Dormant lettuce seeds 

Large percent of lettuce seeds were dormant in sterile extract from L. luteus amended 

soil, when the seeds remained in the treatment for the duration of the experiment (mean 

± se, 9% ± 3.7).  There were no dormant seeds in the other treatments. 
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 Table 5.6: Mean percent cress seed decay in extracts from soil amended with different 

green manures subjected to different durations of incubation in the soil extracts.  Means 

in columns and rows followed by the same letter are not significantly different.  
 
 
Soil extract 
type 

Duration in 
which seeds 
were in the 
treatments 

 
 
 
Green manure amendments 

   
 
Overall     
Mean 1 

      
  L. angustifolius L. luteus Non-amended  
Sterile Removed ^ (7 d) 22 9.3 12.2 n.a. 
 Remained * (28 d) 8.7 8.7 29.3 n.a. 
 Mean 2 15 cd 9 d 21 c 15 b 
      
Non-sterile Removed ^ (7 d) 83.3 62.2 16.7 n.a. 
 Remained * (28 d) 88 66 28.7 n.a. 
 Mean 2 86 a 64 b 23 c 58 a 
      
Overall Mean 3  51 a 37 b 22 c n.a. 
  
Significance:  
Cress seed decay:   
(green manure amendments): P<0.001 l.s.d. (P≤ 0.05) = 8 
(soil extract type): P<0.001 l.s.d. (P≤ 0.05) = 6 
(duration seeds in extract): n.s  
(green manure amendments x soil extract type): P<0.001 l.s.d. (P≤ 0.05) = 11 
(green manure amendments x duration seeds in extract): n.s.  
(soil extract type x duration seeds in extract): n.s.  
(green manure amendments x soil extract type x duration seeds in extract):  n.s.  
Overall Mean 1 = overall mean for soil extract type 

Mean 2 = mean for the combination between green manure amendments and soil extract type  

Overall Mean 3 = overall mean for green manure amendments  
* = Seeds remained in the soil extract for the duration of the experiment 

^  = Seeds were removed after seven days from the soil extract  

 
 
 
Cress seed decay 

A greater (P≤ 0.05) percentage of cress seeds decayed in extracts from L. angustifolius 

amended soil than in extracts from non-amended and L. luteus amended soils (Table 

5.6).  A greater (P≤ 0.05) proportion of cress seeds were decayed in non-sterile soil 

extracts compared to sterile soil extracts from L. angustifolius or L. luteus amended 

soils (Table 5.6).  No significant difference was observed in the percentage of decayed 

cress seeds when they were removed after seven days or when they remained in the soil 

extracts for the duration of the experiment.  Appendix B shows the data graphically. 
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Figure 5.7a: Mean percent non-viable cress seeds (square root transformed) in extracts 

from soil with different green manure amended soil types and soil extract type (sterile or 

non-sterile).  The seeds were removed from the soil extracts after seven days.   

Figure 5.7b: Mean percent non-viable cress seeds (square root transformed) in extracts 

from soil with different green manure amended soil types and soil extract type (sterile or 

non-sterile).  The seeds remained in the soil extracts for the duration of the experiment 

(28 days).  Error bars indicate the standard error of the means, LSD(P≤ 0.05) = 1.9. 

 

Non-viable cress seeds 

There was a greater (P≤ 0.05) percentage of non-viable cress seeds in sterile extracts 

than in non-sterile extracts from L. angustifolius amended soil when the seeds were 

removed after seven days (Figure 5.7a).  More (P≤ 0.05) non-viable cress seeds were 

observed in sterile extracts than in non-sterile extract from L. luteus amended soil, when 

the seeds remained in the treatments for the duration of the experiment (Figure 5.7b).  

There was a greater (P≤ 0.05) percentage of non-viable cress seeds when the seeds 

remained in the sterile extract from L. luteus amended soil for the duration of the 

experiment compared to when the seeds were removed from this extract after seven 

days (Figures 5.7a and 5.7b).  Appendix B shows the non-transformed data graphically. 

 

 

 

 

 

 

a b 
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Table 5.7: Mean percent cress seed germination in extracts from soil amended with 

different green manures subjected to different durations of incubation in soil extracts.  

Means in columns and rows followed by the same letter are not significantly different.  
Green manure 
amendments 

 
Soil extract type 

 
Duration in which seeds were in the 
treatments 

  
Mean 1 

  Seeds removed after 
seven day 

Seeds remained for 
duration of experiment 

 

L. angustifolius Sterile 22 0 11 c 
 Non-sterile 13 0 7 c 
 Mean 2 18 d 0 e n.a. 
     
L. luteus Sterile 41 1 21 b 
 Non-sterile 20 1 10 c 
 Mean 2 31 c 1 e n.a. 
     
Non-amended Sterile 83 61 72 a 
 Non-sterile 82 65 74 a 
 Mean 2 83 a 63 b n.a. 
     
Overall Mean 3  44 a  21 b   n.a. 
  
Significance:  
Cress seed germination:   
(green manure amendments): P<0.001 l.s.d. (P≤ 0.05) = 4 
(soil extract type): P=0.008 l.s.d. (P≤ 0.05) = 6 
(duration seeds in extract): P<0.001 l.s.d. (P≤ 0.05) = 3 
(green manure amendments x soil extract type): P=0.014 l.s.d. (P≤ 0.05) = 6 
(green manure amendments x duration seeds in extract): P=0.007 l.s.d. (P≤ 0.05) = 6 
(soil extract type x duration seeds in extract): P<0.001 l.s.d. (P≤ 0.05) = 5 
(green manure amendments x soil extract type x duration seeds in extract):  
n.s. 

 

Mean 1 = mean for the combination between green manure amendments and soil extract type 

Mean 2 = mean for the combination between green manure amendments and duration seeds in extract  

Overall Mean 3 = overall mean for duration seeds in extract  

 

Cress germination 

A greater percentage of cress seeds germinated in extracts from non-amended soil than 

in extracts from lupin amended soils, with the least germination observed in extracts 

from L. angustifolius amended soils.  A greater (P≤ 0.05) percentage of cress seeds 

germinated in sterile extracts compared to non-sterile extracts from L. luteus amended 

soils (Table 5.7).  Less (P≤ 0.05) cress seeds germinated when the seeds remained in the 

soil extracts for the duration of the experiment than when they were removed after 

seven days from the soil extracts, for all of the amendments (Table 5.7).  Few to no 

cress seeds germinated in extracts from L. angustifolius and L. luteus amended soils 

when the seeds remained in the extracts for the duration of the experiment (Table 5.7).  

More cress seeds germinated in sterile soil extracts than in non-sterile soil extracts when 
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they were removed after seven days from L. angustifolius and L. luteus amended soils.  

Appendix B shows the data graphically. 
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Figure 5.8a: Mean percent dormant cress seeds (transformed )1( +x ) in extracts from soil 

with different green manure amended soil types and soil extract type (sterile or non-

sterile).  The seeds were removed from the soil extracts after seven days.   

Figure 5.8b: Mean percent dormant cress seeds (transformed )1( +x )   in extracts from 

soil with different green manure amended soil types and soil extract type (sterile or non-

sterile).  The seeds remained in the soil extracts for the duration of the experiment (28 

days).  Error bars indicate the standard error of the means, LSD(P≤ 0.05) = 1.9. 

 

Dormant cress seeds  

A greater (P≤ 0.05) percentage of cress seeds was dormant (viable, but not germinated) 

in extracts from lupin (L. angustifolius and L. luteus) amended soils than non-amended 

soils (Figures 5.8a and 5.8b).  More (P≤ 0.05) cress seeds were dormant when the seeds 

remained in the soil extracts for the duration of the experiment compared to those 

removed after seven days in the soil extracts from L. angustifolius amended soils 

(Figures 5.8a and 5.8b).  A greater (P≤ 0.05) percentage of cress seeds was dormant in 

sterile soil extracts compared to non-sterile soil extracts from L. angustifolius amended 

soils (Table 5.6), when the seeds remained in the extract for the duration of the 

experiment.  A large (P≤ 0.05) percentage of dormant cress seeds was found in extract 

from L. luteus amended soil for all treatments, except in non-sterile extract from  

L. luteus amended soil, where the seeds were removed from the soil extract after seven 

days (Figure 5.8a and 5.8b).  Appendix B shows the non-transformed data graphically. 

 

 

a b 
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Ryegrass seed decay 

Less than 7% of ryegrass seeds were decayed in extracts from all amended soils, for all 

soil pre-incubation times.  There was no significant ryegrass seed decay after exposure 

to extracts from amended soils when the seeds were removed from the soil extracts after 

14 days or when the seeds remained in the soil extracts for the duration of the 

experiment.  No significant difference was observed for decayed ryegrass seeds in 

sterile and non-sterile soil extracts.  Appendix B shows the data graphically.   

 

Non-viable ryegrass 

Only a small percentage of ryegrass seeds were non-viable in extracts from lupin 

amended soils (mean non-viable ryegrass seeds, L. angustifolius (1%), L. luteus (1.5%)) 

compared to non-amended (0.17%) soil treatments.  Appendix B shows the data 

graphically.   

 

Ryegrass germination 

Greater than 85% of ryegrass seeds germinated in extracts from all amended soil (Table 

5.3).  No significant difference was observed for ryegrass seed germination in sterile 

and non-sterile soil extracts.  There was no significant ryegrass seed germination after 

exposure to extracts from amended soils, when the seeds were removed after seven days 

or when the seeds remained in the soil extracts for the duration of the experiment.  

Appendix B shows the data graphically.   

 

Silver grass decay 

Less than 12% of silver grass seeds decayed in extracts from all amended soils.  More 

silver grass seeds were decayed in extracts from L. angustifolius (10%) and L. luteus 

(9%) amended soils than in extracts from non-amended (4%) soils.  No significant 

difference was observed for decayed silver grass seeds in sterile and non-sterile soil 

extracts.  There was no significant silver grass seed decay after exposure to extracts 

from amended soils when the seeds were removed from the soil extracts after seven 

days or when the seeds remained in the soil extracts for the duration of the experiment.  

Appendix B shows the data graphically.   
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Non-viable silver grass seeds 

There were no non-viable silver grass seeds in all the treatments, except the non-viable 

silver grass seeds in sterile extract from L. angustifolius amended soil that remained in 

the treatment for the duration of the experiment (mean = 1%). 

 

Silver grass germination 

Germination in the soil showed a reversal of results, with 88% germination or more of 

silver grass seeds in extracts from all amended soils (data not shown).  Less silver grass 

seeds germinated in extracts from L. angustifolius or L. luteus amended soils than in 

extracts from non-amended soils.  No significant difference was observed for silver 

grass seed germination in sterile and non-sterile soil extracts.  There was no significant 

silver grass seed germination after exposure to extracts from amended soils, when the 

seeds were removed after seven days or when the seeds remained in the soil extracts for 

the duration of the experiment.  Appendix B shows the data graphically.   

 

5.4 Discussion 

Lettuce and cress seeds were decayed greatly (100% and 90%, respectively) in extracts 

from soil amended with Lupinus angustifolius or Lupinus luteus however, weed seeds 

(ryegrass and silver grass (7% and 13% decayed, respectively)) were not greatly 

decayed in extracts.  The differences in the percent of decayed seeds for lettuce, cress 

and weed (ryegrass and silver grass) seeds are possibly due to the differences in their 

seed characteristics (seed size, seed coat, germination rate and seed type) (Baskin and 

Baskin, 1998).  The seeds used varied in size with ryegrass seeds being the largest and 

cress seeds being the smallest.  The seeds also have different protective coverings, the 

ryegrass and silver grass seeds have protective coverings and lettuce and cress seeds do 

not.  

 

More lettuce seeds were decayed in extract from L. angustifolius amended soil which 

had been pre-incubated for two weeks (experiment one).  Previous results (chapter one) 

confirm that incubation in lupin amended soil can cause decay of lettuce seeds and that 

it is necessary for the amended soil to be pre-incubated for two weeks for significantly 

high decay of seeds.  

 

More lettuce seeds decayed in non-sterile extract from L. luteus amended soils 

compared to sterile soil extracts, suggesting that microorganisms have an effect on the 
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decay of lettuce seeds.  It is possible that lettuce seeds could have been predisposed to 

decay as a result of exposure to the chemicals from the decomposing lupin plant 

material.  Lettuce seeds were decayed in extract from Lupinus angustifolius amended 

soil.  Lettuce seeds were also decayed in extract from Lupinus luteus amended soil, but 

only to a small extent.  Other researchers have found that mixtures of lupin alkaloids in 

extracts inhibit lettuce seed germination (Wink, 1983), with lupanine alkaloid (from  

L. angustifolius plant material) exhibiting the strongest inhibition (Muzquiz et al., 1994; 

Wink et al., 1995).  Muzquiz et al. (1994) found that extracts from plants containing 

lupinine (e.g. L. luteus) caused a small decrease in tomato seed germination and had no 

effect on reducing seed germination with the other species tested: vetch (Vicia villosa), 

winter wild oat (Avena sterilis), lamb’s-quarters (Chenopodium album), wheat (Triticum 

aestivum)and pea(Pisum sativum) (Muzquiz et al., 1994).   

 

Stronger inhibition of lettuce seed germination was evident when the seeds remained in 

the soil extract for the duration of the experiment (four weeks) than when removed after 

one day in extract from L. luteus amended soil (experiment two).  This is probably due 

to the chemicals in the extract from L. luteus amended soil taking longer than one day to 

be absorbed into the seeds.  Extract from L. angustifolius amended soil inhibited the 

seed germination in just one day (experiment two), suggesting rapid absorption of 

lupanine alkaloids or other chemicals by the seed leading to inhibition of germination 

and possibly decay, as happened with lettuce seed. 

 

Some lettuce seeds became non-viable (dead, but not decayed) in extracts from lupin 

amended soil (experiments one and two).  Non-viable lettuce seeds were not observed in 

other experiments.  Normally lettuce seeds either germinate or decay in amended soils 

(chapters one and two).  Lettuce seeds were noticeably non-viable in extracts from  

L. luteus amended soil.  The non-viability of lettuce seeds is possibly due to the 

chemicals from lupin plant material affecting seed survival.  Fewer non-viable seeds 

were observed in extract from L. angustifolius amended soil as the affected seeds 

decayed rapidly.    

 

The majority of non-viable seeds occurred in sterile soil extracts from lupin amended 

soils, also suggesting that the lupin alkaloids can kill the seeds.  There were only a few 

non-viable seeds in non-sterile extracts from lupin amended soil, as the majority of them 

were decayed in this extract.  These results show that the lettuce seeds were probably 
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killed by chemicals (from lupin alkaloids) and were further decayed if microorganisms 

were present. 

 

The greater number of cress seeds were decayed in extract from L. angustifolius 

amended soil compared to extract from L. luteus amended soil (experiments one and 

two).  This was possibly related to lower lupanine (lupin alkaloid) content in residues of 

L. luteus.  Other researches have found lupanine, one of the main chemicals in  

L. angustifolius inhibits germination of seeds of many species of plants.  However, 

scientists have reported little inhibition of seed germination with lupinine, one of the 

main chemicals in L. luteus (Muzquiz et al., 1994; Wink, 1993; Wink et al., 1995). 

