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1 Literature Review 
 

1.1 Introduction 

This literature review aims to provide information about pasture and its importance for 

Australian grazing systems. The review explores concepts related to problems in 

establishing permanent pasture, analyses current theories about the relationships between 

grasses and legumes and identifies competition dynamic between grasses and legumes. It is 

hoped by understanding the fierce competition between legumes and grasses, people will 

manage their pasture better and achieve better legume establishment. Since the 

establishment of legume is crucial for pasture system (Frame and Newbould, 1986), it is 

essential to understand current challenges for the establishment and explore corresponding 

solutions. 

 

1.2 Pasture 

 

1.2.1 World 

Pasturelands are the “Land (and the vegetation growing on it) devoted to the production of 

introduced or indigenous forage for harvest by grazing, cutting, or both, usually managed 

to arrest successional processes” (Allen et al., 2011). Pasture is gown in most parts of the 

world; pastures account for 77 % of total worldwide agricultural land use and represent 

27 % of the world land area (Roser and Ritchie, 2018). Also, pasture can be found on 

every continent on Earth. Pastures not only provide livelihood to millions of people, but 

they are also ecosystems which provide essential habitats to flora and fauna (Sanderson et 

al., 2007). In other words, they provide essential services to all of us. 

 

People cleared many parts of the land to provide better grazing ground for livestock (Suttie 

et al., 2005). However, there is about 20 % of land in Europe and South Asia that is used 

for pasture and grazing, whereas in other regions, pasturelands can make up 70 % of land 

area (Roser and Ritchie, 2018). Additionally, pasturelands can be found in various climate 

regions (Linder et al., 2017), ranging from tropical to temperate to semi-arid; this shows its 

diversity and pasture species can survive under many environmental conditions.  
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1.2.2 Australia 

Australia has a wide range of climate zones, from Mediterranean climates to temperate, 

and from a temperate climate to a tropical climate (Nichols et al., 2012). In Australia, 44 % 

of the agricultural land area was for grazing in 2017 (ABS, 2018). Pasture systems are 

historically important in the southern part of Australia as they started from the European 

settlement. As the most area in this region has a temperate climate, temperate pasture is 

crucial for southern Australia. There are many legume species used in southern Australia, 

but the most common species are subterranean clover (Trifolium subterraneum L.), annual 

medics (Medicago spp.), lucerne (Medicago sativa), white clover (Trifolium repens L.), 

red clover (Trifolium pratense L.), and strawberry clover (Trifolium fragiferum L.) 

(Nichols et al., 2012). These species have been in Australian pasture system for many 

years and they have proven to be very successful at establishing in the southern Australia. 

Some of them can endure close grazing, while others are more drought tolerant or low-

temperature tolerant (Nichols et al., 2012). The most common grass species are perennial 

ryegrass (Lolium perenne L.), phalaris (Phalaris aquatica L.), cocksfoot (Dactylis 

glomerata L.) and tall fescue (Festuca arundinacea Schreb.) (Oram and Lodge, 2003). 

Different grasses suit different environments. Cocksfoot is more drought tolerant; 

perennial ryegrass is suited to higher rainfall zones; phalaris and tall fescue are tolerant to 

waterlogging and moderate salinity (Knox et al., 2006).  

 

1.2.3 Tasmania 

Tasmania is located at the southernmost part of Australia and it has a temperate climate 

(Doonan and Irvine, 2006). Although Tasmania is a suitable place for growing pasture, 

most grazing activity takes place on the midlands of Tasmania as the west is mostly 

covered by natural forest as shown in Figure 1 (Barson, 2013). The total grazing area 

consists over 51.5 % of the total agriculture area of Tasmania (ABARES, 2018) . 
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Figure 1 Tasmania land use in 2017 (ABARES, 2018). 

 

Growing pasture is a very profitable business in Tasmania. The gross value of livestock in 

Tasmania was $959 million in 2016 (Bennett, 2016). There is a positive relationship with 

the number of kilograms of pasture dry matter per hectare produced and gross margin per 

hectare (Doonan and Irvine, 2006). When there is enough good quality pasture, the growth 

of sheep and cattle is promising. Consequently, meat production is very valuable in 

Tasmania, and it accounted for about 45 % of the gross value of Tasmania agricultural 

production (Bennett, 2016) and one percent of gross value of Australia agricultural 

production (Barson, 2013). In addition, dairy was worth $601 million in Tasmania 

(Bennett, 2016). Tasmania livestock also has international impact, beef and dairy were 

worth $194 million and $127 million respectively on the international export market in 

2016. In addition, wool production worth $95 million in Tasmania, and $14.1 million on 

the export market. 
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1.3 Importance of grass and legume in pasture systems 

 

1.3.1 Growth of grasses 

Grasses are found in most places around the world and their morphology plays an 

important role in this phenomenon (Linder et al., 2017). In comparison to legumes, many 

grasses can grow over 1 m. For example, cocksfoot can grow to 106 cm tall (including 

inflorescence) with 12.5 cm long and 0.5 cm wide leaves (TIA, 2018a). The growth rate of 

grass is another aspect which it can occupy many land areas. They can establish easily and 

develop their shoot relatively fast. Under favorable temperatures, grass growth is often 

described as vigorous (Haynes, 1980). Shoot development starts quickly after 

establishment and then photosynthesis will begin.  

 

In terms of light absorption, height and leaf area are the most important feature which 

determines their ability to compete for light (Haynes, 1980, Brougham, 1957). When 

grasses are fully grown as a feed in a pasture sward, they are usually the tallest species 

(Frame and Newbould, 1986). This means they shade over other companion species such 

as legumes. Light generally only reach the plant canopy and the light intensity declines 

further to the ground level (Stern and Donald, 1962). Since grasses grow upright or semi-

upright, the angle of leaves to the ground and the area of leaves give them easy access to 

light as light reaches the canopy evenly.  

 

Leaf area index (LAI) is used to describe the ratio of total area of leaf to the total area of 

ground below the plant canopy (Stern and Donald, 1962). This term is often used to 

describe the effect of light penetration. For grasses, they normally have higher LAI values, 

which means bigger leaf area can receive sunlight more efficiently than legumes (Stern and 

Donald, 1961). However, there is an optimal value of LAI for grasses and it is reported that 

the optimal LAI value for grasses is about 7 (Brougham, 1957). The optimal value means 

grasses have reached their full growth at this point.  

 

One of the reasons that grasses can be widespread and adapt to many environmental 

conditions is the location of the shoot meristem (Linder et al., 2017). It is located near 

ground level and it is difficult for grazing animals to reach. Consequently, tillers and 

leaves can quickly reproduce after grazing. Since grasses are not damaged permanently by 

ruminants, regrowth from axillary buds occurs and new leaves form. When grasses are at 
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the flowering stage (Haynes, 1980), a large portion of the stem can be removed at 

defoliation and this can cause permanent damage to grass growth. Except for ryegrasses, 

grasses would be difficult to reproduce tillers after removal of the stem under heavy 

grazing because of the continuous destruction of the stem (Langer, 1973).  

 

In a competitive environment, the root system is especially important for plants to gain an 

advantage over other neighboring species. The longer the root length, the better it 

competes for water and nutrients when the soil has less moisture (Burch and Johns, 1978). 

Some studies have suggested that root competition has greater impact on plant growth than 

shoot competition, and root performance can alter the growth of shoot (Haynes, 1980, 

Llobet et al., 2012, Casper and Jackson, 1997). Grasses have long, thin and finely grown 

root hairs (Evans, 1977). This long and web-like root system gives grasses great ability to 

exploit underground nutrients, such as P, K, and S (Mendoza et al., 2016, Haynes, 1980). 

For example, cocksfoot roots can reach to 140 cm below ground level (Evans, 1978). With 

longer fibrous roots, grasses can go deeper into the soil profile and get to the water table 

where other pasture plants may not (Haynes, 1980). This physical attribute provides 

grasses the ability to survive in arid and semi-arid environments.  

 

1.3.2 Growth of legumes  

In comparison to grasses, legumes are found in fewer parts of the world as they have more 

environmental restrictions. However, legumes play a significant role in the Australian 

agricultural system (Hayes et al., 2017). Although legumes are ecologically and 

nutritionally valuable (Waghorn and Clark, 2004, Frame and Newbould, 1986), the growth 

of legumes is under many environmental constraints, and even under favorable growing 

conditions, they grow at a slower rate than grasses (Haynes, 1980). Legume morphology 

has made them less competitive and under many pressure from companion grasses in 

pasture swards. First of all, they are shorter when compared to grasses (Haynes, 1980); 

pasture legumes are rarely more than 1 m in height. For example, Talish clover can grow 

up to 40 cm (TIA, 2018b). In addition, some legumes such as Talish clover and white 

clover have a prostrate growth habit and they can reach their maximum leaf area very 

quickly. Hence, in a dense legume sward, legume leaflets are stacked together and the top 

canopy leaflets can shade over the lower leaflets (Langer, 1973). Consequently, light can 

become a limiting factor for legume growth.  
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The growth habit of legumes gives them both advantages and disadvantages. Since some 

legume species have a prostrate growing habit, sometimes animals are not able to damage 

the axillary buds (Haynes, 1980). Hence, the sunlight after defoliation would assist their 

growth so that they recover quickly. However, other legume species such as lucerne has an 

upright growth habit (Dolling, 2018). It means the axillary buds can be damaged under 

grazing or cutting and they will recover slowly and possibly outcompeted by companion 

grasses (Haynes, 1980).  

 

Underground development is also important for legume growth (Whitbread et al., 2009). 

The tap root which developed from the primary seedling branches out into the soil profile 

(Frame and Newbould, 1986). In early root development stage, rhizobial infection occurs 

and nodules start to form. Later, legume roots extend to the upper layer of soil with its 

short root hairs and small root hair cylinder (Evans, 1977). The length of legume roots 

differs among species. Some of them are usually less than 100cm but for lucerne, the tap 

root can be 210 cm at least. This more extended root system of lucerne makes it more 

drought tolerant than some other legume species because lucerne can explore more water 

resource at deep soil (Haynes, 1980). 

 

1.3.3 Rhizobia infection and biological nitrogen fixation 

Below the soil surface, legumes form nodules which are essential for biological nitrogen 

fixation process. Although nitrogen fertilizer can be used to assist agricultural practice, 

biological fixed nitrogen can achieve a more environmentally friendly result and 

sustainable (Zahran, 1999). Rhizobia are bacteria in the soil which can establish a 

symbiotic relationship with their host plant (legume) to exchange nitrogen for nutrients by 

forming nodules (Dowling and Broughton, 1986). The reason that legumes are able to fix 

nitrogen is because their nodules contain organisms called prokaryotes, which is essential 

for nitrogen fixation (Zahran et al., 1995). In this process, the host plant attracts rhizobia 

bacteria so that they attach to the legume roots (Ledgard and Steele, 1992). Then the 

rhizobia bacteria start a chemical process and interact with legume roots. During this 

interaction process, biological nitrogen is fixed and released to the soil. However, this 

process can be influenced by many factors such as external environment and biological 

process (Dowling and Broughton, 1986). Environmental factors include soil type, pH, 

previous land use, temperature, soil moisture, and salinity. For example, the temperature 

influences the establishment of rhizobia and its ability to persist over time (Dowling and 
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Broughton, 1986). Biological factors include virus infection and parasite infection, which 

can harm the nodules, reducing its ability to fix atmospheric nitrogen. 

 

1.3.4 Nutritional value of grass and legume to grazing animals 

Providing quality feed for grazing animals is essential for their growth. The two important 

components in the pasture systems, grasses and legumes, play a crucial role in achieving 

this goal (Nyfeler et al., 2009). Grasses and legumes have their contribution to feeding 

quality. Legumes such as white clover and subterranean clover, have a high mineral and 

protein content but a low concentration of fiber (Waghorn and Clark, 2004). This attribute 

makes protein highly degradable in the rumen and this will lead to high liveweight gain for 

ruminants. The high concentration of macro-nutrients (Ca, Mg, Na, P, K and S) and micro-

nutrients (Co, Cu, Fe, Mo, Mn, Zn and I) in legume leaves make them critical for animal 

maintenance and performance (Grace, 1983). For example, calcium is critical for the nerve 

function of animals and responsible for muscle contraction. In a pasture system, the 

calcium content requirement for animals is between 2.3-12.3 g/kg of dry matter and 

ruminants can get more calcium in legumes than in grasses. Copper is responsible for the 

skeletal function, color of wool and nerve system. Higher levels of copper are often found 

in clovers than in grasses. However, if ruminants are fed in legume monocultures, they can 

easily develop life-threatening bloat because deadly foams build up by over-consumption 

of legumes (Nichols et al., 2012). In this case, a legume-grass mixed sward provides a 

viable solution. The presence of grasses in sheep and cattle’s’ rumen means animals have 

lower risk of having bloat and provide palatable nutrients to animals.  

 

The higher energy content in grasses can increase the metabolizable energy which is 

utilized by ruminants to build up tissue (Doonan and Irvine, 2006). Most of the 

commercially used grass species, such as perennial ryegrass, phalaris and cocksfoot, have 

high digestibility although the digestibility varies in season (Doonan and Irvine, 2006). 

High digestibility means the ruminants can absorb more nutrients from the feed and less is 

excreted. Grasses contain higher concentration of fiber than legumes, which is helpful for 

rumen. Fiber can be found in cell walls and they can balance rumen pH without it being 

too acid (Waghorn and Clark, 2004).  
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1.4 Competition between grass and legume in mixed swards 

 

In a grass-legume mixed sward, legumes are often found less compatible with grasses. The 

low survival rate of legumes is due to the influence of grasses because it is hard for 

legumes to establish when companion grasses compete for light, soil moisture and nutrient 

contents (Callaway, 1995). Besides the impact from grasses, external factors can also 

affect the growth of legumes. These factors include temperature, sowing rate, sowing time, 

nutrient availability and weeds (Langer, 1973). In general, many external factors affect the 

competition between grasses and legumes but this literature review only focuses on legume 

and grass themselves.  