 

A greater percentage of cress seeds decayed in non-sterile extracts than in sterile 

extracts from lupin amended soils (experiment one and two).  This suggests that 

microorganisms and/or other factors in the extracts from lupin amended soils were 

involved in the decay of cress seeds. 

 

A larger percent of cress seeds decayed in extracts from L. angustifolius amended soils 

pre-incubation for one, two and three weeks (experiment one).  A possible reason could 

be that there was an increase in microbial activity and biomass and/or the release of 

chemicals (lupin alkaloids) from the plant material.  Greater cress seed decay was found 

to have occurred in extracts from L. luteus amended soil which was pre-incubated for 

two, three and four weeks (experiment one).   This delay is possibly due to a delayed 

increase in microbial activity or biomass and/or possibly a slower release of chemicals 

from the plant material. 

 

Cress seed germination was inhibited greatly by extracts from L. angustifolius and  

L. luteus amended soils (experiments one and two).  As the seeds that did not germinate 

were either decayed, non-viable or viable (alive, but unable to germinate), the 

germination of seeds was possibly inhibited (or were viable but dormant) due to the 

action of lupin chemicals. 

 

In all three amended soil types (L. angustifolius and L. luteus and non-amended) the 

germination of cress seeds that remained in the soil extract for the duration of the 

experiment was more severely inhibited than when they were removed after seven days 

(experiment two).  A prolonged exposure to microorganisms and/or other soil factors is 
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a possible cause.  The longer the period the seed was in contact with microorganisms 

and other soil factors, the greater the severity of decay.  

 

The germination of cress seeds that remained in the soil extracts for the duration of 

experiment were greatly inhibited in both sterile and non-sterile soil extracts 

(experiment two).  This suggests that there were microorganisms in both sterile and 

non-sterile extracts due to contamination and/or possibly due to other soil factors 

causing germination failure in cress seeds.  

 

Cress seed germination was inhibited in extracts from L. angustifolius amended soils 

(experiment two).  Inhibition of germination was more likely to have been caused by the 

presence of the lupin alkaloids than by the activities of the microorganisms.  Cress seeds 

were inhibited by microorganisms in extract from L. luteus amended soil as there was 

greater seed germination in sterile extracts from L. luteus amended soil than non-sterile 

extracts from L. luteus amended soil (experiment two). 

 

There were greater percentages of non-viable (dead but not decayed) cress seeds in 

extracts from L. angustifolius and L. luteus amended soils than non-amended soils.  The 

great percentage of non-viable cress seeds in extracts from lupin amended soil is 

possibly due to the lupin alkaloids and/or microorganisms.  More non-viable cress seeds 

were found in sterile extracts from lupin amended soils than in non-sterile extracts from 

lupin amended soils.  This suggests that the seeds became non-viable due to lupin 

chemicals as the non-sterile lupin extracts caused the seeds to become decayed (possibly 

due to microbial activity).  The sterile soil extract result therefore shows that chemicals 

in lupin soil extracts are probably responsible for killing cress seeds and in non-sterile 

environment cress seeds would become decayed by microorganisms, as would occur in 

a natural environment.    

 

The greatest percent of non-viable (or dead) seeds occurred at three weeks soil pre-

incubation for extracts from lupin amended soils (experiment one).  This is possibly due 

to lupin alkaloids concentration and/or unknown factors. 

 

A greater percentage of non-viable cress seeds were observed among those that 

remained continuously for the duration of the experiment, in sterile extract from  
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L. luteus amended soil than seeds that were removed after seven days (experiment two).  

This is possibly due to continuous exposure to lupin extracts (toxic to seeds) causing 

greater seed death than a short exposure.  More non-viable cress seeds was found in 

sterile L. angustifolius soil extract that were removed after seven days than seeds that 

had remained continuously in sterile soil extract for the duration of the experiment 

(experiment two).  This was an unexpected result as continuous contact with lupin 

alkaloids was expected to cause a more pronounced effect than in the treatments where 

the seeds were removed early. 

 

Dormant cress seeds (experiment two) 

There were greater percentages of dormant (viable, but not germinated) cress seeds in 

extracts from L. angustifolius and L. luteus amended soils was possibly due the action 

of lupin alkaloids, as few cress seeds were dormant in the extract from the non-amended 

soil.   

 

There was a great percentage (65%) of viable cress seeds in sterile extract from  

L. angustifolius amended soil that remained for the duration of the experiment 

(experiment two).  No viable cress seeds where found in non-sterile extract from L. 

angustifolius amended soil that remained for the duration of the experiment.  The 

majority of cress seeds were decayed in non-sterile extract from L. angustifolius 

amended soil when they remained in the extract for the duration of the experiment.  One 

suggestion is that there was a high percent of viable cress seeds among those exposed to 

the lupin alkaloids.  Although the chemicals hindered seed germination they were not 

killed by the chemicals, but became dormant.   

 

Many viable (dormant) cress seeds were seen in all extracts from L. luteus amended soil 

treatments except for non-sterile soil extract in which the seeds were removed after 

seven days (experiment two).  This is possibly due to the majority of the seeds being 

rapidly decayed in this treatment (non-sterile L. luteus amended soil extract).  There 

were no viable (dormant) seeds in non-sterile extract from L. luteus amended soil in 

which the seeds were removed after seven days.  The seeds mainly germinated or were 

viable and only a few were decayed or non-viable in L. luteus amended soil extracts.    

The increased percent of viable (dormant) cress seeds in lupin amended soil extracts 

compared to non-amended soil extracts was possibly due to the lupin alkaloids or 
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microorganisms as there were few or no viable (dormant) seeds in the non-amended soil 

extracts.  The majority of the cress seeds germinated in the non-amended soil extracts.  

 

Weed seed species (ryegrass and silver grass) were affected by extracts from lupin 

amended soils, however the effect was not as great as lettuce and cress seeds.  Ryegrass 

seed germination was inhibited significantly by extracts from L. luteus amended soil 

after one week soil pre-incubation (experiment one).  Germination of silver grass seeds 

were significantly inhibited in extracts from soils amended with either of the lupin 

species (experiments one and two).  This is possibly due to the nature of the seeds.  

Other researchers have found that seeds of some weeds such as wild oat and vetch to be 

inhibited by lupin extracts (Muzquiz et al., 1994).  Although these laboratory 

investigations gave a clear indication on the response of seeds to green manure 

amendments, caution needs to be taken in extrapolating laboratory experiments to field 

studies and further experiments are required to confirm the findings.   

 

In summary, extracts from L. angustifolius and L. luteus amended soils caused decay of 

lettuce seeds, but failed to cause significant decay of ryegrass and silver grass seeds.   

The extracts from L. angustifolius and L. luteus amended soils also caused greater non-

viability and dormancy of lettuce and cress seeds than non-amended soils.  There were 

varied responses to sterile and non-sterile soil extracts from L. angustifolius and  

L. luteus amended soils suggesting microorganisms in conjunction with chemicals have 

a role to play in decaying lettuce and cress seeds.  In the majority of cases, lettuce and 

cress seeds were affected more when the soil was pre-incubated for two weeks than any 

other soil pre-incubation time.  Lettuce and cress seed germination was inhibited more 

when the seeds remained in the soil extracts for the duration of the experiment than 

when removed after a few days.   
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Section C: Pythium effect on seeds in soil and amended soils. 

Chapter 6: Pythium irregulare affect on seed decay in amended soils. 

 

6.1 Introduction 

Pythium spp. cause root rot, seedling rot and seed rot on a variety of agriculturally 

important plants (Ben-Yephet and Nelson, 1999; Kaiser and Hannan, 1983; Keeling, 

1974; Kondo et al., 1986; Nelson, 1988; Osburn et al., 1989; Richardson, 1973; Rush 

and Gifford, 1972).  For instance, Pythium irregulare causes seed decay, damping-off 

and root rot, of pasture and cereal crops (Barbetti et al., 1986; Chamswarng and Cook, 

1985; Hering et al., 1987; Trapero Casas et al., 1990).  Pythium irregulare is considered 

to have a broad host range.  Species and disease caused by this pathogen is favoured by 

cool and wet soil conditions (Ben-Yephet and Nelson, 1999).  In addition, the sporangia 

of Pythium ultimum, P. sylvaticum and P. irregulare are known to germinate in 

response to volatile seed exudates (Nelson, 1987).   

 

Many different factors have been reported to contribute to the suppression in soil of 

Pythium spp. including temperature, moisture, compost dosage, compost type, organic 

matter quality and quantity and associated levels of microbial activity (Ben-Yephet and 

Nelson, 1999; Hoitink and Boehm, 1999).  Pythium spp. are highly sensitive to 

antagonists and environmental influences.  Plant root infection by these pathogens 

requires high soil moisture and reduced oxygen tension (Schmitthenner, 1970).  The 

damping-off severity of different individual Pythium spp. on cucumber seedlings has 

been found to be temperature dependent.  For example, P. aphanidermatum and  

P. myriotylum caused damping-off at 20, 24, 28 and 32°C, whereas P. irregulare caused 

disease only at 20 and 24°C within these ranges (Ben-Yephet and Nelson, 1999).   

 

This chapter determines the effects of green manure amended soils on Pythium 

irregulare suppression.  Compost in amended soil is known to suppress damping-off 

caused by Pythium spp. (Hoitink and Boehm, 1999; Hoitink et al., 1997; Stone et al., 

2001).  Soils amended with Brassica residues have been reported to suppress the growth 

of Pythium ultimum (Charron and Sams, 1999; Lazzeri et al., 2000; Nelson, 1987).  In 

one study, volatiles from Brassica plant material responsible for Pythium suppression 

was found to be Allyl ITC, a volatile suppressive to many fungi (Charron and Sams, 

1999).   
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The experiments reported in this chapter examined the effect of P. irregulare on the 

decay of lettuce or ryegrass seeds in different amended soil treatments.  A portion of the 

soil used was pasteurised to eliminate any pathogenic organisms that may interfere with 

or confound the activity of P. irregulare in a study to examine the effect of  

P. irregulare pathogenicity on lettuce and annual ryegrass seed decay in amended soils.  

A second experiment investigated the effect of temperature on the pathogenicity of  

P. irregulare and on the decay of lettuce seeds in different amended soil treatments.  A 

third experiment examined the effect of amending autoclaved (sterile) Lancelin sand 

with lupin green manure.  A portion of the soil and lupin plant material mix was 

sterilised prior to incubation to determine if microorganisms affected activity of  

P. irregulare and/or lettuce seed decay.  Residues of Lupinus angustifolius were used as 

one of the amendments in this experiment, as work reported in chapters one, two and 

three have shown a reduction in seed germination of lettuce and ryegrass seeds in soil 

amended with L. angustifolius. 

 

The aims of these investigations were:  

1) To determine if amendment of soil with lupin or Brassica green manures affects the 

ability of Pythium irregulare to cause pre-emergence decay of lettuce and annual 

ryegrass seeds (experiment one). 

2) To determine the effect of temperature on Pythium irregulare pathogenicity and 

lettuce seed decay in lupin or Brassica amended soils (experiment two). 

3) To determine if microorganisms in the soil and on lupin green manure affect lettuce 

seed decay and Pythium irregulare pathogenicity and to explain certain discrepancies in 

the results from previous experiments (experiment three). 

 

6.2 Material and methods 

6.2.1 Experiment 1: The effect of amended soil on Pythium irregulare and the decay 

of lettuce and annual ryegrass seeds. 

The material and methods used were similar to those used in chapter one, with the 

exception of green manure, soil state (pasteurised and non-pasteurised), seed species 

and Pythium treatment.  No chemical or biological factors were measured, only seed 

status (germination, decay, dormancy and non-viability) was monitored. 
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Soil preparation and maintenance 

The surface layer (top 10 cm) of a soil low in organic carbon 0.16% and organic 

nitrogen 0.01% (Singh, 2001) was collected from Lancelin (virgin bushland), sieved  

(2 mm sieve) and air dried.  Half the quantity of soil was steam pasteurised (Baker, 

1957) on two consecutive days and dried at 40ºC, the other half was left untreated.  The 

portion of soil that was steam pasteurised (at 63°C for 30 min.) was treated thus to 

exterminate any resident pathogenic organisms in the soil, which may affect the 

experiment. 

 

Plant residue (shoot material) of Lupinus angustifolius or Brassica napus (experimental 

line 4063) was incorporated into the soil as dried 1-2 mm sized material, at a rate of 1% 

(1 g dry plant residue /100 g of dry soil).  An additional plant residue treatment was 

used – L. angustifolius at 0.7% rate, as previous experiments have shown seeds to be 

decayed at 1% rate of lupin residue and therefore it would be unclear if the seeds 

decayed due to the plant residue or Pythium.  Plant residue was added to each container 

of Lancelin soil (500 ml containers, with lids) and thoroughly mixed.  Lids were placed 

on the containers to reduce moisture loss and to maintain a high relative humidity 

during the experiment.  The soil treatments were wet to 12% moisture (56% of water 

holding capacity (Piper, 1942)), as initial experiments showed high seed decay at this 

level of moisture (chapters one and two).  Each week (wk), the lids were removed and 

water added to maintain the moisture level.  The moisture level was also kept high to 

encourage high levels of disease severity (Wong et al., 1984).  Soil treatments were 

incubated for two wks at 25/20°C (day/night) in a glasshouse before sowing with lettuce 

and annual ryegrass seeds.  Previous experiments (chapters one and two) have shown 

24°C to be optimum for seed decay during soil incubation.    

 

Soil inoculations and seeding  

After the two wks pre-incubation period, the soil treatments (100 g) were removed from 

the containers and placed in Petri dishes (100 mm diameter by 20 mm high) (soil 

volume 75 ml).  Annual ryegrass or lettuce seeds were sown 20 per Petri dish at about 

0.5 cm depth and 1 cm apart.  Annual ryegrass and lettuce seeds were chosen as 

preliminary experiments showed significant seed decay of these seeds with  
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P. irregulare5.  Then, either ‘nil' (no millet seeds added), sterilised millet seeds or  

P. irregulare infested millet seeds were added to the depressions made in the soil for 

sowing lettuce or annual ryegrass seeds and then covered with soil.  The millet seeds 

(inoculum) were placed next to the ryegrass or lettuce seeds as preliminary trials (data 

not shown) showed minimal seed decay when the inoculum was positioned at a distance 

(> 10 mm, 20 mm and 30 mm) from the seed.  Sterile millet seed was used as an 

additional control to pasteurised soil to determine if there were any other pathogens 

resident in the soil, capable of utilising the millet seed as a food-base.  Petri dishes were 

placed in an incubator maintained at 18/13°C (day/night) for two wks.   

 

Lettuce seeds were used in the study to determine if lupin plant residue had an effect on 

the seed in the absence of Pythium.  Lettuce seed was chosen as it has a reliably high 

germination rate and provides a quick indication of any seed decay. 

 

After the two wks, all the seeds were recovered from the soil and the number of seeds 

that germinated recorded.  The remaining non-germinated seeds were placed on 

moistened filter paper within Petri dishes and left in the 18/13°C (day/night) cabinet for 

a further four wks, after which the number of seeds that further germinated was 

recorded.  The seeds which had still not germinated were assessed for decay.  A 

Tetrazolium (TZ) test was preformed on the non-germinated, non-decayed seeds to 

determine their status i.e. dormant or non-viable (dead).   