 

1.4.1 Light  

Grasses are more competitive when paired with legumes mainly because their growth rate 

is faster and their canopy architecture gives them advantage over some legumes (Mendoza 

et al., 2016, Frame and Newbould, 1986, Brougham, 1957, Stern and Donald, 1962) as 

they grow taller and faster than clovers. There is a negative relationship between grass 

height and legume height when they are sown next to each other. One of the great 

attributes of clovers is they can fix atmospheric nitrogen and supply nitrogen to 

neighboring plants so that in a grass-legume mixture, the grasses grow better with this 

fixed nitrogen (Stern and Donald, 1962). Grasses use their long fibrous roots to forage 

nitrogen more efficiently than legume taproots (Casper and Jackson, 1997). Consequently, 

legumes become less competitive as most of the soil nitrogen supply is foraged by grasses. 

Then, because of the biologically fixed nitrogen in the soil, grasses will grow taller and the 

leaf area of the grasses increases considerably. As a result, grasses with taller and larger 

leaves would shade over smaller legumes in a mixed sward and cause a reduced amount of 

light received by legumes (Ridley and Simpson, 1994, Haynes, 1980). As for the legumes, 

the weight of legume has a positive relationship with light density (Stern and Donald, 

1961). When there is insufficient sunlight, clover growth is suppressed and the growth rate 

is slowed. One of the indicator for suppression is clovers have small leaflets when they 

receive less radiation (Arnott and Ryle, 1982). In some cases, dry clover weight may 

decline significantly because below-canopy leaves have difficulty in receiving light (Stern 

and Donald, 1961). More importantly, this shading effect occurs at the establishment phase 

and this can cause detrimental effect to clovers such as the death of clover in a mixed 

sward (Stern and Donald, 1962). As clovers get less sunlight, roots receive less 
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carbohydrates and this negatively influences the growth of legume nodules (Haynes, 

1980). Therefore, legumes are outcompeted by grasses in term of light. 

 

1.4.2 Nutrients 

There are many macronutrients and micronutrients in the soil that are critical for the 

growth of grasses and legumes include Ca, Mg, P, S, K, Fe, Mo, Zn, Fe. Plant growth can 

be hindered by the lack of nutrients such as Fe, P, K and S present in the soil profile 

(Langer, 1973). For example, phosphorus is an important element but 40% of farmable 

land worldwide are facing P deficiency (Divito and Sadras, 2014). With the phosphorus 

deficiency, clovers are less competitive compared to grasses for phosphorus absorption 

because of different root structure (Langer, 1973). There is variation in grass species for 

their ability to absorb phosphorus. It has been found brown top (Agrostis capillaris) is 

more competitive for phosphorus than ryegrass and cocksfoot (Mouat and Walker, 1959). 

In addition, it has been reported that the leave chlorophyll concentration is highly related to 

the nitrogen supply (Schut and Ketelaars, 2003, Carter and Knapp, 2001). In a grass-

legume mixture, plants acquire nitrogen mainly from fixed nitrogen by clover (Boschma et 

al., 2010). After biological nitrogen fixation process, more nitrogen is present in the soil 

(Wu and MeGechan, 1999). Since there is an increase in the soil nitrogen fertility, grasses 

grow better because their roots are better at foraging nitrogen and other nutrients (Casper 

and Jackson, 1997). However, legume growth is suppressed by this grass growth in terms 

of light interception and nutrient competition (Langer, 1973). Moreover, the deficiency of 

N, P, K and S in many soils has caused an issue in rhizobium infection and nodule 

formation, which leads to less nitrogen in the soil (Romheld and Kirkby, 2010, Divito and 

Sadras, 2014). It is because those nutrients directly influence nodule formation and 

function, and nodule growth (Pacyna et al., 2006). For example, in a P deficient soil, 

legume nodules tend to be small than those have sufficient P (Pereira and Bliss, 1989).  

 

Furthermore, molybdenum (Mo) is one of the important micronutrients that can influence 

plant growth and development (Adhikari and Missaoui, 2017) and it is particularly crucial 

for the N fixation process of legumes. This micronutrient (Mo) increases the activity of 

nitric reductase which is an enzyme, and this increase can lead to an increase of 

endogenous nitric oxide (Bagheri and Jafari, 2012). Therefore, when there is sufficient Mo 

present in the soil, it can enhance the crude protein in stems, shoots, and leaves of legumes 

and support nodule formation and development (Mao et al., 2018). 
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Sometimes, legumes have difficulty to forage those key nutrients due to their root system 

(Yang et al., 2017). Common legume species such as subterranean clover have smaller root 

hair and short specific root length. In contrast, grasses normally have long roots with long 

root hairs (Hill et al., 2006). This physical property gives grasses the competitive 

advantage in foraging underground resources. Since grass roots are long, they can actively 

seek required nutrients such as P, K and S through exploration of soil profiles rather than 

waiting those nutrients move to them (Pirhofer-Walzl et al., 2012). Consequently, legume 

roots would compete with grass roots but grasses have the opportunity to forage distant 

nutrients (Evans, 1977). Hence, in P, K and S deficient soil, legume root morphology 

would hinder its growth compared with grasses. In long-term, nodules will be less 

productive and the weight of nodules will decrease (Divito and Sadras, 2014). In summary, 

the deficiency of P, K, S and Mo would have significant impact on root than shoot for 

legumes. 

 

1.4.3 Water 

Plants absorb water resources through their root system. The water uptake of a plant can be 

influenced by two factors: the water use efficiency and root depth (Haynes, 1980). Leaf 

transpiration rate or water use efficiency can significantly affect how plant utilizes water 

resource. Because clovers open their stoma during the day, they regulate transpiration 

poorly thus clovers lose a large amount of water in the daytime (Leach, 1978). Therefore, 

in comparison to grasses, legumes perform poorly to regulate its water resources (Burch 

and Johns, 1978). For example, the tall fescue has excellent stomatal control so that the 

stoma opens and shuts according to water supply. As a result, tall fescue can grow better 

than white clover. Lucerne is another legume species which has poor stomatal control 

(Leach, 1978). It opens its stoma most of the time during the day so it has significant water 

loss. However, lucerne has excellent root structure that makes it more drought tolerant than 

other legume species. 

 

For grasses and legumes, the different root structures make them exploit different parts of 

the soil profile. Grass species can explore further down to the soil profile whereas most 

clover roots are distributed in the top 40cm of the soil (Langer, 1973). For example, it is 

reported that thick tall fescue roots can be found below 40cm but white clover 

concentrated on exploring water at top 40cm soil (Burch and Johns, 1978). Grass roots can 
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penetrate deep into the soil profile and their higher root density is more effective in water 

uptake (Ritchie et al., 1972). The differences in root morphologies result in different 

responses when there is limited water supply (Burch and Johns, 1978). Grass leaves and 

roots are under little influence of water supply shortage due to their ability to close stomata 

to extend their lifespan and reach deep soil water table, although great deep water 

absorption would lead to drier soil over time (Leach, 1978). On the other hand, clover 

leaves may die under water stress as they have faster transpiration rate and difficulty of 

reaching down further to access soil water (Burch and Johns, 1978).  

 

Although most legume species cannot extend their roots as deep as grasses, lucerne is one 

of the legumes that can penetrate deep into the soil profile. Lucerne requires a large 

volume of water but its roots can extend to more than two meters on suitable soils 

(Dolling, 2018). In this case, lucerne root length is similar to some grass roots. For 

example, lucerne can penetrate down to the soil as deep as cocksfoot even though it has a 

taproot system (Haynes, 1980). Lucerne has a taproot with some lateral roots penetrate 

deep into the soil profile (Hakl et al., 2011). The deep taproot means lucerne can access to 

more water resource at depth than other legume species such as perennial ryegrass, and 

lucerne can dry the soil (Pollock et al., 2009). The benefit of drying the soil is that it allows 

soil to increase water storage capacity and reduce groundwater recharge (Dolling, 2018). 

The deep root of lucerne makes it as competitive as grass species and farmers in southern 

Australia such as Tasmania often sow them in their pastures (Pembleton et al., 2010). With 

its unique root system and climate adaptability, lucerne can increase the legume 

component of a pasture in a dryland farming system. 

 

1.5 Coexistence between grasses and legumes 

 

In some instances, legume dry matter weight is not affected by companion grasses in a 

mixed sward (Boschma et al., 2010). When lucerne is sown with temperate or tropical 

perennial grasses, lucerne’s growth is not suppressed by neighboring grasses. Surprisingly, 

Boschma et al. (2010) show that lucerne suppressed the growth of tropical grass. The 

reason could be the choice of grass species favored the growth of lucerne and the growth 

rate of lucerne in spring is higher than in autumn (McDonald, 1999). Therefore, the 

seasonal variation resulted in suppression of grasses in spring but it showed coexistence 

between grasses and legumes in autumn.  
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In addition, other factors may play a role in coexistence between grasses and legumes. 

Boschma et al. (2010) also report the competition between grasses and legumes is species 

specific and site specific. The dominance of grass species over legumes may depend on the 

grasses species. Sometimes, grasses are not competitive against legumes so they coexist. It 

might be the morphology of grass species do not put them in a competitive position when 

they are sown with legumes. For example, ryegrass has a shorter canopy height and a 

prostrate growing habit (Haynes, 1980). Moreover, some legume species have bigger 

seeds, such as subterranean clover, and their growth is more vigorous than its companion 

grasses, such as phalaris (Hill and Gleeson, 1988). In this case, phalaris would not 

influence the growth of subterranean clover. Moreover, the choice of legume species may 

affect the coexistence between grasses and legumes. If legumes are good competitors for 

light, nutrients and water, they can establish next to grasses (Skinner, 2005). Sometimes, 

grasses can facilitate the establishment legumes, which can lead to greater species density 

and biomass. Therefore, the choice of both grass species and legume species is important 

for the coexistence between these two species. 

 

Furthermore, plant density affects whether species compete or coexist (Skinner, 2005). 

When legumes are dense in a sward, they are not necessarily outcompeted by companion 

grasses. If legumes are sown as a major species rather than a minor species in a sward, 

legumes will persist with grass neighbors (Hill and Gleeson, 1988). However, Schwinning 

and Parsons (1996) have shown the opposite. If legumes are sown as a major pasture 

component, grasses will take advantage of the excess nitrogen produced by abundant 

legume species and expand their population in the sward. Over time, the grass species will 

compete and suppress the growth of legume. The differences could be explained by 

different species used and experimented at different sites. Nevertheless, if the soil is very 

fertile, grasses and legumes will not compete with each other but prosper at their own pace 

(Schwinning and Parsons, 1996, Griffith et al., 2016).  

 

Overall, the mechanism of coexistence between grasses and legumes has been studied by 

many scholars (Boschma et al., 2010, Schwinning and Parsons, 1996, Thornley et al., 

1995). The coexistence between legumes and grasses can be explained by niches. Each 

species has its own niche, which means species have different growing seasons, water use 

efficiency, nutrients requirements and growth habits (Hill and Gleeson, 1988). It could also 



 17 

be associated with sowing time, soil fertility and plant growth stage (Griffith et al., 2016). 

In other words, coexistence depends on many environmental variables and species choice. 

Therefore, it is not conclusive to say grasses will outcompete/coexist with legumes. 

 

1.5.1 Strategies to encourage coexistence 

Since some legume species are more summer active and some grass species are more 

winter active, planting them at different times in the same sward may achieve coexistence 

between clover and grass (Boschma et al., 2010) as it is difficult to establish them at the 

same time (Tow et al., 1997). For example, Boschma et al. (2010) suggested that perennial 

grasses can be sown in the first year and then sow the subterranean clover in the following 

year. By doing so, each species is growing in their favorable niches and at a suitable 

temperature (Hill and Gleeson, 1988).  

 

Furthermore, in other cases, grasses and legumes coexist at some point in their population 

cycle. The population of legumes or grasses vary after each harvest (a harvest is one 

population cycle) because the re-growth can be depended on many environmental factors 

(Schwinning and Parsons, 1996). There are two conditions for them to coexist. First, the 

soil fertility must be low so that grasses rely on clovers to provide them nitrogen. This 

means grasses have the opportunity to exploit legumes. Second, population cycle becomes 

more intense when the response time of grass (which is the dominant species in the sward) 

to environmental cues is slow. Therefore, grass growth is slowed. After fulfilling the above 

two conditions, grass population will oscillate and a balance between grasses and legumes 

is created. Fortunately, pasture is not a stable system as it is man-made and often grazed or 

mowed (Frame and Newbould, 1986). In other words, coexistence can be achieved in the 

real world, but it is hard to sustain this relationship as it requires grass population to 

change over time. 

 

In order to ease the competitive advantage of grasses over legumes at the establishment 

phase, it is suggested that the ratio of clover: grass sowing rate should be high according to 

Frame and Newbould (1986) (for example, a ratio of 3.5 kg/ha clover to 22-25 kg/ha 

grass). In this ratio, grass and clover can coexist. However, there is a lack of research on 

the number of seeds required to establish a specific seedling population. Although clovers 

can be sown at 3-5 kg/ha, it is difficult to sustain a desirable percentage of clover in a 

mixed sward in the long term and the lack of such knowledge makes it hard for farmers to 
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draw conclusions on the effectiveness of sowing rate (Frame and Newbould, 1986). Also, 

grazing frequency and intensity should be taken into consideration for coexistence between 

legumes and grasses (Frame and Newbould, 1986). For example, intense grazing by sheep 

can favor the growth of legumes because there are no grasses to shade over the smaller 

legumes. Hence, defoliation make grasses less competitive and help legumes to grow. 

 

 

1.6 Methods to decrease or eliminate grass-legume competition 

From the above discussion, it is evident that most legume species are under fierce 

competition when they are sown with grasses in pasture swards. In order to counter this 

competition, researchers have proposed different solutions and it will be discussed below. 

 

1.6.1 Alternate row sowing method 

 

1.6.1.1 Application in pasture practice 

Scholars have proposed that using alternate row sowing method to reduce interspecific 

competition between grasses and legumes (Boschma et al., 2010, Cullen, 2012). Alternate 

row sowing means planting grass species in one row, then sow legume species in the 

adjacent row. In this way, legumes are physically separated from grasses in a sward. In 

Boschma et al. (2010), they suggested that sowing grasses and legumes in alternate rows 

could reduce the influence of interspecific competition. As grasses and legumes are sown 

in alternate rows, some of the competition factors, such as light, underground nutrients and 

soil moisture, are reduced or eliminated (Harper, 1977). When sown in alternate rows, 

legumes experience less shading from grasses (Hayes et al., 2017). As for underground 

nutrients, more space between legume roots and grass roots means legumes can forage 

more nutrients. Therefore, legumes can absorb nutrients with better efficiency and their 

plant density is increased.  