 

Statistical analysis 

The experiment was set out using a completely randomised design with six replicates 

per treatment.  All means and standard error of the means were analysed using GenStat® 

Release 6.1 (6th Edition) (Lawes Agricultural Trust, Rothamsted Experimental Station).  

Each seed type was analysed separately by three-way analysis of variance (ANOVA), 

where the factors were green manure amended soil type (1% lupin, 0.7% lupin, 1% 

Brassica and non-amended) , soil pasteurisation (non-pasteurised and pasteurised) and 

Pythium (Pythium irregulare, millet only and nil).  Significant differences among means 

were assessed by least significant difference test (LSD, P≤ 0.05).  Five outliers were 

removed from the lettuce seeds data set prior to statistical analysis.  The seed data was 

                                                 
5Pythium irregulare isolate was obtained from a well maintained collection at the University of Western 
Australia on a slope and re-grown on CMA.  Millet seeds were infested with agar plugs of actively 
growing Pythium and left to colonise for four weeks.  For source of inoculum and methods see Wong et 
al. (1985). 
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arcsine transformed prior to statistical analysis, as the data was a proportion (n=20 

shown as a percentage) and did not meet the assumptions of ANOVA (Draper and 

Smith, 1981; Mead et al., 1993). 

 

6.2.2 Experiment 2: Temperature effect on Pythium irregulare and the decay of 

lettuce seed. 

The material and methods used were similar to those used in chapter six (experiment 

one), with the exception of seed species and incubation temperature of seeds in the soil 

treatments.   

 

Soil inoculations and seeding  

After the two wks pre-incubation period at 25/20 ºC, the soil treatments (100 g) were 

removed from the containers and placed in Petri dishes (100 mm diameter by 20 mm 

high) (soil volume 75 ml).  Lettuce seeds were sown 20 per Petri dish at about 0.5 cm 

depth and 1 cm apart.  Then, either ‘nil’(no millet seeds added), sterilised millet seeds or 

P. irregulare infested millet seeds were added to the depressions made in the soil for 

sowing lettuce seeds and then covered with soil.  Half of the Petri dishes were placed in 

an incubator at 18/13°C (day/night) for two wks.  The other half was placed in an 

incubator at 25/20°C (day/night), also for two wks.  

 

All the seeds were recovered from the soil after the two wks and the number of seeds 

that germinated was noted.  The remaining non-germinated seeds were placed on 

moistened filter paper within Petri dishes and left either in the 18/13°C or 25/20°C 

incubator for a further four wks, after which the number of seeds that further germinated 

was recorded.  The seeds which had still not germinated were assessed for decay.  A 

Tetrazolium (TZ) test was preformed on the non-germinated, non-decayed seeds to 

determine their status i.e. dormant or non-viable.   

 

Statistical analysis 

The experiment was set out using a completely randomised design with six replicates 

per treatment.  All means and standard error of the means were analysed using GenStat® 

Release 6.1 (6th Edition) (Lawes Agricultural Trust, Rothamsted Experimental Station).  

The data was analysed by four-way analysis of variance (ANOVA), where the factors 

were green manure amended soil type (1% lupin, 0.7% lupin, 1% Brassica and non-

amended), soil pasteurisation (non-pasteurised and pasteurised), Pythium (Pythium 
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irregulare, millet only and nil) and temperature.  Significant differences among means 

were assessed by least significant difference test (LSD, P≤ 0.05).  The seed data was 

arcsine transformed prior to statistical analysis, as the data was a proportion (n=20 

shown as a percentage) and did not meet the assumptions of ANOVA (Draper and 

Smith, 1981; Mead et al., 1993). 

 

6.2.3 Experiment 3: The effect of sterilisation of Lancelin soil and lupin plant 

material on Pythium irregulare and lettuce seed decay. 

The material and methods used were similar to those used in chapter six (experiment 

one), with the exception of seed species, soil type (Lancelin soil, pasteurisation and 

autoclaved) and green manure amendment type (lupin and irradiated lupin residues). 

   

Soil preparation 

One third of the Lancelin soil was pasteurised for two consecutive days and then dried 

at 40°C to eliminate any resident pathogenic organisms (including Pythium spp.) in the 

soil that could possibly interfere with the experimental results.  The next third was 

autoclaved for three consecutive days to eliminate all microorganisms.  The remaining 

third was left untreated.  Three soil treatments were used to determine if soil 

microorganisms played a role in decaying the seeds and to determine if P. irregulare 

was also affected by the resident soil microorganisms.   

 

Plant residue incorporation  

Plant residue (shoot material) of Lupinus angustifolius was incorporated into the soils in 

dried 1-2 mm size pieces, at a rate of 1% (1 g dry plant residue to 100 g dry soil).   In 

addition, a treatment of irradiated lupin plant material was used to eliminate all 

microorganisms in the introduced plant material in an attempt to possibly explain some 

unusual results obtained in previous experiments.  The plant material was sterilised by a 

cobalt irradiator (gamma irradiation) for 55 hours at 14.92 Grays/min for a total of 

50,000 Grays (Gy) (Department Agriculture, Western Australia, operated by Mr Ernie 

Steiner). 

  

Plant residue was incorporated into the soil to determine the effect of the plant residue 

on P. irregulare and lettuce seeds.  Soil was placed in 500ml containers and incubated 

for two wks at 25/20°C (day/night) prior to sowing lettuce seeds.  Previous experiments 

had shown 24°C to be optimum for soil incubation.   The soil treatments were wet to 
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12% moisture (56% of water holding capacity), as previous experiments showed high 

seed decay at this level.    

 

Soil inoculation and seeding  

After the two wks pre-incubation period, the soil treatments (100 g) were removed from 

the containers and placed in Petri dishes (100 mm diameter by 20 mm high) (soil 

volume 75 ml).  Lettuce seeds were sown 30 per Petri dishes at about 0.5 cm depth and 

1 cm apart.  Then, either ‘nil’ (no millet seeds added), sterilised millet seeds or  

P. irregulare infested millet seeds were added to the soil depressions for sowing lettuce 

seeds and then covered with soil.  The Petri dishes were placed in an incubator at 

18/13°C (day/night) for two wks.  The temperature was set at 18/13°C for this test in 

order to favour the P. irregulare growth rather than seed gemination.   

 

After the two wks, all the seeds were recovered from the soil and the number of seeds 

that germinated recorded.  The remaining non-germinated seeds were placed on 

moistened filter paper within Petri dishes and left in the 18/13°C (day/night) cabinet for 

a further four wks, after which the number of seeds that further germinated was 

recorded.  The seeds which had still not germinated were assessed for decay.  A TZ test 

was preformed on the non-germinated, non-decayed seeds to determine their status i.e. 

dormant or non-viable.   

 

Soil and plant sterilisation verification was achieved by placing 1 g of soil in to 10 ml of 

nutrient broth and incubating for seven days at 25°C (Wolf and Skipper, 1994).  It was 

also verified by placing soil or plant material on tryptic soy agar for the detection of 

bacteria and Martin’s medium (Martin, 1950) for detection of fungi that may have 

escaped the soil and plant sterilisation procedures. 

 

Statistical analysis 

The experiment was set out using a completely randomised design with six replicates 

per treatment.  All means and standard error of the means were analysed using GenStat® 

Release 6.1 (6th Edition) (Lawes Agricultural Trust, Rothamsted Experimental Station).   

The data was analysed by three-way analysis of variance (ANOVA), where the factors 

were green manure sterilisation (lupin, irradiated lupin (sterile) and non-amended), soil 

sterilisation (pasteurised, autoclaved (sterilised) and Lancelin) and Pythium (Pythium 

irregulare, millet only and nil).  Significant differences among means were assessed by 
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least significant difference test (LSD, P≤ 0.05).  The seed data was arcsine transformed 

prior to statistical analysis, as the data was a proportion (n=30 shown as a percentage) 

and did not meet the assumptions of ANOVA (Draper and Smith, 1981; Mead et al., 

1993). 

 

Due to the large number of replicates and treatments, two replicates from each treatment 

were assessed per day over three days.  Statistical analysis was conducted to determine 

if assessing them over a three day period had affected the experimental results, however 

there was no significant effect of which day the treatments were assessed (data not 

shown). 

 

As there were large numbers of experiments, see Table 6.i of summary of all experiment 

treatments and measurements.   

 

6.3 Results 

The preliminary trial with annual ryegrass seeds showed that Pythium irregulare 

significantly (P≤ 0.05) decayed ryegrass seeds in Lancelin soil (Appendix C, Figure 

C.1). 

 

6.3.1 Experiment 1: The effect of amended soil on Pythium irregulare and the decay 

of lettuce and annual ryegrass seeds. 

Lettuce seed decay 

Overall, there were significant effects of green manure amendment (P<0.001) and 

Pythium (P<0.001) in relation to the decay of lettuce seeds.  There were also overall 

significant interactions between green manure amendment and Pythium (P<0.001), and 

between green manure amendment and pasteurisation (P<0.001) in relation to lettuce 

seed decay.   

 

There was significantly (P≤ 0.05) more lettuce seeds decayed in the Pythium treatments 

than control (millet and nil) treatments (Overall Mean3, see Table 6.1) especially in non-

amended soil (Mean2, see Table 6.1).  There was significantly (P≤ 0.05) less seed decay 

in the Pythium treatment in 0.7% lupin amended soils than the Pythium treatment in 1% 

lupin amended soils.  There was significantly (P≤ 0.05) less seed decay in the Pythium 

treatment in 1% Brassica amended soils than the Pythium treatment in 1% lupin 

amended soils (Mean2, see Table 6.1).  There was significantly (P≤ 0.05) greater decay  



 

 

Table 6.i: Details of all experiments treatments and measurements. 

Experiment No. Treatments used     Measurements  
 Green manure type and 

amount 
Soil state Pythium treatment (on 

millet seeds) 
Seed 
treatments  

Temp seed Seeds tests 

1: The effect of amended 
soil on Pythium 
irregulare and the decay 
of lettuce and annual 
ryegrass seeds 

(dried 1-2mm) 
1% Lupinus angustifolius  
0.7% Lupinus angustifolius  
1% Brassica napus 4063 
non-amended 

Pasteurised 
Non-
pasteurised  

Pythium irregulare 
infested millet  
Sterile millet seeds 
No millet seeds 

20 seeds per 
dish with      
6 replicates 
 
Lettuce 
Ryegrass 
 
 

In soil 
treatments 
at 18/13°C 
 

Germination 
test at 18/13°C 
 
TZ test 
 

2: Temperature effect on 
Pythium irregulare and 
the decay of lettuce seed 

(dried 1-2mm) 
1% Lupinus angustifolius  
0.7% Lupinus angustifolius  
1% Brassica napus 4063 
non-amended 

Pasteurised 
Non-
pasteurised 

Pythium irregulare 
infested millet  
Sterile millet seeds 
No millet seeds 

20 seeds per 
dish with      
6 replicates 
 
Lettuce 
 
 

In soil 
treatments 
at 18/13°C 
or 
25/20°C 

Germination 
test at 18/13°C 
or 25/20°C 
 
TZ test 
 

3. The effect of 
sterilisation of Lancelin 
soil ad lupin plant 
material on Pythium 
irregulare and lettuce 
seed decay 

(dried 1-2mm) 
1% Lupinus angustifolius 
1% irradiated Lupinus 
angustifolius 
non-amended  
 

Lancelin soil 
Pasteurised 
Autoclaved 
  

Pythium irregulare 
infested millet  
Sterile millet seeds 
No millet seeds 

30 seeds per 
dish with      
6 replicates 
 
Lettuce 
 

In soil 
treatments 
at 18/13°C 

Germination 
test at 18/13°C 
 
TZ test 
 

* note: all experiment had the following treatments:  soil moisture was 56% WHC; soil pre-incubation period was 2 wks at 25/20°C and seed 
were recovered after 2 wks for all experiments 
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of lettuce seeds in 1% lupin amended pasteurised soil than 1% lupin amended non-

pasteurised soil (Mean1, see Table 6.1).  There was significantly (P≤ 0.05) less decayed 

lettuce seeds in 0.7% lupin amended pasteurised soils than in 1% lupin amended 

pasteurised soils (Mean1, see Table 6.1).   

 

Table 6.1: Mean percent lettuce seed decay (arcsine transformed) in pasteurised or non-

pasteurised soil, amended with different green manures and subjected to different 

Pythium treatments (Pythium irregulare, millet or nil).  Means in columns and rows 

followed by the same letter are not significantly different. 

Green manure 
amendments  

Pasteurisation Pythium treatment  Mean 1 

  Pythium  Millet  Nil  
Non-amended non-pasteurised 84 31 22 46 cde   

 pasteurised  88 13 12 38 e   

 Mean 2 86 a   22 f   17 f n.a. 
   
1% Lupin non-pasteurised 76 50 52 59 bc   

 pasteurised  90 90 87 89 a   

 Mean 2 83 a   70 abc   70 abc   n.a. 
   
0.7% Lupin non-pasteurised 41 66 64 57 bcd   

 pasteurised  51 48 33 44 de   

 Mean 2 46 e   57 cde   49 de n.a. 
   
1% Brassica non-pasteurised 52 71 73 65 b   

 pasteurised  59 77 53 63 b   

 Mean 2 55 cde   74 ab   63 bcd n.a. 
     
Overall Mean 3  67 a   56 b 50 b n.a. 
     
Significance  
Lettuce seed decayed:   
(green manure amendments): P<0.001 l.s.d. (P≤ 0.05) = 9% 
(pasteurisation): n.s.  
(Pythium): P<0.001 l.s.d. (P≤ 0.05) = 8% 
(green manure amendments x pasteurisation): P<0.001  l.s.d. (P≤ 0.05) = 13% 
(green manure amendments x Pythium): P<0.001 l.s.d. (P≤ 0.05) = 16% 
(pasteurisation x Pythium ): n.s.  
(green manure amendments x pasteurisation x Pythium):  n.s.  
Mean 1 = mean for the combination between green manure amendments and pasteurisation  
Mean 2 = mean for the combination between green manure amendments and Pythium treatments 
Overall Mean 3 = overall mean for Pythium treatments 
n.a. = not applicable  
n.s. = not significant (no significant difference between the means at P≤ 0.05) 

 

Germination of lettuce seeds showed similar trends as lettuce seed decay, there was 

significantly (P≤ 0.05) less germination in the Pythium treatment in non-amended soils.  
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Only a few (approximately 1-2%) lettuce seeds germinated on water agar when the 

seeds were removed from Brassica and non-amended soil treatments and plated (data 

not shown).   

 

Annual ryegrass seed decay 

There was an overall significant effect of treatments (P<0.001) upon ryegrass seed 

decay, with overall significant effects of Pythium (P<0.001), and significant overall 

interactions between green manure amendment with Pythium (P<0.001) and with 

pasteurisation (P<0.001), between Pythium and pasteurisation (P≤ 0.005) and a 

significant three-way interaction between green manure amendments with pasteurisation 

and with Pythium (P<0.001).   
 