 

Although the alternate row sowing method is theoretically valid, this method needs further 

justification by scientific research. Hayes et al. (2017) tested this idea in NSW, Australia. 

The findings agree with the theory and the dry matter weight of legume in alternate row 

increased substantially compared with the mixed swards. Although the results justify the 

theory of minimizing competition between grasses and legumes, they are not conclusive as 

the data were site-specific and season-specific. As this study has shown, it may not be ideal 
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to use this method with phalaris and subterranean clover or lucerne. The biggest problem 

with alternate row sowing is that the benefits are not consistent throughout the 

experimental years. Biomass measurements are not consistently increasing in the studied 

period. At some studied sites, the total annual dry matter in the mixed plots was 1000 

kg/ha higher than the alternate-row plots, while in other sites the dry weight in the 

alternate-row plots was about 500 kg/ha higher than the mixed plots (Hayes et al., 2017). 

Nevertheless, the overall yield increased significantly in the alternate-row plots, although 

the significance depends on the species (Dear and Cocks, 1997, Dear et al., 1998). Grass’s 

physical property is the key to the harmony of grass and legume. When grass species, such 

as phalaris, are not vigorous companions to legumes, legume growth is less affected by 

grass neighbors (Dear et al., 1998).  

 

1.6.1.2 Application in crop practice 

The alternate row sowing method has also been used in crop research (Hayes et al., 2016). 

Although the wheat yield decreased in the first year, subterranean clover dry matter 

increased in the first and second year. Even though the establishment of subterranean 

clover was not affected by wheat, higher legume density had been seen in the mixed 

sowing treatments compared with alternate-row sowing treatments. The decrease in 

production of the crop may be explained by intraspecific competition (Boschma et al., 

2010). As the same species are grown closely together, it is likely that they are competing 

among themselves rather than suppressing other species (Amjad and Anderson, 2006). An 

effect from this intraspecific competition is the crop seedling density declined about 20 % 

and this would lead to falling in biomass (Hayes et al., 2016). However, other research 

suggested dry legume weight increases when legumes paired with crops (Darch et al., 

2018, Saia et al., 2016, Ryan et al., 2018). It seems legumes can act as a complement to the 

crop and provide nitrogen to surrounding crops so that the total yield would increase using 

the intercropping method. 

 

Nevertheless, the benefits of using this method would outweigh its disadvantages and 

achieve its original goal, which is to reduce interspecific competition and enhance legume 

establishment. The integration of crop and livestock production makes economic and 

agricultural sense (Bell and Moore, 2012). While the total crop biomass increases, fewer 

nitrogen fertilizers are used in the crop field (Ryan et al., 2018). Although the crop density 

and biomass dropped, legume production increased significantly and they can persist at an 
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acceptable level (Hayes et al., 2016). Planting two species in different rows would 

maximize the resource usage efficiency (light, water, underground nutrients), while 

reducing the damage caused by weeds (Baumann et al., 2000). 

 

Many studies have shown the impact which alternate row sowing method can bring to a 

farming system (Ryan et al., 2018, Weik et al., 2002, Hayes et al., 2016, Hayes et al., 

2017). Perhaps the biggest challenge is finding the suitable pairing between different 

species. From above past experimental results, the results vary significantly throughout the 

experimental period. The year to year results show the alternate-row treatment is 

unpredictable in terms of total biomass, and seedling density. There are many variabilities 

between the pairing of species. When two wheatgrass species (Thinopyrum intermedium 

and Triticum aestivum L. x Th. spp. hybrid) are paired with subterranean clover, there can 

make no significant differences between alternate row sowing and mix sowing method in a 

year (Hayes et al., 2016). In another year, the difference is significant. 

 

These mixed results mean there is no consistent evidence for the benefits of alternate row 

sowing as compared with mix sowing method. Further work is needed to understand the 

mechanisms of coexistence and competition between grasses and legumes under alternate 

row sowing method. 

 

1.6.2 Alternate row sowing and grazing animal 

Alternate row sowing method physically separates grasses and legumes, which can 

increase herbage biomass (Sharp et al., 2012), thus animals would gain more weight with 

quality feed available to them. In the example of spatially separated monocultures of 

ryegrass and white clover, livestock gained 25 % more weight and milk production 

increased by 10 % than mix swards treatments (Edwards et al., 2008). So, it is clear to see 

the benefits of separating legume and grass in the swards. However, if the spatial 

arrangement is based on blocks (i.e. one block of grass then the next block is legume), the 

availability of legume in a sward over time may become an issue as discussed above. A 

solution to this problem is to sow grass and legume in alternate rows rather than in 

adjacent monoculture blocks. A study has shown in 15 cm alternate row spacing (Edwards 

et al., 2008), white clover persisted for longer period and had less competitive pressure 

from grasses when compared with legume-grass mixed swards. Thus, animals would 

continuously get quality feed.  
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1.6.3 Sowing grasses and legumes at different times 

Instead of physically separating grasses and legumes, another method is to sow grasses and 

legumes at different times in a mixed sward. The rationale behind this method is that 

legumes would have more free space and time to grow while grass is not present next to 

them (Walker and King, 2010). Although there are many reasons why sometimes legume 

establishes poorly, such as slow shoot development (Black et al., 2006b), sowing with 

grasses add another layer of complexity to the successful establishment of legumes. Hence, 

sowing legumes first would provide many benefits which can support their initial growth. 

Later, when grasses are added into the same sward, they can or have a higher chance to 

coexist (Walker and King, 2010).  

 

Sowing grasses at a different time than legumes usually do not affect the establishment of 

grasses (Walker and King, 2010) but it does not have the suppression effect on legumes 

(Peterson et al., 1994). Altering the species sowing time would encourage legumes to 

develop their roots freely. Root development and nodule formation are regarded more 

important than shoot development (Haynes, 1980, Hill and Mulcahy, 1995), and it 

suggested the successful development of root system could reduce the adverse shading 

effect by grass (Walker and King, 2009). 

 

A side effect of using this method might lead to a clover dominated sward. If the grasses 

are planted in the following year, clover has grown substantially and the density is high 

(Walker and King, 2010). Then in this sward, clovers become dominate and clovers 

outcompete grasses. If this is the case, grazing management can be used to reduce the 

dominance by clovers and achieve higher biomass. Another downside of this approach is 

that it is not cost efficient as farmers need to sow the paddock twice. If farmers are not 

using tractors, it is time-consuming to use broadcast sowing method. 

 

1.7 Conclusion 

 

There is fierce competition existed between legumes in mixed swards. Factors that affect 

competition include light, soil nutrients, soil moisture, species physical traits and 

companion grasses. These factors make many legume species disadvantaged when they are 

next to grass species. However, under certain conditions, grasses and legumes coexist. The 

coexistence between legumes and grasses may depend on species choice, species density 
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and site conditions. Therefore, in a pasture sward, the dynamic of the sward often changes 

as the population density of grass and legume varies. It means the competitive relationship 

between grasses and legumes can change to coexistence relationship, and vice versa. There 

are approaches to reduce the effect competition such as using alternate row sowing 

method. Physical separation of grass and legume seeds could reduce competition and 

increase pasture production. Therefore, it is beneficial to explore the potential of alternate 

row sowing in Tasmania context. 
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2 Introduction and project aims 
 

Pasture covers 77 % of agricultural land in the world and can be found on every continent 

on Earth (Roser and Ritchie, 2018). In Australia, pasture occupied 54 % of the land area 

(ABARES, 2016) and there is over 51 % of agricultural land in Tasmania which is pasture 

land (Barson, 2013). Graziers contributed significantly to the total agricultural production 

in Tasmania, with 65 % of gross agricultural value coming from livestock (Bennett, 2016), 

and $2.41 billion worth products sold interstate. Internationally, $686 million worth 

products sold to overseas in 2016. Usually, the majority of pastures consist of a mix of 

grasses and legumes, and they both provide benefits to ruminants (Nichols et al., 2012).  

 

Grasses commonly used in mixed pastures include perennial ryegrass (Lolium perenne L.), 

phalaris (Phalaris aquatica L.), cocksfoot (Dactylis glomerata L.) and tall fescue (Festuca 

arundinacea Schreb.). Grasses contain fiber and soluble carbohydrates (Langer, 1973) and 

metabolisable energy (Waghorn and Clark, 2004). Although grasses have a high content of 

metabolizable energy, its protein and mineral content decreases as they mature (Hopkins, 

2000). Moreover, grasses are cheap livestock feed ($/kg dry matter weight) compare to 

other feed such as grains, legumes or silage. 

 

Legumes, on the other hand, provide various benefits to pasture and livestock system. One 

of the many benefits legumes provide is that they increase soil nitrogen supply and provide 

nitrogen to surrounding grasses. Legumes can fix biological nitrogen from the atmosphere 

through the symbiotic relationship with rhizobia bacteria in the soil (Zahran, 1999). The 

rhizobia bacteria infect legume roots so that they are also benefited from this symbiotic 

relationship (Dowling and Broughton, 1986). Once the infection between rhizobia and 

legume roots is established, nodules will form on the legume roots. Then, these nodules 

with the rhizobia bacteria fix biological nitrogen. The fixed nitrogen will be available in 

the soil for other species to forage. Also, this fixation process can improve the nitrogen 

fertility in the soil. With free nitrogen being delivered to plants, farmers would use fewer 

nitrogen fertilizers on their pastures (Ledgard and Steele, 1992), and more biomass will be 

produced by legumes and grasses (Langer, 1973, Whitbread et al., 2009).  

 

As grasses and legumes flourish, ruminants are one of the beneficiaries from the grass-

legume mixture. In terms of nutrition intake, ruminants not only can access to fiber and 



 24 

carbohydrates, but there are also protein and minerals in their diet (Waghorn and Clark, 

2004). Legumes contain protein that contributes significantly to the liveweight gain of 

cattle and sheep and the gain depends on the legume species. For example, Caucasian 

clover-grass swards have reported to provide more liveweight gain for ruminants than red 

clover-grass swards (Black et al., 2006a). Besides weight gain, ruminants are less likely to 

have bloat in their bodies by eating grass-legume mixture (Waghorn and McNabb, 2003, 

Nichols et al., 2012, Butler et al., 2011). Eating legumes which have higher protein content 

can produce foams in the rumen and cause deadly bloat, though the risk of bloat can be 

reduced if animals eat mixed grass-legume pastures as the proportion of legumes is 

reduced (Annicchiarico et al., 2015). Furthermore, there is a higher concentration of 

minerals in legumes than grasses that benefit livestock health and production. Sufficient 

quantities of minerals such as Ca, Mg, Fe, Mo are able to improve the health condition of 

cattle and sheep include: strengthening the bone structure and reduce toxicity from other 

minerals (Mn) (Suttle, 2010, Hopkins, 2000). The presence of legume in ruminants’ diet 

improves the digestibility of the feed. Grasses, which contain a high portion of fiber, 

requires chewing to reduce particle size before rumen can digest slowly (Waghorn and 

Clark, 2004). However, legumes can accelerate the digestion speed as they are easy to 

break down and require less chewing (Sleugh et al., 2000, Moseley and Jones, 1984). 

 

Although the benefit of having both legumes and grasses in pasture swards is widely 

recognized, the balance of having adequate legumes is hard to achieve due to interspecific 

competition from grasses. Legume populations are threatened by the presence of grasses, 

and thus are likely to decline over time (Hayes et al., 2017). Above ground competition for 

light exists between grasses and legumes. In general, grasses have a greater light 

interception through taller and more erect leaves; resulting in higher leaf area(Hopkins, 

2000). These leaves often have the advantage over more prostrate growing legumes 

(Boschma et al., 2010). Consequently, grass canopy can absorb more solar radiation 

compared to legume, because the sunlight is hard to penetrate the dense grass leaves and 

shine on the legume leaves (Brougham, 1957). Legumes, as they are shaded by grasses, 

face a depression of growth due to lack of radiation.  

 

As for below-ground competition, the root competition between grasses and legumes can 

be more intense than shoot competition (Haynes, 1980). Grasses have a fibrous root system 

whereas legumes have a tap root system (Annicchiarico et al., 2015). With more 
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photosynthesis reaction for the shoot, the grass roots can establish and develop its 

extensive root system (Trannin et al., 2000). Since grasses have longer and larger surface 

of root hair cylinder than legumes, they are able to absorb nutrients near legume roots and 

forage those immobile nutrients such as phosphate (Haynes, 1980). This physical 

difference in root system makes grasses forage nutrients more effectively than legumes.  

 

Grasses and legumes also compete for water resources. In a water deficient soil, water 

uptake by a plant is depended on root depth and water use efficiency (Haynes, 1980). 

Grass roots usually penetrate deep into soil profile compare to legume roots. Consequently, 

they can explore more water resource but the soil will become drier over time (Ritchie et 

al., 1972). The water use efficiency depends on stomatal control of species. Legumes lose 

water faster than grasses because they regulate transpiration poorly (Burch and Johns, 

1978). Hence, legume growth is restrained when water is limited in the soil. 

 

Since the legume growth suffers from the presence of grasses in mixed swards but the 

benefit of having both of them is too great to forgo (except for sowing lucerne alone), new 

approaches should be considered to minimize the competition with grasses. In addition, 

although persistence of legumes is critical, it is not ideal for them to become dominant in 

the sward (Dear and Virgona, 1996). Legume-dominated pasture can cause serious health 

issues for cattle and sheep such as bloat. There are some ways to mitigate this issue such as 

sowing grasses and legumes at different times and sowing grasses and legumes in adjacent 

blocks (i.e. one block of grasses and one block of legumes next to it). This study focuses 

on the alternate row sowing method (Boschma et al., 2010, Hayes et al., 2017, Black et al., 

2006a), which means legumes are sown in one drill row, and grasses are sown in the 

adjacent row, continuing alternatively.  