The greatest (P≤ 0.05) decay of ryegrass seeds was in non-amended pasteurised soil 

with the Pythium treatment (Figure 6.1).  There was significantly (P≤ 0.05) greater 

percents of ryegrass seeds decayed in 1% lupin amended non-pasteurised soils than in 

1% lupin amended pasteurised soils.  There was also greater (P≤ 0.05) ryegrass seed 

decay in nil (no millet seed added) treatment in 1% lupin amended non-pasteurised soil 

than the nil (no millet seed added) treatment in each amended soils (Figure 6.1).  
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Figure 6.1: Mean percent annual ryegrass seed decay (arcsine transformed) aftertwo 

wks in non-pasteurised (a) and pasteurised (b) amended soil with Pythium irregulare, 

millet and nil treatments.  Error bars indicate the standard error of the means.   
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Statistical significance for ryegrass seed decay: 
Green manure amendment: n.s. 
Pythium: P<0.001, LSD(P≤ 0.05) = 4 
Pasteurisation: n.s. 
Green manure amendment x Pythium: P<0.001, LSD(P≤ 0.05) = 7 
Green manure amendment x pasteurisation: P<0.001, LSD(P≤ 0.05) = 6 
Pythium x pasteurisation: P<0.005, LSD(P≤ 0.05) = 5 
Green manure amendment x pasteurisation x Pythium: P<0.001, LSD(P≤ 0.05) = 10 
n.s. = not significant (no significant difference between the means at P≤ 0.05) 
 

Annual ryegrass seed germination in soil 

There were overall significant effects of pasteurisation (P≤0.010), and Pythium 

(P<0.001) in relation to germination of annual ryegrass in soil and also significant 

interactions between green manure amendment and pasteurisation (P<0.018), green 

manure amendment and Pythium (P<0.001), and pasteurisation and Pythium (P≤0.029) 

in relation to germination of ryegrass in soil. 

 

There was significantly (P≤ 0.05) less ryegrass seed germination in the Pythium 

treatments than control (millet and nil) treatments (Overall Mean3, see Table 6.2).  The 

least (P≤ 0.05) ryegrass seed germination was in the Pythium treatments in non-

amended soils (Mean2, see Table 6.2).  There was significantly (P≤ 0.05) less seed 

germination in 1% Brassica amended pasteurised soils than in 1% Brassica amended 

non-pasteurised soils (Mean1, see Table 6.2).  There was less germination in the 

a b 
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Pythium treatments in pasteurised soils than the Pythium treatments in non-pasteurised 

soils, except for the 1% lupin amended soil (Table 6.2). 

 

Table 6.2: Mean percent ryegrass germination (arcsine transformed) in pasteurised or 

non-pasteurised soil, amended with different green manures and subjected to different 

Pythium treatments (Pythium irregulare, millet or nil).  Means in columns and rows 

followed by the same letter are not significantly different.  

Green manure 
amendments  

Pasteurisation Pythium treatment  Mean 1 

  Pythium  Millet  Nil  
Non-amended non-pasteurised 49 60 61 56 bc   

 pasteurised  39 64 64 55 bc   

 Mean 2 44 d   62 a   62 a n.a.
   
1% Lupin non-pasteurised 58 58 52 56 bc   

 pasteurised  57 59 57 58 ab   

 Mean 2 58 abc   59 ab   55 bc   n.a.
   
0.7% Lupin non-pasteurised 62 60 61 61 a   

 pasteurised  52 61 58 57 ab   

 Mean 2 57 ab   61 a   59 ab n.a.
   
1% Brassica non-pasteurised 55 58 64 59 ab   

 pasteurised  50 53 53 52 c   

 Mean 2 53 c   55 bc   58 abc n.a.
     
Overall Mean 3  53 b   59 a 59 a n.a.
     
Significance  
Ryegrass seed germination in soil:   
(green manure amendments): n.s.  
(pasteurisation): P<0.010 l.s.d. (P≤ 0.05) = 2% 
(Pythium): P<0.001 l.s.d. (P≤ 0.05) = 3% 
(green manure amendments x pasteurisation): P<0.018 l.s.d. (P≤ 0.05) = 4% 
(green manure amendments x Pythium): P<0.001 l.s.d. (P≤ 0.05) = 5% 
(pasteurisation x Pythium ): P<0.029 l.s.d. (P≤ 0.05) = 4% 
(green manure amendments x pasteurisation x Pythium):  n.s.  
Mean 1 = mean for the combination between green manure amendments and pasteurisation  
Mean 2 = mean for the combination between green manure amendments and Pythium treatments 
Overall Mean 3 = overall mean for Pythium treatments 
n.a. = not applicable  
n.s. = not significant (no significant difference between the means at P≤ 0.05) 

 

Annual ryegrass seed germination on water agar   

There were overall significant effects of green manure amendments (P<0.001) and 

pasteurisation (P<0.001) upon the germination of ryegrass seed on water agar and also a 
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significant interaction between green manure and pasteurisation (P≤0.016) in relation to 

the germination of ryegrass seed on water agar. 

 

There was significantly (P≤ 0.05) less ryegrass seed germination on water agar from 

non-pasteurised soil treatments than pasteurised soil treatments (Mean1, see Table 6.3).  

There was significantly (P≤ 0.05) less ryegrass seed germination on water agar from 

non-amended soils than all amended soil types (Overall Mean3, see Table 6.3).  

 

There was significantly (P≤ 0.05) less ryegrass seed germination on water agar from 1% 

Brassica and 1% lupin non-pasteurised amended soils than 1% Brassica and 1% lupin 

pasteurised amended soil (Mean2, see Table 6.3).  There was no difference (P>0.05) 

between non-amended pasteurised soils and non-amended non-pasteurised soils (Mean2, 

see Table 6.3).  The least percent of ryegrass seeds that germinated on water agar were 

in non-amended pasteurised soils.   There was no difference (P>0.05) between 

amendment type in non-pasteurised soils, but in the pasteurised soil, there was 

significantly more (P≤ 0.05) germination for where 1% Brassica had been added 

compared to where 0.7% lupin had been added (Mean2, see Table 6.3).    



 159

Table 6.3: Mean percent germination of ryegrass seeds on water agar (arcsine 

transformed) following extraction from soils pasteurised or non-pasteurised and 

amended with different green manures and subjected to different Pythium treatments 

(Pythium irregulare, millet or nil).  Means in columns and rows followed by the same 

letter are not significantly different. 

Pasteurisation Pythium 
treatment 

Green manure amendments    Overall 
Mean 1 

  non-
amended 

1% 
Lupin 

0.7% 
Lupin 

1% 
Brassica 

 

Non-pasteurised  Pythium  23 18 21 26 n.a.
 Millet  15 27 23 25 n.a.
 Nil 24 21 21 20 n.a.
 Mean 2 20 de   22 cde   22 cde   24 bcd   22 b   

    
Pasteurised  Pythium  16 30 31 32 n.a.
 Millet 18 27 17 34 n.a.
 Nil 21 29 29 32 n.a.
 Mean 2 18 e   29 ab   26 bc   33 a   26 a   

    
Overall Mean 3  19 b   26 a   24 a   28 a   n.a.
     
Significance:  
Ryegrass water agar germination:   
(green manure amendments): P<0.001 l.s.d. (P≤ 0.05) = 4% 
(pasteurisation): P<0.001 l.s.d. (P≤ 0.05) = 3% 
(Pythium): n.s.  
(green manure amendments x pasteurisation): P<0.016  l.s.d. (P≤ 0.05) = 5% 
(green manure amendments x Pythium): n.s.  
(pasteurisation x Pythium ): n.s.  
(green manure amendments x pasteurisation x Pythium):  n.s.  
Overall Mean 1 = overall mean for pasteurisation  
Mean 2 = mean for the combination between green manure amendments and pasteurisation 
Overall Mean 3 = overall mean for green manure amendments 
n.a. = not applicable  
n.s. = not significant (no significant difference between the means at P≤ 0.05) 
 

Non-transformed data for all annual ryegrass seed data is graphically shown in 

Appendix C. 

 
6.3.2 Experiment 2: Temperature effect on Pythium irregulare and the decay of 

lettuce seed. 

There were overall significant effects of green manure amendment (P<0.001), 

pasteurisation (P<0.001), Pythium (P<0.001) and temperature (P<0.001).  There were 

significant interactions between green manure amendment with pasteurisation 

(P<0.001) and Pythium (P≤0.034) and between temperature with green manure 

amendment (P<0.001) and Pythium (P<0.001).  There were significant three-way 

interactions between green manure amendment, pasteurisation with Pythium (P<0.001) 
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and temperature (P<0.001) and between Pythium, temperature with green manure 

amendment (P<0.001) and pasteurisation (P<0.001).  There was a significant four-way 

interaction between green manure amendment, pasteurisation, Pythium and temperature 

(P≤0.003). 

 

There were significantly (P≤ 0.05) more lettuce seeds decayed in Pythium treatments 

than in control [millet and nil (no millet seed addition)] treatments in non-amended soils 

(Figure 6.2).  There was significant seed decay in Pythium treatments in non-amended 

soils at both incubation temperatures.  However, there was significantly (P≤ 0.05) more 

decay of seeds in Pythium treatment at 18/13°C than in Pythium treatment at 25/20°C in 

non-amended soils (Figure 6.2).  There was significantly (P≤ 0.05) more seed decay in 

Pythium and millet only treatments in Brassica amended soils incubated at 25/20°C 

than in Pythium and millet only treatments in Brassica amended soils incubated at 

18/13°C (Figure 6.2).  There was significantly (P≤ 0.05) more seed decay in Pythium, 

millet only and nil treatments in 0.7% lupin amended soils incubated at 25/20°C than 

Pythium, millet only and nil treatments in 0.7% lupin amended soils incubated at 

18/13°C (Figure 6.2).  

 

Overall, at both levels of lupin amendments, there was significantly (P≤ 0.05) more 

lettuce seed decay in non-pasteurised soil as compared to pasteurised soil (Figure 6.2).   

There was significantly (P≤ 0.05) fewer seeds decayed in Pythium treatments in 0.7% 

lupin amended pasteurised soil than in nil treatment in 0.7% lupin amended pasteurised 

soil at 25/20 ºC (Figure 6.2c).  There was significantly (P≤ 0.05) fewer decayed seeds in 

Pythium treatments in 0.7% lupin amended non-pasteurised soils compared to control 

treatments (millet and nil) in 0.7% lupin amended non-pasteurised soils at 18/13 ºC 

(Figure 6.2b).  

 

There was no significant (P≤ 0.05) difference in lettuce seed decay in 1% lupin 

amended soil in relation to temperature, pasteurisation or Pythium treatments, except 

that there was significantly (P≤ 0.05) fewer lettuce seeds decayed in the Pythium 

treatment than in control treatments (millet and nil) in 1% lupin amended pasteurised 

soil incubated at 18/13 ºC and at 25/20 ºC (Figure 6.2c and 6.2d).   

 

There was no significant (P≤ 0.05) difference in the percent of seeds decayed between 

Pythium, millet and nil treatments in lupin and Brassica amended non-pasteurised soils 
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at 25/20 ºC (Figures 6.2a).  However, there was significantly (P≤ 0.05) more seed decay 

in 0.7% lupin pasteurised soil incubated at 25/20 ºC than in 0.7% lupin pasteurised soil 

incubated at 18/13 ºC (Figures 6.2c and 6.2d).  There was also significantly (P≤ 0.05) 

fewer seeds decayed in 0.7% lupin pasteurised soil at 18/13 ºC than in 0.7% lupin non-

pasteurised soil at 18/13 ºC (Figures 6.2b and 6.2d).   

 

There were no significant (P≤ 0.05) differences in the percent of lettuce seeds decayed 

in 1% Brassica amended soil in relation to temperature, pasteurisation or Pythium 

treatments, except that there was significantly (P≤ 0.05) fewer seeds decayed in millet 

treatments at 18/13 ºC than 25/20 ºC in Brassica amended pasteurisation soils (Figure 

6.2), and there was also significantly (P≤ 0.05) fewer seeds decayed in Pythium 

treatment than control (‘nil’) treatment in 1% Brassica amended non-pasteurised soil at 

18/13 ºC (Figure 6.2b).  

 

Lettuce seed germination data in soil treatments showed the same trend as lettuce 

decayed seed data results.  The seeds either decayed or germinated in the soil and there 

was no seed germination on water agar.  
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Figure 6.2: Mean percentage lettuce seeds decayed (arcsine transformed) in non-

pasteurised treated soil at 25/20 ºC (a) and 18/13 ºC (b) and pasteurised treated soil at 

25/20 ºC (c) and 18/13 ºC (d), in different amended soil with Pythium irregulare, millet 

or nil treatments.  Error bars indicate the standard error of the means.   
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Statistical significance for lettuce seed decay: 

Green manure amendment: P<0.001, LSD(P≤ 0.05) = 3% 

Pasteurisation: P<0.001, LSD(P≤ 0.05) = 2% 

Pythium: P<0.001, LSD(P≤ 0.05) = 3% 

Temperature: P<0.001, LSD(P≤ 0.05) = 2% 

Green manure amendment x pasteurisation: P<0.001, LSD(P≤ 0.05) = 5% 

Green manure amendment x Pythium: P<0.001, LSD(P≤ 0.05) = 6% 

pasteurisation x Pythium: P<0.034, LSD(P≤ 0.05) = 4% 

Green manure amendment x temperature: P<0.001, LSD(P≤ 0.05) = 5% 

Pasteurisation x temperature: n.s. 

Pythium x temperature: P<0.001, LSD(P≤ 0.05) = 4% 

Green manure amendment x pasteurisation x Pythium: P<0.001, LSD(P≤ 0.05) = 8% 

Green manure amendment x pasteurisation x temperature: P<0.001, LSD(P≤ 0.05) = 7% 

Green manure amendment x Pythium x temperature: P<0.001, LSD(P≤ 0.05) = 8% 

Pasteurisation x Pythium x temperature: P<0.001, LSD(P≤ 0.05) = 6% 

Green manure amendment x pasteurisation x Pythium x temperature: P<0.003, LSD(P≤ 0.05) = 12% 

n.s. = not significant (no significant difference between the means at P≤ 0.05) 
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6.3.3 Experiment 3: The effect of sterilisation of Lancelin soil and lupin plant 

material on Pythium irregulare and lettuce seed decay. 

 

Overall, there was a significant effect of green manure amendment (P<0.001), Pythium 

(P<0.001) and soil type (P<0.001).  There was a significant interaction between green 

manure amendment with Pythium (P<0.001) and soil type (P<0.001) and a significant 

interaction between Pythium with soil type (P<0.001).   

 

There was significantly (P≤ 0.05) more lettuce seeds decayed in lupin (irradiated and 

non-irradiated) amended soil than non-amended soils (Overall Mean3, see Table 6.4).  

There was also significantly (P≤ 0.05) more lettuce seeds decayed in lupin amended soil 

than in irradiated lupin amended soil (Overall Mean3, see Table 6.4).  However, here 

was significantly (P≤ 0.05) more lettuce seeds decayed with the Pythium treatments in 

non-amended soils than with Pythium treatments in Lupin (irradiated and non-

irradiated) amended soil (Mean2, see Table 6.4) 

 

There was significantly (P≤ 0.05) more lettuce seeds decayed in the Pythium treatment 

compared to control (millet and nil) treatments in non-amended treatments (Mean2, see 

Table 6.4).  There was also significantly (P≤ 0.05) more lettuce seeds decayed in the 

Pythium treatment compared to control (millet and nil) treatments in irradiated lupin 

amended treatments (Mean2, see Table 6.4).  However, was also significantly (P≤ 0.05) 

fewer lettuce seeds decayed in the Pythium treatment compared to nil treatment in lupin 

amended treatments (Mean2, see Table 6.4). 