 

The objective of this study is to increase the establishment of legumes in pasture swards so 

that they have a better survival rate in a sward. Therefore, this study hypothesizes that 

better establishment of legumes can be achieved through alternate row sowing method than 

mixed sowing method. In theory, this method minimizes the inter-specific competition 

because there is extra space between legume seeds and grass seeds. So, legumes could 

have their own space which is beneficial for their growth. Above ground, more space 

means grasses are unlikely to shade out legumes in early establishment phase. This extra 

space would lead to better legume growth at the establishment phase. Below ground, with 
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more spaces provided, the unique tap roots system of legumes does not need to fight with 

grass roots for micronutrients and macronutrients. Hence, legumes can forage nutrients 

with less competition from grasses. 
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3 Materials and Methods 
 

3.1 Field experiment 

 

3.1.1 Experiment site and set up 

Although pastures are typically sown in spring because they can grow at their best 

capacity, this experiment started in autumn due to the study time frame. The experiment 

was conducted at the Cressy Research and Demonstration Station, Cressy, Tasmania 

(41°41′S 147°05′E, 148 m above sea level). The experiment started on 19/4/2018 and 

ended on 18/9/2018. The climate of the site is presented in Table 1. A soil test was done at 

Cressy prior to the experiment and the result is shown in Table 2. 

Table 1 The climate condition of Cressy Research and Demonstration Station (Australian Government, 2018) 

 Apr May Jun Jul Aug Sept 

Total rainfall (mm) 25.0 44.6 46.2 61.6 30.0 14.6 

Average min. monthly 

temperature (°C) 

5.7 3.6 1.9 2.1 2.3 2.5 

Average max. monthly 

temperature (°C) 

18.3 15.4 12.3 11.9 12.5 14.8 

 

Table 2 Soil conditions at Cressy 

Site pH S  

(kg/ha) 

Ca 

(kg/ha) 

P 

(kg/ha) 

Mg 

(kg/ha) 

Fe 

(kg/ha) 

Cressy Research Station 6.19 3.18 214.9 17.3 20.8 79.1 

 

3.1.2 Site preparation 

The 9-month-old Italian ryegrass (Lolium multiflorum L.) sward was sprayed out during 

January 2018 with Roundup PowerMax at 2.5 L/ ha in a spray volume of 280 L/ha. In 

addition, the site was irrigated from January to March 2018 so that any weed seeds would 

germinate and be eliminated before sowing.  

 

3.1.3 Experimental design 

The experiment included two grass species (cocksfoot and phalaris) and three legume 

species (red clover (Trifolium pratense), Caucasian clover (Trifolium ambiguum) and 

Talish clover (Trifolium tumens)). All the legume species were inoculated, and lime coated 

24 h before sowing. The whole experimental site was a rectangle of 40 m x 50 m. The 

https://tools.wmflabs.org/geohack/geohack.php?pagename=Cressy,_Tasmania&params=41_41_S_147_05_E_type:city_region:AU-TAS
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experiment design was a randomized block design, and it consisted of six blocks (Figure 

1). Each block had the length of 18 m and width of 12 m. Inside a block, each plot was 5 m 

long and 1.5 m wide. In addition, there was a 1m long buffer zone between two vertical 

plots. A total of 23 treatments was included to compare and analyze the establishment and 

persistence of clover and grass (Figure 1). The sowing rates for phalaris, cocksfoot, red 

clover, Talish clover, and Caucasian clover were 5 kg/ha, 5 kg/ha, 5 kg/ha, 5 kg/ha and 7 

kg/ha respectively. The Caucasian clover sowing rate was higher than others was because 

their seeds are bigger than the other species’. So more Caucasian clover seeds were needed 

so that it would have the same population as other species per square meter.  

 

A random number generator was used to match treatment with a plot and the treatments are 

shown in figure 2. In addition, 250 kg/ha of fertilizer was used on the sowing day, and it 

consisted N, P, K and with a ratio of 8:4:10:11. Insecticide (Talstar) was applied following 

sowing at 50 mL/ha to control red-legged earth mites. Afterward, irrigation was applied to 

the site on 19/04/2018, 24/04/2018 and 30/04/2018 with 10mm per application. Because 

there was nitrogen deficiency in the soil affecting grass health, nitrogen fertilizer was 

applied on 27/08/2018 at 50 kg/ha with a broadleaf herbicide (MCPA 500) at 1 L/ha to kill 

weeds. 

 

 

Figure 2 Field experiment design. Plot size 1.5 m x 6 m. Block size 12 m x 18 m, land size 50 m x 40 m. 22 

plots per block. Co=Cocksfoot, Ph=Phalaris, Ca=Caucasian Clover, Re=Red Clover, Ta=Talish Clover, 

Sc=Subterranean Clover, M=Monoculture, X=Mixed sowing, Al=Alternate sowing. 
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3.1.4 Treatments 

 

 

Figure 3 Legumes and grasses were sown into the soil at Cressy on 19/4/2018. A 50 cm x50 cm quadrate was 

randomly thrown in a plot.  
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Table 3 Species treatments and sowing treatments in the field experiment at Cressy, TAS. 

Species treatments Sowing treatments Treatments 

Abbreviation 

Description 

Phalaris  Phalaris only PhM Phalaris sown in every row 

Cocksfoot  Cocksfoot only CoM Cocksfoot sown in every 

row 

Caucasian clover  Caucasian clover only CaM Caucasian clover sown in 

every row 

Red clover  Red clover only ReM Red clover sown in every 

row 

Subterranean clover  Subterranean clover 

only 

ScM Subterranean clover sown 

in every row 

Talish clover  Talish clover only TaM Talish clover sown in every 

row 

Phalaris + Caucasian 

clover 

Phalaris + Caucasian 

clover Mix 

PhCaX Phalaris and Caucasian 

clover sown together in 

every row 

Phalaris + Red clover Phalaris + Red clover 

Mix 

PhReX Phalaris and Red clover 

sown together in every row 

Phalaris + Subterranean 

clover 

Phalaris + Subterranean 

clover Mix 

PhScX Phalaris and Subterranean 

clover sown together in 

every row 

Phalaris + Talish clover Phalaris + Talish clover 

Mix 

PhTaX Phalaris and Talish clover 

sown together in every row 

Cocksfoot + Caucasian 

clover 

Cocksfoot + Caucasian 

clover Mix 

CoCaX Cocksfoot and Caucasian 

clover sown together in 

every row 

Cocksfoot + Red clover Cocksfoot + Red clover 

Mix 

CoReX Cocksfoot and Red clover 

sown together in every row 

Cocksfoot + Subterranean 

clover 

Cocksfoot + 

Subterranean clover 

Mix 

CoScX Cocksfoot and 

Subterranean clover sown 

together in every row 

Cocksfoot + Talish clover Cocksfoot + Talish 

clover Mix 

CoTaX Cocksfoot and Talish clover 

sown together in every row 

Phalaris + Caucasian 

clover 

Phalaris + Caucasian 

clover (1:1) alternate 

PhCaAl Phalaris sown in one row, 

Caucasian clover sown in 

the next row 

Phalaris + Red clover Phalaris + Red clover 

(1:1) alternate 

PhReAl Phalaris sown in one row, 

Red clover sown in the next 

row 

Phalaris + Subterranean 

clover 

Phalaris + Subterranean 

clover (1:1) alternate 

PhScAl Phalaris sown in one row, 

Subterranean clover sown 

in the next row 

Phalaris + Talish clover Phalaris + Talish clover 

(1:1) alternate 

PhTaAl Phalaris sown in one row, 

Talish clover sown in the 

next row 

Cocksfoot + Caucasian 

clover 

Cocksfoot + Caucasian 

clover (1:1) alternate 

CoCaAl Cocksfoot sown in one row, 

Caucasian clover sown in 

the next row 

Cocksfoot + Red clover Cocksfoot + Red clover 

(1:1) alternate 

CoReAl Cocksfoot sown in one row, 

Red clover sown in the next 

row 

Cocksfoot + Subterranean 

clover 

Cocksfoot + 

Subterranean clover 

(1:1) alternate 

CoScAl Cocksfoot sown in one row, 

Subterranean clover sown 

in the next row 

Cocksfoot + Talish clover Cocksfoot + Talish 

clover (1:1) alternate 

CoTaAl Cocksfoot sown in one row, 

Talish clover sown in the 

next row 
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Three sowing treatments (monoculture, alternate row sowing, and mixed sward sowing) 

were used in this research (Table 3). All species were direct drilled with an Ojyard direct 

drill into the soil, and the spacing between each row was 150 mm. In alternate row sowing, 

a grass species was sown in one row, and a legume species was sown in the adjacent row. 