 

There was significant (P≤ 0.05) decay of lettuce seeds in the Pythium treatment for all 

soil types (Lancelin soil, pasteurised and autoclaved soil) compared to control 

treatments (millet and nil) for all soil types (Lancelin soil, pasteurised and autoclaved 

soil) (Mean1, see Table 6.4).  There was no significant (P>0.05) difference in the 

percent of seeds decayed between Lancelin soil and autoclaved Lancelin soil for control 

(millet and nil) treatments (Mean1, see Table 6.4).  However, there was significantly (P≤ 

0.05) fewer lettuces seeds decayed in Lancelin soil than autoclaved soil for Pythium 

treatments (Mean1, see Table 6.4).   
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Table 6.4: Mean percent lettuce seeds decayed (arcsine transformed) in Lancelin soil, 

pasteurised Lancelin soil and autoclaved Lancelin soil in different amended soils types, 

with Pythium irregulare, millet and ‘nil’ treatments.  Means in columns and rows 

followed by the same letter are not significantly different. 

Pythium 
treatment 

Soil sterilisation 
treatment  

Green manure sterilisation treatment Mean 1 

  Non-
amended 

Lupin  irradiated 
lupin  

 

Pythium  Lancelin soil 88 63 75 75 b   

 Pasteurised soil 90 69 73 77 ab   

 autoclaved soil  86 74 88 83 a   

 Mean 2 88 a   69 d   79 bc n.a. 
   
Millet Lancelin soil 25 90 54 56 c 
 Pasteurised soil 5 50 27 27 e   

 autoclaved soil  14 84 74 58 c   

 Mean 2 15 g   75 cd   52 f   n.a. 
   
Nil  Lancelin soil 21 88 66 59 c 
 Pasteurised soil 15 70 34 40 d   

 autoclaved soil  10 90 81 60 c   

 Mean 2 15 g   83 ab   61 e n.a. 
     
Overall Mean 3  39 c   75 a 64 b n.a. 
     
Significance  
Lettuce seed decay:   
(green manure sterilisation): P<0.001 l.s.d. (P≤ 0.05) = 4% 
(soil sterilisation): P<0.001 l.s.d. (P≤ 0.05) = 4% 
(Pythium): P<0.001 l.s.d. (P≤ 0.05) = 4% 
(green manure sterilisation x soil sterilisation): P<0.001 l.s.d. (P≤ 0.05) = 7% 
(green manure sterilisation x Pythium): P<0.001 l.s.d. (P≤ 0.05) = 7% 
(soil sterilisation x Pythium ): P<0.001 l.s.d. (P≤ 0.05) = 7% 
(green manure sterilisation x Pythium x soil sterilisation):  n.s.  
Mean 1 = mean for the combination between green manure sterilisation and pasteurisation  
Mean 2 = mean for the combination between green manure sterilisation and Pythium treatments 
Overall Mean 3 = overall mean for green manure sterilisation 
n.a. = not applicable  
n.s. = not significant (no significant difference between the means at P≤ 0.05) 

 

Results for lettuce seed germination in soil treatments showed the same trend as 

decayed lettuce seeds data.  The seeds either decayed or germinated in the soil but no 

seeds germinated on water agar. 
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6.4 Discussion 

6.4.1 Experiment 1 

Lettuce seeds 

In relation to Pythium irregulare decay of lettuce seeds observed in non-amended 

Lancelin soil, other researchers have also demonstrated that P. irregulare can cause 

decay of seeds of a variety of plants (Chamswarng and Cook, 1985; Hering et al., 1987; 

Trapero Casas et al., 1990).  The slight increase in seed decay in control (millet and nil) 

treatments of non-pasteurised soil, while not significant, suggested that there may have 

been other deleterious microorganisms resident in soil colonising seeds in non-

pasteurised soil.   

 

In green manure amended soils there were varied affects of P. irregulare, pasteurisation 

and amendment type on lettuce seed decay.  In non-pasteurised soil amended with 1% 

lupin there was less than 52% of lettuce seeds decayed in control (millet and nil) 

treatments, although the decay was not to the same degree as in previous experiments  

reported in chapters one, two and three where lettuce seeds were all (100%) decayed in 

lupin amended soil.  This variation in decay could be due to the fact that the seeds were 

incubated at 18/13 ºC in this experiment rather than at the 25/20 ºC used in earlier 

experiments where 25/20 ºC was used because P. irregulare inoculation was not 

involved.  A temperature range of 13 – 18 ºC in this experiment (chapter six, 

experiment one) was used in order to encourage P. irregulare activity but be less than 

optimal for seed germination as this seems to favour disease caused by P. irregulare 

(Wong et al., 1984).  This was a relevant temperature range to use for this study as it is 

similar to the temperature range that occurs around sowing across much of the Western 

Australia cropping regions (Bureau of Meteorology).  

 

In contrast, in the pasteurised soil amended with 1% lupin, lettuce seeds were nearly 

totally (90% arcsine transformed) decayed in P. irregulare and control (millet and nil) 

treatments.  Therefore in pasteurised 1% amended soil, it is possible that P. irregulare 

did not influence lettuce seed decay, as the percent of decayed seeds within the 

experimental and control conditions was not significantly different.  The decay of seeds 

is possibly due to the lupin amendment.  The lupin green manure provides an increased 

food source (nutrients) and thus could increase microbial activity and thereby increase 

seed decay.  It is also possible that the lettuce seed decay is due to some unspecified 

effect of the lupin amendment material itself.  Interestingly, less than 60% (51% arcsine 
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transformed) of lettuce seeds were decayed using a lupin amendment of 0.7% in 

pasteurised soil.  These findings are in line with other research which demonstrated that 

there is a positive correlation between percentage of emerged cucumber seedlings and 

concentration (v/v) of manure added to a substrate (Bettiol et al., 2000).  As in the 

condition using 1% lupin amendment soil, there was no significant difference between 

the experimental (with Pythium) and control treatments.  

 

Also interesting to note, was an effect of Brassica amended soil on P. irregulare, 

evident as reduced decay of seeds in the P. irregulare treatment in the presence of 1% 

Brassica.  Perhaps Brassica amended soil reduced the effects of P. irregulare on lettuce 

seeds by reducing P. irregulare infection or by suppressing the activity of other 

microorganisms associated with lettuce seed decay.  Charron and Sams (1999) also 

found that shredded Brassica juncea suppressed Pythium ultimum, as a consequence of 

Pythium radial growth being suppressed by volatiles released from shredded B. juncea 

(Charron and Sams, 1999). 

 

Annual ryegrass seeds 

Similar to lettuce seeds, annual ryegrass seeds were readily decayed by Pythium 

irregulare in non-amended Lancelin soil.  However, it was interesting that P. irregulare 

caused significantly more severe seed decay in non-amended pasteurised soil than in 

non-amended non-pasteurised Lancelin soil.  This is possibly due to the destruction of at 

least some of the competing resident microorganisms in the soil by pasteurisation that 

otherwise may have restricted build-up of the Pythium population.  Similar effects have 

also been observed by others (Greenhalgh and Lucas, 1984) with Pythium spp. causing 

more severe damping-off and root rot in pasteurised field soil compared to untreated 

field soil.  In contrast, there was no effect of pasteurisation on lettuce seed germination 

in non-amended soils.  Barbetti and Sivasithamparam (1987) found a similar effect, but 

in relation to seedling survival of subterranean clover.  They found that P. irregulare 

greatly reduced the seedling survival of clover in both infested (with root rot fungi) and 

non-infested soil in either pasteurised or non-pasteurised soils and suggested that this 

may have been due to the fact that sandy Western Australian ‘soils’ have only very 

limited biological buffering capacity.   

 

The difference observed between lettuce and ryegrass seeds could also be due to the 

differences in seed type.  Ryegrass seed has many protective layers (lemma and palea) 
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that may prevent some pathogens from decaying the seed.  In contrast, lettuce seed has 

no protective layers and only a thin seed coat enabling microorganisms to attack easily 

and substantially affect the seeds.  The differences observed between lettuce and 

ryegrass seed decay may also be explained by the lack of significant overall differences 

between pasteurised soil and non-pasteurised soil.  Perhaps this was due to the fact that 

the soil was incubated for two wks before the seeds were added and the fact that the 

plant material was not sterilised.  It is possible that in addition to some microorganisms 

that survive the pasteurisation process (Baker, 1957) there could also have been the 

effects from microorganisms as contaminants from the air that may have had some 

ability to colonise the soil and reduce the microbial differences expected between 

pasteurised and non-pasteurised soils.  It is interesting to note that in pasteurised soil, 

there was less ryegrass seed decayed in 1% lupin amended soil than in non-pasteurised 

1% lupin amended soil.  Again, this could possibly be explained by reduced competition 

from resident microorganisms in Lancelin soil because some microorganisms would 

have been destroyed by the pasteurisation process. 

 

Amending the soil with green manure reduced the percent of decayed ryegrass seeds 

with P. irregulare treatments, either due to some direct effect of the amendment itself or 

perhaps due to effects on the microorganisms associated with the amendment slowing 

and/or preventing P. irregulare population increase.  Other researchers have previously 

found that a wide range of soil amendments, including compost, organic mater, 

municipal wastes and even fish emulsions, have suppressed Pythium effect on plants 

(Abbasi et al., 2004; Lifshitz et al., 1984; Pascual et al., 2002).  Similarly, the effects I 

observed in relation to reduced damping-off due to amended soils have also been 

reported by others.  For example, a compost-amended (sawdust-bedded cow manure, 

15% compost: 85% sand ) sand suppressed Pythium ultimum damping-off on cucumber 

seedlings for approximately 1 year (Stone et al., 2001).  In that instance, suppression 

was maintained by the degradation of coarse and mid-size particulate organic matter 

(POM) fractions to fine fractions but, after the composition of fine organic matter 

declined, suppression was lost.  Stone et al. (2001) also found that composition of POM 

changed little while there was suppression of Pythium, but after the first year, when 

suppression was lost, there were large changes of POM composition, and aromatics and 

aliphatics decreased while mineral and carbohydrates increased.   
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In General 

Under field conditions where Pythium already resides in the soil, the addition of green 

manure can sometimes be detrimental to the plants, increasing Pythium levels in the soil 

(Manici et al., 2002).  This occurs because Pythium is faster growing than many 

deleterious soil microorganisms and more quickly colonises the green manure, thereby 

providing Pythium with increased potential for infecting the crop.  However, in my 

study, P. irregulare was suppressed by the green manures, and this result was possibly 

influenced by the timing of P. irregulare addition, with P. irregulare added only two 

wks after green manuring.  Therefore, the microbial biomass/activity was high at the 

time of infestation with P. irregulare which could then have been suppressed by 

competing microorganisms.  This is not surprising, as microbial competition for 

available nutrients has been one major mechanisms suggested for Pythium suppression 

(Chen et al., 1988; Hu et al., 1997).  The significant levels of N (lupin = 4% N and 

mustard = 2% N) in lupin and mustard green manures could have been an important 

factor for the suppression of P. irregulare in my study.  The response of fungal 

pathogens to increased N availability has been documented and shown to be pathogen-

specific.  For example, Pythium ultimum growth rate was reduced with an increase in 

available N (NH4-N and NO3-N) (Hu et al., 1997).  In contrast, Garrett (1976) showed 

that soluble N promoted Gaeumannomyces graminis and Fusarium roseum growth rates 

(Garrett, 1976).  

 

6.4.2 Experiment 2  

In this experiment, lettuce seeds were also greatly decayed by Pythium irregulare in 

non-amended Lancelin soils.  There was an effect of temperature on P. irregulare seed 

decay, with greater decay of lettuce seeds by Pythium at 18/13°C than at 25/20°C in 

non-amended soils.  Wong et al. (1984) found that at 45% water holding capacity 

(WHC) and at relatively low temperature of 10 or 15°C the pathogenicity of P. 

irregulare was greater than at higher temperatures of 20 and 25°C.  The relatively low 

temperature of 18/13°C used for my study was chosen to favour the Pythium growth 

more than seed gemination (Wong et al., 1984). Furthermore, such temperatures (13 and 

18°C) frequently occur in the field at sowing across much of the cropping region of 

Western Australia (Bureau of Meteorology) where P. irregulare causes seedling 

damping-off (Sivasithamparam, 1993).  Wong et al. (1984) showed that for 

subterranean clover, least survival occurred at 10°C with 45% WHC and greatest 

survival was at 25°C (45% WHC).  At higher temperatures of 28 and 30°C Ben-Yephet 
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and Nelson (1999) showed that there was no effect of P. irregulare on cucumber 

seedlings, even under high relative humidity.   

 

There was suppression of Pythium damage on seeds in some amended soils, and this 

suggests that amendments could offer significant potential for control of Pythium 

damping-off.  Organic amendments have been found to lower the density of Pythium 

species (Bulluck et al., 2002), such as with amendments of B. juncea (Charron and 

Sams, 1999), Cleome hassleriana, Iberis amara or Rapistrum rugosum (Lazzeri and 

Manici, 2001).  Alkaloids (especially gramine alkaloid) from lupin plant material have 

also been shown to reduce Pythium aphanidermatum growth (Cuadra et al., 1995).  This 

may well explain the effect I observed where 1% Brassica and 0.7% lupin non-

pasteurised soil at 18/13°C, and 1% lupin pasteurised soil at 18/13 ºC, reduced  

P. irregulare decay on lettuce seeds.  Furthermore, lettuce seeds were not greatly 

decayed by P. irregulare in the 0.7% lupin amended pasteurised soil, similar to the 

result also found in experiment one of chapter six, where there was less decay of seeds 

in P. irregulare, millet and nil treatments in 0.7% lupin pasteurised soil than in 1% 

lupin pasteurised soil.  This may possibly be due to some response to the specific 

concentration of lupin amendment applied or possibly due to a particular balance of 

microorganisms associated specifically with 0.7% lupin amended pasteurised soil, 

particularly when incubated at 18/13°C.   

 

6.4.3 Experiment 3 

Similar to the trends shown in previous experiments, P. irregulare caused significant 

decay of lettuce seeds in non-amended soil.  Incubation in lupin amended soils also 

resulted in significant decay of lettuce seeds.  There was no effect of autoclaving soil 

(sterilising) on lettuce seed decay compared to (non-autoclaved) Lancelin soil in control 

(millet and nil) treatments.  However, there was more decay of lettuce seeds in 

autoclaved soil with Pythium treatment than (non-autoclaved) Lancelin soil with 

Pythium treatment.  There was an effect of irradiating (sterilising) the lupin plant 

material with more decay of lettuce seeds in lupin (non-irradiated) plant material than 

irradiated lupin plant material in the control treatments (millet and nil).  However, in 

Pythium treatments there were fewer lettuce seeds decayed in lupin (non-autoclaved) 

amended soil than autoclaved lupin plant material amended soils.  It is likely that the 

decay of seeds in lupin amended soil was due to chemical components arising from 

incorporation of the lupin amendment.  For example, other researchers have found that 
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lupin alkaloids inhibit germination of some seeds (Muzquiz et al., 1994; Wink, 1983).  

However, in control treatments (millet and nil) there was significantly less decay of 

lettuce seeds in the pasteurised soil than autoclaved soil or non-autoclaved Lanclein 

soil.  In addition, in the pasteurised soil there was significantly less seed decay in the 

millet only treatment than the nil treatment, suggesting that it could be microorganisms 

from the soil or microorganisms colonising the lupin plant material that have multiplied 

rapidly and caused the decay of seeds observed.  However, the millet only treatment 

was introduced to determine if there were any important pathogens resident in the soil 

and the results suggest that in pasteurised soil there probably were no pathogens of 

importance as there were less decayed seeds in this treatment compared with non-

pasteurised soil.  It could be that the millet seed may have, in a direct or indirect way, 

prevented either the microorganisms or lupin chemicals reaching the lettuce seeds.  

Although, this was clearly shown in pasteurised soil treatment, it is also possible that 

the presence of millet seed may have in some way adversely affected deleterious 

microorganisms and pathogens, therefore facilitating the germination of lettuce seeds 

observed in the presence of millet seed in this study. 

 

The irradiation of plant material had a significant effect on seed decay.  There was 

greater decay of lettuce seeds in non-irradiated lupin plant material than irradiated lupin 

plant material in control (millet and nil) treatments.  This suggests that there are 

microorganisms in the lupin plant material capable of aiding in seed decay.  However, 

in the Pythium treatments there was greater decay of lettuce seeds in irradiated lupin 

plant material than non-irradiated lupin plant material.  This suggests that Pythium was 

possibly capable of decaying more seeds due to the reduction in microbial competitors.  

This was also shown in the autoclaved soil.  There was greater decay of seeds in the 

irradiated soil than non-irradiated Lancelin soil.  This is also possibly due to Pythium 

being able to decay seeds more readily due to reduced competition from soil microflora 

for resources.  

 

Some of the treatments utilized may have been relatively harsh.  For instance, it is 

known that autoclaving the soil can change the soil chemical properties.  Autoclaving 

increases extractable elements (or molecules) such as N, P, S, Mn, NH4-N and NO3-N 

(Wolf and Skipper, 1994).  In my study however, there were no such obvious effects 

observed following autoclaving (sterilisation) of soil.   
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Overall 

The main focus of my studies were to examine the interaction between green manures 

and Pythium in relation to seed decay and, germination, however, a number of processes 

are likely to control this interaction.  Firstly, Pythium can have a direct effect on seed 

decay and germination (mostly negative); secondly, the green manure amendments can 

have a direct effect on Pythium which could be either positive (by suppressing 

competing fungi) or negative (by suppressing Pythium itself), thereby affecting the seed 

decay and germination; thirdly, the green manure amendments can have a direct effect 

on seed decay and germination (mostly negative - through the manipulation of the 

microbial activity and soil environment); fourthly, Pythium can affect the 

decomposition of green manure amendment and the subsequent release of alkaloid, 

thereby indirectly affecting the seed decay and germination.  The net effect of Pythium 

and green manure amendments on the decay and germination of seeds possibly depends 

on the relative effects of the above four processes. 
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GENERAL DISCUSSION 

This study focused on the potential of a cultural method to reduce weed seed banks in 

agricultural fields.  In recent years there has been great interest in finding ways to 

culturally control all pests including weeds.  Green manuring, mulching or composting 

with plant residues have been some of the cultural methods explored as potential ways 

to manage weeds (e.g. Almeida, 1985; Caamal-Maldonado et al., 2001; Ligneau and 

Watt, 1995; Mohler, 1996; Teasdale, 1996).  While green manuring as a method to 

manage weeds is not novel, determining the mechanisms involved in suppression of 

weeds in these conditions has only recently been explored.  Few researchers have 

looked directly at what inhibits seed germination and subsequent seed decay in relation 

to green manuring.  Only a few studies have looked directly at controlling weeds prior 

to germination.  While this study focuses on the seeds in the soil as a point in the weed’s 

life cycle to ‘attack’ and to prevent germination, rather than at various stages post 

germination (or to reduce seed yields/populations).  The seed stage of the lifecycle is the 

ideal point to target weed invasion as, weeds are prolific seeders and their seeds can 

survive for long periods of time in the soil before germinating.  

 

Weeds can be controlled by grazing, mowing, cultivation (tillage), burning, biologically 

and chemically (herbicides).  Herbicides are often the most reliable and least expensive 

method of weed control.  Substantial increases in crop yields have been made possible 

by the use of herbicides as the primary method of weed control (Heap and LeBaron, 

2001).  However, with continued use, herbicides become less effective at controlling 

weeds because weeds develop resistance to them.  On a socio-environmental level, the 

use of herbicides has become less desirable due to the increasing consensus that their 

use has led to the pollution of our water ways and death of our non-target native flora 

and sensitive fauna.  Therefore, there has been increased concern about residues and 

associated food safety issues, their adverse impact on the environment, and the 

widespread occurrence of herbicide resistant weeds (Heap and LeBaron, 2001).   

 

Herbicide resistant weeds have dramatic impact on the management and profitability of 

cropping (Schmidt and Pannell, 1996).  As some weeds have developed cross-resistance 

e.g. Lolium rigidum where development of resistance through repeated use of one 

herbicide also gives resistance to other groups of herbicides not previously used 

(Schmidt and Pannell, 1996).  Some of the alternative methods that can be used to 
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control weeds include burning, seed catching, preventing seed set by cutting the crop for 

hay, green manuring and increasing crop densities (Schmidt and Pannell, 1996).   

 

Green manuring has many benefits in agricultural systems, they benefit the soil and 

plants by increasing the nutrients in the soil, and they can help to manage diseases and 

weeds.  For example, using red clover (Trifolium pratense) residues as a green manure 

enhanced soil quality indicators such as soil and microbial biomass C, total and 

mineralisable soil N, and microbial N (Soon and Darwent, 1998).  Organic amendments 

can control soil-borne plant pathogens.  The amendment of infested soil with 

cruciferous residues (especially bok choy, broccoli and cabbage) was most effective 

against and Sclerotium rofsii sclerotial germination.  Bok choy, broccoli, cabbage and 

cauliflower residues were effective in reducing activity of Pythium ultimum pathogen 

(Stapleton and Duncan, 1998).  The addition of these cruciferous amendments to soil 

also resulted in significant reduction in tomato root galling (38-100%) by the parasitic 

nematode Meloidogyne incognita (Stapleton and Duncan, 1998).   

 

The incorporation of Brassica napus residues into field soils reduced weed density and 

biomass in a pea (Pisum sativum) production system (Al-Khatib et al., 1997).  This 

caused temporary weed suppression which was probably due to the release of secondary 

plant metabolites.  Brassica spp. contain high amounts of glucosinolates, which break 

down to ITC (isothiocyanates) during decomposition of the plant.  The main break 

down products are phytotoxic.  The use of Turnip-rape as green manure was reported to 

result in weed suppression in the fields, which was probably due to the release of high 

amounts of ITC (Petersen et al., 2001). 

 

My study investigated the role of soil microorganisms on the decay of seeds in soil.   

Little research has been done on mortality in seed banks caused by microorganisms.  

Much of the research undertaken to date has focussed on seed loss due to attack by 

pathogenic microorganisms (Kremer, 1993).  A potential exists in the manipulation of 

soil microorganisms to reduce weed seed banks.  Although this potential has been 

recognised, there is currently little known about the effect of microorganisms of the 

bulk soil on the survival of seeds.  Few studies look at the fate of all the seeds used in 

the experiment, most only report on percent germination, and not as dormant, non-

viable and decayed propagules.  Most initial experiments and subsequent trials used 

‘model’ seeds rather than weed seeds.  Weed seeds are difficult to work with due to 
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their unpredictability (e.g. their germination can not easily be predicted due to their 

dormancy).  This study explored environments conducive to seed decay and also sought 

to determine the mechanisms of seed decay.  Biological methods for the management of 

weeds have the potential for significant practical applications not only within 

agricultural situations but also with, horticultural and rehabilitation systems. 

 

The key findings of this study include: 

1. The use of lupin and Brassica plant residues as green manure amendments to the 

soil were established as treatments capable of developing environments conducive 

to seed decay.  Oat plant residue as green manure amendments had little or no effect 

on seed germination and seed decay.  Lupin had the greatest effect, with Brassica 

plant residues affecting seeds to a lesser extent. 

2. Changes to dissolved organic carbon, carbon: nitrogen ratio and microbial activity 

in lupin amended soil were related to the decay of certain seeds.   

3. Weed seeds of Lolium rigidum, Vulpia bromoides, Raphanus raphanistrum and 

Avena fatua species were decayed in lupin amended soils, but showed varied degree 

of decay. 

4. Different lupin species used as green manure amendments had similar effect on seed 

decay.  Except, when used extracts of lupin amended soil, their effects varied with 

different lupin species. 

5. Differing lengths of incubation time was required for decay of different seed species 

in lupin amended soil.  Observations of seed coat under the microscope showed that 

they were affected differently by the treatments.   

6. Extracts of lupin amended soil caused the decay of lettuce and cress seeds, but not 

the decay of silver grass or annual ryegrass seeds.   

7. Lupin amended soil suppressed Pythium irregulare attack on seeds in certain 

environments.   

 

Section A: Decay of seed in green manured soils  

The aim was to increase the natural decay of seeds through the manipulation of 

microbial activity achieved by the addition of green manure amendments.  Previous 

reports have found that amending the soil with plant material inhibits seed germination 

(e.g. Al-Khatib et al., 1997; Boyd and Phillips, 1973; Conklin et al., 2002), but only a 

few have used lupin plant material as green manures to inhibit seed germination and to 

cause seed decay (Lehle and Frans, 1974; Lehle et al., 1983).  However, there have been 
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some attempts to use lupin plant material as green manure, but with varied results.  

Lehle and Frans (1974) found that Lupinus albus used as green manure at low rates 

(1120 kg/ha) stimulated emergence of large crabgrass (Digitaria sanguinalis), whereas 

at the higher rates (17920 kg/ha) inhibited the emergence of cotton.  Johnsongrass 

(Sorghum halepense) and large crabgrass was stimulated at most incorporation rates 

(500 – 8000 ppm) of white lupin.  There was no affect of lupin green manure on the 

emergence of weeds such as common cocklebur (Xanthium pensylvanicum), entire leaf 

morning glory (Ipomoea hederacea), smooth pigweed (Amaranthus hybridus) or prickly 

sida (Sida spinosa)(Lehle et al., 1983).   

 

I found greater decay of lettuce, cress and lupin seeds in lupin green manure amended 

soils.  There was relatively minimal decay of seeds in other amended soils (oat, 

mustard, non-amended).  The lettuce and cress seeds were decayed after two weeks of 

soil pre-incubation with lupin green manure.  Lupin seeds were decayed after four 

weeks of soil pre-incubation with lupin green manure.   

 

Use of lupin amendment as a source of green manure or lupin alkaloids has mainly been 

limited to in vitro (glasshouse and laboratory research) with successful inhibition of 

weeds.  Few researchers have shown weeds species seeds to be inhibited by lupin 

alkaloids e.g. Avena sterilis, Vicia villosa (Muzquiz et al., 1994).  In my study 

incubation of weed seeds in lupin and Brassica amended soils resulted in the decay of 

annual ryegrass (97% decay) and Vulpia (100%) in the lupin amendment.  Although 

seeds of wild oat (17%) and wild radish (35%) were decayed by lupin amendment, the 

effect was not as significant as the other weed species, after two weeks soil pre-

incubation. 

 

Changes to the biotic/abiotic environment accompanying incorporation of lupin green 

manure into soil affected the decay of lettuce, cress and lupin seeds.  Possible 

associations with seed decay were made with microbial activity, microbial biomass, pH, 

conductivity, carbon and nitrogen ratio, dissolved organic carbon.  While microbial 

activity increased initially with all amended soils and there was a gradual decrease in 

activity through time (Kuzyakov et al., 2000; Marstorp, 1997; Schinner et al., 1995), 

this was not correlated with seed decay.  There were also differences in microbial 

biomass, pH, conductivity and carbon and nitrogen measurements, but none correlated 

with seed decay.  However, DOC was correlated with seed decay in lupin amended soil.  
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Lupin green manure had the greatest DOC followed by amendments with mustard and 

oat.  Therefore, it appears that each type of amendment could support different 

microbial communities, with lupin green manure possibly enhancing microbial 

communities responsible for seed decay.   

 

Other reports indicate that amendments of Brassica green manure crop residues to 

inhibit seed germination and have suggested the inhibition was due to isothiocyanates 

released when the plant tissues break down in the soil (Al-Khatib et al., 1997).  In my 

studies, Brassica amended soil showed less decay of lettuce and cress seeds than lupin 

amended soils, however there was significant inhibition of seed germination after zero 

and four weeks soil pre-incubation with Brassica green manure amendment in the forms 

of both fresh and dried green manure.  The results showed no great correlation with 

microbial activity only different trends with fresh and dried plant material.  This 

difference is possibly due to the speed at which green manures break down (dried green 

manures generally break down quicker (McDonagh et al., 1995)), and/or was a result of 

the isothiocyanates released from the plant material.   

 

Section B: Chemical and/or microbial effect of lupin green manure on seeds.  

Chapter  3: Variety of lupin species with different alkaloid types and 

concentrations.   

All lupin species (Lupinus albus, L. angustifolius and L. luteus) used as green manure 

amendments in this study made the soil environment conducive to the decay of lettuce 

and cress seeds.  The lupin species used are known to have different alkaloid types and 

concentrations (Wink et al., 1995).  Although Muzquiz and Cuadra (1999), Muzquiz et 

al., (1994) and Wink (1983) tested specific alkaloids and extract mixtures (mixture of 

alkaloids), they did not investigate the effect of lupin plant material as amendments.  

Muzquiz and Cuadra (1999) and Muzquiz et al. (1994) found lupanine alkaloid 

inhibited seed germination and lupinine extracts showed little or no inhibition of seeds.  

Wink (1993) also found sparteine (found in the majority of lupin species) and cytisine 

(found in only a few lupin species) to inhibit seed germination.   

 

My study, showed no relationship between varied lupin alkaloids and seed decay.  

Therefore this suggests that the great increases in decay of seeds is possibly due to 

specific microbial populations stimulated as a result of the amendment with lupin plant 

material.  It could also possibly be the effect of the chemicals produced in soil on the 



 178 

seeds, even though L. luteus contains minimal amounts of lupanine, it could be that 

other chemicals released from the plant material that are toxic to the seeds.  It could be a 

result of the combined activity of both microorganisms and lupin alkaloids.   

 

Chapter 4: Duration of incubation required for seed to be affected in lupin 

amended soil. 

The germination of lettuce and cress seeds was inhibited and the seeds decayed in a 

short period of time (less than six hours and three days respectively), with no visual 

evidence of activity of microorganisms external to the seed.  There was a noticeable 

darkening of the seeds in the lupin amended soil.  Ryegrass seeds however took 

relatively longer to decay in lupin amended soil and there was evidence of activity of 

microorganisms on the seed surface.  This could indicate that lettuce and cress seeds 

were decayed mainly by the action of lupin alkaloids while ryegrass seeds were 

inhibited by the lupin alkaloids and possibly decayed by a combined action of lupin 

alkaloids and soil microorganisms.  Toxins released from the plant material could delay 

germination and render the seeds susceptible for microbial attack in the soil.  For 

example, during decomposition crop residues release chemicals that can inhibit or 

stimulate crop and weed growth (Liebman and Davis, 2000).  The inhibitory effects of 

allelochemicals derived from crop residues, for example phenolic compounds in 

lucerne, have been found to be responsible for the inhibitory effect on crops and weed 

species (Yu et al., 1995).   

 

Lettuce seeds were affected by the lupin amended soil after just two hours in the soil 

and substantially decayed after just six hours.  Colour differences in seeds were 

observed after two hours in some lettuce seeds in lupin amended soil.  The colour 

difference was related to the levels of germination, darkened seeds showing less 

germination.  This indicates that lettuce seeds were affected by the toxic compounds 

from decomposing lupin material as no significant colonisation by microorganisms was 

observed.   

 

Inhibition of germination of cress seeds was evident after just three days, but substantial 

decay was noticed after only seven days.  Colour differences were also observed when 

these seeds were exposed to lupin amended soil indicating that toxins may also be 

involved in the decay of cress seeds.  There was no evidence of microorganisms on the 

seed coat.   
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Although ryegrass seeds were inhibited after just three days, their decay was 

pronounced only after 14 days.  Noticeable fungal activity was observed on non-

germinated seeds and some seeds also showed colour variations.  Therefore these 

responses could have resulted from a combined effect of soil microorganisms and lupin 

toxins.  Toxins in the soil could have delayed the germination and rendered the seeds 

vulnerable to microbial attack.   

 

Inhibition of germination of lupin seeds was evident after two days, but only some seeds 

showed significant decay even after 14 days.  This decay of seeds was related to the 

increase in microorganisms as micrographs showed increased cracking of the seed coat 

and significant fungal colonisation.   

 

The differences between each seed type in relation to the length of time taken to decay 

and the visual microscopy is more than likely due to the differences in their seed 

structure.  There are many different external structural variations in seeds for example 

size, shape, colour and surface (Kozlowski and Gunn, 1972) and internally there are 

differences in embryo type, size, placement, food reserve quality and quantity.  The four 

seeds (lettuce, cress, ryegrass and lupin) used in this chapter had different external and 

internal structures and were all different in size.   

 

Lettuce seeds (achene) have three thin layers that surround the embryo, where the 

pericarp and integument layers are dead and the endosperm is living (Nijsse et al., 

1998).  Therefore the seed could easily absorb water with the toxic chemicals from the 

decomposing lupin amendment making the embryo and endosperm dark coloured and 

the seed dead.   

 

The cress seeds have many more layers surrounding the embryo than the lettuce seeds.  

The layers include the seed coat, outer and inner epidermal layers, outer and inner 

integument layers, aleurone layer (endosperm) and hyaline layer which surround the 

embryo (Beeckman et al., 2000).  This may be the reason why the seeds took longer to 

decay than the lettuce seeds.   

 

Annual ryegrass (Lolium rigidum) seeds are larger then either cress or lettuce seeds and 

have thick lemma and palea that cover the endosperm (Bernard, 1998).  The relatively 
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large size and thick covering may be the reason for relatively less decay of ryegrass 

seeds and a longer period taken for them to decay.   

 

Lupin seed coat has three layers, the palisade layer, the hourglass cells and the 

parenchymatous layer and the seeds are permeable (Garcinuno et al., 2003).  The less 

number of seeds decayed in lupin amended soil is possibly due to the ability of the 

species to survive and resist decay.  Cracking was observed in the two outer most layers 

and not the parenchymatous of the non-germinable seeds.  The cracking may have been 

due to the toxins in the lupin amended soil or the decaying process of the seeds.  The 

cracking of the seed coat and outer two layers allowed the fungi to penetrate the seed 

and probably helped the rapid decay of the seed.   

 

The difference in the duration and frequency of seed inhibition and decay for lettuce and 

cress seeds is possibly due to differences in seed characteristics (seed size, seed coat, 

germination rate and seed type).  These experiments attempted to explain these 

phenomena.  The dimensions of the seeds are different and the size and texture of the 

seeds coats also varied.  Lettuce seeds are thin and flat and cress seeds are round and 

smaller.  The seed coat of lettuce is much thinner then the cress seeds.  These and many 

other factors probably contributed to the difference in the duration and frequency of 

seed inhibition and decay.  

 

Chapter 5: Effect on seeds of extracts from lupin amended soil. 

Effects of lupin soil extracts confirmed the decay of lettuce and cress seeds shown in the 

soil incubation tests, but did not repeat the recorded decay of Vulpia and ryegrass seeds.  

For lettuce and cress seeds there was a difference between responses to non-sterile and 

sterile lupin extract suggesting microorganisms have a role to play in decay of these 

seeds.  L. angustifolius amended soil extract showed greater decay of lettuce and cress 

seeds than L. luteus amended soil extract, suggesting that there are more toxic chemicals 

released in L. angustifolius than in L. luteus amendments.  Greater germination of 

lettuce and cress seeds occurred when the seeds were removed early from the extracts, 

than when they remained in the extract for the duration of the experiment.  This 

suggests that there was a significant chemical effect on the seeds.   

 

These experiments helped to narrow down the possible causes for the decay of seeds in 

lupin amended soil.  They showed that microorganisms have a role to play in the decay 
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of the seeds and that lupin extracts also have a role to play in this decay.  Generally, 

weed seeds were not significantly decayed in the lupin extracts suggesting that the soil 

biotic and abiotic environment also has a role to play in helping the decay of the seed 

and/or the gradual release of toxins from the lupin plant material as it breaks down in 

soil.   

 

Although there was evidence of the release of soluble chemicals from decomposing 

plant matter placed in soil, it is difficult to determine whether the toxic agent(s) came 

from the plant, the microorganisms or is a result of an additive or synergistic effect of 

both (Putnam, 1985).  This clearly needs clarification.   

 

Section C: Pythium effect on seed survival in soil and amended soils. 

Little to no research has been conducted on suppression of Pythium spp. in lupin 

amendments, especially of Pythium irregulare.  Cuadra et al. (1995) noted that Pythium 

aphanidermatum was suppressed by alkaloids (especially gramine alkaloid) from lupin 

plant material.  My research showed suppression of Pythium irregulare in 0.7% lupin 

amended soil, especially at 18/13°C in pasteurised soil.  Although this provides the 

potential to control P. irregulare in soil with this treatment, amending the soil did not 

cause decay of seeds in the soil as well.  Other lupin amendments decayed the seeds, but 

it was difficult to determine from the results if P. irregulare could be suppressed in 

these environments, as the decay of seeds was more than likely to have been due to the 

lupin amendment.   

 

It is note worthy that P. irregulare decayed ryegrass and lettuce seeds in non-amended 

soil.  Therefore there is a potential to use P. irregulare to bring about the decay of weed 

seeds in the soil.  This confirmed the observations of other researchers (Chamswarng 

and Cook, 1985; Hering et al., 1987; Trapero-Casas et al., 1990), who found that  

P. irregulare inhibits germination of seeds of many different plant species.  Another 

factor that was confirmed here was that the P. irregulare itself was suppressed at higher 

temperatures (25/20°C) and was more pathogenic at lower temperatures (18/13°C) in 

non-amended soils.   

 

Therefore it could be possible to decay weed seeds with P. irregulare and then control 

the P. irregulare with lupin amendments.  Adding the lupin amendment could also 

decay the remaining seeds not affected by the P. irregulare.  Caesar (2003) showed that 
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by adding Rhizoctonia solani and/or Fusarium oxysporum (both strong plant pathogens) 

to the soil along with the biological control agent flea beetle (Aphthona spp.) reduced 

the exotic weed (Euphorbia esula/virgata) significantly to a level greater than by adding 

either of them by themselves.  He also found that they only needed to use intermediate 

levels of insect and pathogen compared to overwhelming populations of either to reduce 

the weed density (Caesar, 2003).  Thus his goal was to supplement insect releases with 

plant pathogens for more rapid and consistent impact on weed density.  Similarly it is 

possible to add P. irregulare and then follow it later with a lupin amendment to the soil 

to decay the weed seeds, but not as a synergistic effect, but rather as a double control 

measure to ensure destruction of the majority of the weeds.  Subsequent adding of the 

lupin amendments suppress the population of P. irregulare, so that the crop species 

sown subsequently are not affected.  For additional protection of the crop seeds against 

residing P. irregulare, the seeds could be treated with fungicides before sowing them 

into the fields.  For example Martin (2003) found that a seed treatment with fungicides 

reduced pathogen inoculum and protects young plants from infection.  In particular 

Hymexazol fungicide would be useful in preventing Pythium infection in Australia 

(Martin, 2003).  Fungicide metalaxyl can also reduce the impact of seed damage by 

Pythium spp. (Hwang et al., 2001).  Planting fungicide-treated, high-quality field seed 

was an effective means of maximizing emergence and stand establishment for 

commercial field pea production (Hwang et al., 2001).   

 

Applications  

While other researchers (Al-Khatib et al., 1997; Caamal-Maldonado et al., 2001; 

Ligneau and Watt, 1995; Teasdale, 1996) have found some inhibition of weed species 

with certain organic amendments, there is limited research on specific weeds 

encountered in Australia.  These results show great potential to use certain treatments to 

decay seeds of certain weeds.  Therefore there is a need to explore the use of lupin plant 

material as green manure amendment soil in the agricultural soils to reduce the number 

of weed seeds in the soil.  This would help alternative management tools for weed 

control to herbicides.  Thus application of lupin green manure could be incorporated 

into an integrated weed management approach in addition with other control methods.   

 

Residue from winter annual cover crops can provide early-season weed suppression, but 

not full-season weed control (Teasdale, 1996).  However, using the residues reduces the 

initial competition of weeds with the crop at the seedling stage and allows the plants to 
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become established before weeds start to emerge.  Therefore there could only be a 

possible reduction in herbicide use (inputs) and a shift toward total post emergence 

herbicide programs.   

 

Determining the duration necessary for the seeds to effectively decay weed seeds in 

lupin amended soil could be useful for determining the duration required to leave the 

soil undisturbed for the seed to be decayed.  Only after this period of incubation would 

it be feasible to sow seeds of crop species.  A potential strategy to bring about the decay 

of ryegrass seeds could be to add lupin amendments to soils before sowing new crop to 

reduce weed seed bank.  However they would need to leave them decaying for more 

than 14 days before ploughing or sowing the crop.  Although these laboratory 

investigations gave a clear indication on the response of seeds to green manure 

amendments, caution needs to be taken in extrapolating laboratory experiments to field 

studies and further experiments are required to confirm the findings.   

 

Further research  

Much of my study was focussed on seeds of crop species.  This was necessary to 

understand responses of sensitive species before involving weed species which are 

relatively more tolerant of inhospitable soil environments.  The crop species were 

chosen because of the extensive literature on their seed biology.  Relatively less is know 

on the biology of weed seeds.  My studies were restricted to glasshouse trials, therefore 

field trials would be the necessary next step to ensure seed decay occurs in these 

conditions, before consideration for use in agriculture, horticulture or rehabilitation 

areas.  It would also be sensible to test other weed species that occur in the field.  It 

would be of additional use to determine if there are differences in seed decay for 

dormant and non-dormant seeds and weed seeds to be used to evaluate the responses of 

different weeds to these treatments.   

 

The rate of 10g dried plant material/ kg of soil is relatively high in comparison to the 

rates of green manure currently applied in certain Western Australian agricultural fields.  

My experiments used the equivalent of 5.7 tonnes of dried plant material per ha of soil 

(to a depth of 4 cm).  While this rate is high it is not excessive in current field practices 

in Western Australia, as it could represent a very high biomass crop.  The green manure 

crop rates for lupin, Brassica and oat have rates ranging from 0.44 – 3.5 t/ha, 1.5 – 3.2 

t/ha and 1.6 – 6.4 t/ha, respectively in Western Australia (Hoyle and Schulz, 2003), 
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depending on the rainfall and inputs (e.g. fertilisers).  However, the biomass of crops 

can be as high as, 5.5 t/ha for lupin (Palta et al., 2004), 7.4 t/ha Brassica and 8.7 t/ha oat 

(Unkovich et al., 1998) in Western Australian conditions.  Although the rate that I used 

was not excessive it is however, not the average crop biomass for the impoverished soils 

in Western Australia.  To obtain the adequately high biomass many costs would be 

involved and this would make the green manure crop non-profitable for the farmers.  

Further research could be conducted to determine if lower Western Australian field rates 

of green manure are still as effective at inhibiting seed germination.   

 

Further studies could also test the duration of the toxicity of lupin amended soil to seed 

germination and survival.  For example adding green manure to the soil may deplete the 

seed bank initially.  How long would the soils take before they are receptive to new 

arrival of seed and when can crop seeds be sown and not be affected by the lupin 

amended and/or associated microorganisms.  Lettuce and cress seeds can be sown into 

lupin amended soil after four weeks, but lupin seeds may have to be sown after two 

weeks to avoid significant seed decay.   

 

Further studies on Pythium irregulare suppression in lupin amended soils is needed to 

clarify the findings from this project and to be certain that suppression of Pythium 

irregulare and weed seeds are balanced with subsequent sowing of seeds of crop plants.   

 

While my study has ascertained the environment necessary to decay all seeds there has 

been no research into finding soils only conducive to weed seed decay and not seeds of 

crop species.  The toxic nature of the lupin amendments needs to be reduced over time 

and the possible microorganisms responsible for the seed decay should become reduced 

to a level where crop seeds can be sown into the amended soil and not be affected by the 

lupin toxins or the microorganisms associated with the amended soil.  Therefore the 

timing of sowing of the crop into amended soils is an important point that requires 

investigation.  There is however a possibility of producing or selecting crop seeds that 

are robust enough to resist the amended environment.   

 

Ultimately, an understanding of the processes regulating seed bank dynamics is 

necessary to develop strategies to manage seed banks in agricultural environments.  The 

development of such management strategies could be used to promote seed bank decline 

of undesirable species while enhancing seed bank persistence of desired ones.   
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APPENDIX A 

Appendix A shows the non-transformed data graphically for chapter one. 

 

Section A: Decay of seeds in green manure amended soils. 
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Figure A.1: Mean percent decayed cress seeds after two and four weeks pre-incubation 

(prior to seeding) with different green manure types.  Seeds were recovered from the 

soil after one (a) and four (b) weeks.  Error bars indicate the standard error of the 

means. 
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Figure A.2: Mean percent decayed lupin seeds after two and four weeks pre-incubation 

(prior to seeding) with different green manure types.  Seeds were recovered from the 

soil after one (a) and four (b) weeks.  Error bars indicate the standard error of the 

means. 
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Chapter 1 (experiment 3) 
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Figure A.3: Mean microbial respiration (µg CO2 - C g-1d-1) with time in lupin amended 

soils with varying moisture levels (% of WHC).  Error Bars indicate the standard error 

of the means. 

 

 

Chapter 1 (experiment 4) 
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Figure A.4: Mean percent germination in soil of lettuce seeds after zero, two and four 

weeks pre-incubation in fresh (a) and dried (b) Brassica napus variety 4063 and variety 

2809 green manures.  Error bars indicate the standard error of the means. 
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Figure A.5: Mean percent germination in soil of cress seeds after zero, two and four 

weeks pre-incubation in fresh (a) and dried (b) Brassica napus variety 4063 and variety 

2809 green manures.  Error bars indicate the standard error of the means. 
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Figure A.6: Mean microbial respiration (µg CO2 - C g-1d-1) in soil amended with fresh 

(a) and dried (b) green manure from Brassica napus variety 4063 and variety 2809.  

Error Bars indicate the standard error of the means. 
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APPENDIX B 

Appendix B shows the non-transformed data graphically for chapters three and five. 

 

Section B: Chemical and/or microbial effect of lupin green manure on seeds. 
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Figure B 1: Percent lettuce (a) and cress (b) seed germination in soil after two weeks 

soil pre-incubation (prior to seeding) with different green manure types.  Seeds were 

recovered from the soil after three and seven days.  Error bars indicate the standard error 

of the means.  
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Chapter 5 (experiment 1) 
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Figure B 2: Mean percent decayed lettuce seeds in sterile (a) and non-sterile (b) extracts 

from soil amended with different green manures, which had been pre-incubated for one, 

two, three and four weeks.  Error bars indicate the standard error of the means.  
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Figure B 3: Mean percent lettuce seed germination in sterile (a) and non-sterile (b) 

extracts from soil amended with different green manures, which had been pre-incubated 

for one, two, three and four weeks.  Error bars indicate the standard error of the means.  
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Cress seeds 
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Figure B 4: Mean percent non-viable cress seeds in sterile (5a) and non-sterile (5b) 

extracts from soil amended with different green manures, which had been pre-incubated 

for one, two, three and four weeks.  Error bars indicate the standard error of the means.  
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Figure B 5: Mean percent decayed ryegrass seeds in sterile (a) and non-sterile (b) 

extracts from soil amended with different green manures, which had been pre-incubated 

for one, two, three and four weeks.  Error bars indicate the standard error of the means.  
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Figure B 6: Mean percent ryegrass seed germination in sterile (a) and non-sterile (b) 

extracts from soil amended with different green manures, which had been pre-incubated 

for one, two, three and four weeks.  Error bars indicate the standard error of the means.   
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Figure B 7: Mean percent decayed silver grass seeds in sterile (a) and non-sterile (b) 

extracts from soil amended with different green manures, which had been pre-incubated 

for one, two, three and four weeks.  Error bars indicate the standard error of the means.   
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 Chapter 5 (Experiment 2) 
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Figure B 9a: Percent lettuce germination after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds were removed from the soil extracts after one day.   

Figure B 9b: Percent lettuce germination after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds remained in the soil extracts for the duration of the experiment (28 days).  Error 

bars indicate the standard error of the means. 
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Figure B 10a: Percent decayed cress seeds after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds were removed from the soil extracts after seven days.   

Figure B 10b: Percent decayed cress seeds after two weeks soil pre-incubation with 
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different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds remained in the soil extracts for the duration of the experiment (28 days).  Error 

bars indicate the standard error of the means. 
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Figure B 11a: Percent cress germination after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds were removed from the soil extracts after seven days.   

Figure B 11b: Percent cress germination after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds remained in the soil extracts for the duration of the experiment (28 days).  Error 

bars indicate the standard error of the means. 
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Figure B 12a: Percent non-viable cress seeds after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds were removed from the soil extracts after seven days.   

Figure B 12b: Percent non-viable cress seeds after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 
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seeds remained in the soil extracts for the duration of the experiment (28 days).  Error 

bars indicate the standard error of the means. 
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Figure B 13a: Percent dormant cress seeds after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds were removed from the soil extracts after seven days.   

Figure B 13b: Percent dormant cress seeds after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds remained in the soil extracts for the duration of the experiment (28 days).  Error 

bars indicate the standard error of the means. 
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Ryegrass seeds 
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Figure  B 14a: Percent decayed ryegrass seeds after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds were removed from the soil extracts after 14 days.   

Figure B 14b: Percent decayed ryegrass seeds after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds remained in the soil extracts for the duration of the experiment (28 days).   

Error bars indicate the standard error of the means. 
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Figure B 15a: Percent ryegrass germination after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds were removed from the soil extracts after 14 days.   

Figure B 15b: Percent ryegrass germination after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds remained in the soil extracts for the duration of the experiment (28 days).  Error 

bars indicate the standard error of the means. 
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Figure B 16a: Percent non-viable ryegrass seeds after two weeks soil pre-incubation 

with different green manure extract types and soil extract type (sterile or non-sterile).  

The seeds were removed from the soil extracts after 14 days.   

Figure B 16b: Percent non-viable ryegrass seeds after two weeks soil pre-incubation 

with different green manure extract types and soil extract type (sterile or non-sterile).  

The seeds remained in the soil extracts for the duration of the experiment (28 days).   

Error bars indicate the standard error of the means. 
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Figure B 17a: Percent decayed silver grass seeds after two weeks soil pre-incubation 

with different green manure extract types and soil extract type (sterile or non-sterile).  

The seeds were removed from the soil extracts after seven days.   

Figure B 17b: Percent decayed silver grass seeds after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds remained in the soil extracts for the duration of the experiment (28 days).  Error 

a b 

a b 



 216 

bars indicate the standard error of the means. 
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Figure B 18a: Percent silver grass germination after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds were removed from the soil extracts after seven days. 

Figure B 18b: Percent silver grass germination after two weeks soil pre-incubation with 

different green manure extract types and soil extract type (sterile or non-sterile).  The 

seeds remained in the soil extracts for the duration of the experiment (28 days).  Error 

bars indicate the standard error of the means. 
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APPENDIX C 

 

Section C: Pythium effect on seeds in soil and amended soils. 

 

Figure C.1: Mean (%) seed status of annual ryegrass seeds in Lancelin soil with either 

the addition of Pythium irregulare, millet or nil treatments.  
Soil germ = seeds that germinated in the soil  

WA germ = seeds that germinated on water agar after recovery from the soil   
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Statistics for the comparison between lupin and non-amended soil: 

Soil germination (Treatment): P<0.001,  LSD(P≤0.05) = 12 % 

Water agar germination (Treatment): n.s. 

Dormant (Treatment): n.s. 

Non-viable (Treatment): (skewed) 

Decayed (Treatment): P<0.001,  LSD(P≤0.05) = 3 % 
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Figure C.2a: Mean (%) seed status of annual ryegrass seeds in non-pasteurised and 

pasteurised Lancelin soil with either the addition of Pythium irregulare, millet or nil 

treatments.  
Soil germ = seeds that germinated in the soil  

WA germ = seeds that germinated on water agar after recovery from the soil   
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Statistics for the comparison between lupin and non-amended soil: 

Soil germination (Treatment): P<0.019,  LSD(P≤0.05) = 28 % 

Water agar germination (Treatment): n.s. 

Dormant (Treatment): n.s. 

Non-viable (Treatment): n.s.  

Decayed (Treatment):  (skewed) 

 



 

 

Table i: characteristics of seed species used in my study to test for decay. 

species  Common name Family group duration Growth habit origin 

Lactuca sativa Garden lettuce Asteraceae/Compositae Dicot Annual 

Biennial 

Perennial 

Forb/herb introduced 

Lepidium sativum Garden cress, 

Pepperweed 

Brassicaceae Dicot Annual Forb/herb introduced 

Lolium rigidum Annual Ryegrass, 

Wimmera ryegrass 

Poaceae (Gramineae) Monocot Annual Graminoid introduced 

Avena fatua Wild oat Poaceae (Gramineae) Monocot Annual Graminoid introduced 

Raphanus 

raphanistrum 

Wild radish Brassicaceae Dicot Annual 

Biennial 

Forb/herb introduced 

Vulpia bromoides Silver grass 

Brome fescue, 

Squirrel tail fescue 

Poaceae (Gramineae) Monocot Annual Graminoid introduced 

Lupinus angustifolius Narrowleaf lupin Fabaceae  Dicot Annual Forb/herb introduced 

 

 

 



 

 

Table ii: Characteristics of plant species used as green manure amendments. 

species  Common name Family group duration Growth habit toxins 

Lupinus 

angustifolius 

Narrowleaf lupin Fabaceae  Dicot Annual Forb/herb alkaloids 

Lupinus luteus Yellow lupin Fabaceae  

 

Dicot Annual Forb/herb alkaloids 

Lupinus albus White lupin Fabaceae  

 

Dicot Annual Forb/herb alkaloids 

Brassica juncea Mustard greens, 

leaf mustard, 

Indian mustard, 

brown mustard 

Brassicaceae Dicot Annual 

Perennial 

Forb/herb Glucosinolates 

Brassica napus Rape Brassicaceae Dicot Annual 

Perennial 

Forb/herb Glucosinolates 

Avena sativa Oat Poaceae 

(Gramineae) 

Monocot Annual Graminoid  

 

 



 

       
Figure 4.8: Environmental Scanning Electron Microscopy of lettuce seeds after incubation in non-amended soil treatment for 12 hours, x 30 

magnification (a) x 100 magnification (b) and x 200 magnification (c).  The pericarp (outer layer) is visible with longitudinal ‘ribs’. 

 

     
Figure 4.9: Environmental Scanning Electron Microscopy of lettuce seeds after incubation in lupin amended soil treatment for 12 hours, x 30 

magnification (a) x 100 magnification (b) and x 200 magnification (c).  No differences in pericarp can be seen between seeds from lupin amended and 

non-amended (control) soils. 
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Figure 4.10: Environmental Scanning Electron Microscopy of lettuce seeds after incubation in lupin amended soil treatment for 12 hours, x 30 

magnification (a) x 100 magnification (b) and x 200 magnification (c), showing seed coat disintegration of the pericarp longitudinal ‘ribs’. 
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Figure 4.11: Environmental Scanning Electron Microscopy of lettuce seeds incubated 

for 18 hours in non-amended soil after two days on water agar.  Note evidence of 

hyphae in Figure 4.11b.  Lettuce seed x 30 magnification (a) and x 100 magnification 

(b). 

 

   
Figure 4.12: Environmental Scanning Electron Microscopy of lettuce seeds incubated 

for 18 hours in lupin amended soil after two days on water agar, showing seed swelling 

(the pericarp can be seen splitting to reveal the integument (median layer) and 

endosperm (inner layer). 

 

   
Figure 4.13: Environmental Scanning Electron Microscopy of lettuce seeds incubated 

for 12 hours in lupin amended soil, showing seed swelling and hyphal activity, after 5 

days on water agar. 
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Figure 4.14: Optical microscopy of lettuce seeds in non-amended soil (a), and lupin 

amended soil after 2 h (b), 4 h (c), 6 h (d), 12 h (e) and 18 h (f).  Seeds from lupin amended 

soil show darker colouring of the embryo and not the seed coat (outer layers). (x 1.2 

magnification) 

 

   
Figure 4.15: Optical microscopy of lettuce seeds incubated for 12 h in lupin amended soil, 

showing hyphal activity (a) and seed swelling (b) after two days on water agar.  The 

pericarp can be seen splitting to reveal the integument (median layer) and endosperm (inner 

layer). 
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Figure 4.16: Environmental Scanning Electron Microscopy of cress seeds after incubation in non-amended soil treatment for 3 days, x 46 

magnification (a) and x 140 magnification of middle of seed (b) and x 140 magnification of hilum, micropyle and raphe of the seed (c). 

     
Figure 4.17: Environmental Scanning Electron Microscopy of cress seeds after incubation in lupin amended soil treatment for 3 days, x 46 

magnification (a) and x 140 magnification of middle of seed (b) and x 140 magnification of hilum, micropyle and raphe of the seed (c). 
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Figure 4.18: Environmental Scanning Electron Microscopy of cress seeds after incubation in lupin amended soil treatment for 7 days, x 46 

magnification (a) and x 140 magnification of the middle of seed (b) and x 140 magnification of hilum, micropyle and raphe of the seed (c).  

     
Figure 4.19: Environmental Scanning Electron Microscopy of cress seeds after incubation in non-amended soil treatment for 7 days, x 46 

magnification (a) and x 140 magnification of middle of seed with some seed coat disintegration (b) and x 140 magnification of hilum, micropyle and 

raphe of the seed (c). 
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Figure 4.20: Environmental Scanning Electron Microscopy of dry cress seeds, x 46 magnification (a) and x 140 magnification of middle of seed (b) 

and x 140 magnification of hilum, micropyle and raphe of the seed (c).  No pores were visible when the seed was dry. 
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Figure 4.21: Optical microscopy of cress seeds in non-amended soil (left) and lupin 

amended soil (right) after 3 days (mag. x 2).  Note the darker colour of the seed (right) from 

lupin amended soil. 

 
 

   
 
Figure 4.22: Optical microscopy of cress seeds with hyphae and bacterial colonies were 

seen on the seed coat of seed recovered from lupin amended soil incubated for 3 d x 1.2 

magnification (a) and non-amended soil incubated for 3 d x 1.2 magnification (b) after 

plating on water agar for 7 days. 
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Figure 4.23: Environmental Scanning Electron Microscopy of ryegrass seed after incubation in non-amended soil for 14 days (x 20 

magnification) whole seed (a) and x 100 magnification of mid-portion of seed (b) and x 200 magnification showing the reticulated surface 

with a circular protuberance, inside each reticule, with foreign particles and fungal hyphae (c). 

     
Figure 4.24: Environmental Scanning Electron Microscopy of ryegrass seed after incubation in lupin amended soil treatment for 14 days (x 

20 magnification) whole seed (a) and x 100 magnification of mid-portion of seed (b) and x 200 magnification showing the reticulated 

surface with a circular protuberance, inside each reticule and foreign particles and fungal hyphae (c). 
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Figure 4.25: Environmental Scanning Electron Microscopy of ryegrass seed after 

incubation in non-amended (a and b) and lupin amended (c and d) soil treatment for 14 

days.  Figures 4.25a and 4.25c showing the rachilla segment (wedge shaped) and figures 

4.25b and 4.25d showing a close up of this region with fungal hyphae present (c and d) in 

lupin amended soil.  
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Figure 4.26: Optical microscopy of ryegrass seeds in non-amended soil (a), lupin amended 

soil (b).  Note there is no difference in ryegrass seed colour between seeds recovered from 

non-amended and lupin amended soil after 14 days. (mag x 1.2) 

 

     
Figure 4.27: Optical microscopy of ryegrass seed with hyphae and bacterial colonies seen 

on the seed coat of seed recovered from lupin amended soil after 14 d (a) and non-amended 

soil (b) after plating on water agar for 7 days. 
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Figure 4.28: Environmental Scanning Electron Microscopy of lupin seeds in non-amended soil (a), lupin amended soil after 2 d (b), 4 d (c) and 7 d (d).  

Close up (x 200 magnification) of lupin seeds in non-amended soil (e), lupin amended soil after 2 d (f), 4 d (g) and 7 d (h).  Note the initial cracking of 

the seed coat after 2 d (b) and more extensive cracking after 4 d (c).  Note also the attachment of sand particle to the seed coat (d) and the profusion of 

hyphae (h). 
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Figure 4.29: Optical microscopy of lupin seed coat in non-amended soil (a and d (close up)) and  

lupin amended soil after 2 days (b and e) and 4 days (c and f).  Note there are no seed coat colour differences between lupin amended soil 

and non-amended soil, except for dark patches (b and e) on lupin seeds in lupin amended soil.  The cracking of the seed coat (c and f) in 

lupin amended soil. 
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