In contrast, two species (a grass and a legume) were mixed and sown in one row in the 

traditional mix sward treatment. For monocultures, only one species was directly drilled 

into the soil. 

 

3.1.5 Measurements 

 

3.1.5.1 Plant counts and plant height 

Three 50 x 50 cm quadrats were randomly thrown in each plot, and plant counts were 

taken for each species at the bottom left and the top right-hand square of the quadrat (i.e. a 

total of 25 cm2 area). The first plant counts were taken four weeks after sowing on 

16/5/2018. The second plant counts were retaken at six weeks after sowing. As it was 

winter and growth was slow, the final plant counts were taken 21 weeks after sowing 

(18/9/2018). 

 

Using the same quadrat as the plant counts, three grass species and/or clover species were 

randomly chosen in a quadrate to measure their heights with a ruler. The first grass heights 

were measured three weeks after sowing, but this measurement did not apply to legume 

species as they are rather short at that time (about 1 cm). The second plant height 

measurements were taken 18 weeks after sowing (23/8/2018). Since the subterranean 

clover and red clover plots had a low population, their heights were not measured at this 

date. Then, the final height measurements were measured 21 weeks after sowing 

(18/9/2018), and all the species were measured at this time. 

 

3.1.5.2 Canopy coverage percentage 

An iPhone 6s (Apple CA USA Model: A1688) was used to take photos in each quadrat, 

which then analyzed by the Canopeo APP. The canopy coverage percentage was measured 

per one-fourth of a quadrate (which is 25 cm2) using the Canopeo APP from Apple Store. 

The phone was tied with strings on a potting stand, which had a flat surface and three 

vertical legs. The potting stand was 27 cm tall, and it covered 12.5 cm2 ground area. The 

position of the phone was marked by a pen so that this measurement was repeatable. 
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The first measurement was taken 13 weeks after sowing as the plants were not growing 

much during this winter period. The next canopy measurement was taken 18 weeks after 

sowing (23/8/2018), and the final measurement was taken 21 weeks after sowing 

(18/9/2018). 

 

3.1.5.3 Biomass harvest 

The harvest of all the species was taken 21 weeks after sowing (18/9/2018). The core was 

used to take out two individual plants per quadrate of a clover and a grass species. Hence, a 

total of 6 clover species and grass species were taken from a plot. However, when there are 

no more than two plants in a quadrat, 0 or 1 plant was taken from a quadrat. For 

subterranean clover, because of its low population in the field, plant core was taken 

anywhere in a plot rather than in a quadrat. 

 

3.2 Pot Experiment 

The purpose of this pot experiment was to investigate the growth habit of selected grasses 

and legumes in a controlled environment. Hence, there were limited influence from intra-

specific competition and external environment such as wind, rain and animal disturbance. 

Without these external constraints, it is easy to see what the growth of legumes and grasses 

should be. 

3.2.1 Experiment setup 

A pot experiment was conducted to investigate the growing habits of selected grass species 

and legume species in monocultures in a glasshouse at UTAS Sandy Bay Campus, Hobart, 

Tasmania. The experiment began on 05/07/2018 and the final harvest was 17 weeks after 

sowing (11/09/2018). Pots with 15.2 cm in diameter were used in this experiment, and the 

potting medium consisted 90 % of composted pine bark, 5 % of coir peat and 5 % of 

coarse potting sand. Glasshouse temperature was kept at 19-23 °C at daytime and 18-21 °C 

at nighttime. The irrigation rate was 2.5mm per day from overhead misters with four 

applications a day (total 10 mm/day). For each pot, five small holes (1cm in diameter) 

were dug in a shape of the pentagon with equal distance to the boundary of the pot. There 

were six Talish clover seeds planted in each hole (because according to previous 

germination test, the germination rate was 29 %), whereas three seeds were planted for 

cocksfoot, phalaris, Caucasian clover, red clover and subterranean clover (they had a 

germination rate of 70-80 %). Once seeds were in the pot (sowing depth 0.5 cm), 
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vermiculite was spread on top of the seeds at sowing to help retain surface moisture. After 

the seeds germinated, excess plants were thinned to ensure there were five plants per pot. 

 

The design of the pot experiment was a randomized block design with four blocks in total 

(Figure 4). In each block, each species had four individual pots and each pot represented 

one harvest/measurement time. Therefore, there was a total of 24 pots in one block and 

four different harvest times. 

 

Figure 4 Pot experiment design. Ph=phalaris, Co=cocksfoot, Ca=Caucasian clover, Re=red clover, 

Ta=Talish clover, Sc=subterranean clover, M1=measurement time 1. M2=measurement time 2. 

M3=measurement time 3. M4=measurement time 4. 

3.2.2 Measurements 

A total of four measurements were taken at the glasshouse, which were 26, 40, 54 and 68 

days after sowing.  

 

3.2.2.1 Canopy height 

A ruler was used to measure the canopy height of each species before they were extracted 

from pots. The canopy height was the height between the top of the canopy and soil and 

therefore this measurement is different from shoot length.  

 

PhM4 ReM4 CaM1 CaM2 TaM2

ScM1 PhM3 ReM2 ScM2 CaM3

ScM3 TaM1 PhM1 CoM1 CoM2

TaM4 CoM3 CoM4 ReM3 TaM3

CaM4 PhM2 ScM4 ReM1

ReM4 ScM4 PhM1 CaM3 ScM1

CoM1 PhM3 ScM3 CoM3 TaM2

CaM1 CaM4 ReM1 ScM2 TaM4

PhM4 CaM2 TaM3 ReM2 TaM1

ReM3 PhM2 CoM4 CoM2

ReM2 CaM3 PhM3 CoM3 CoM4

PhM2 CaM1 CaM4 ScM3 PhM4

ReM4 TaM4 TaM3 ReM1 TaM2

TaM1 PhM1 CoM1 ScM4 CoM2

ReM3 ScM1 ScM2 CaM2

TaM2 ReM1 CaM1 CoM4 TaM4

PhM1 ReM4 CaM2 ReM2 ScM1

TaM1 TaM3 CaM4 CaM3 ScM3

ReM3 CoM2 ScM2 CoM3 PhM4

PhM2 ScM4 PhM3 CoM1
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3.2.2.2 Shoot length and root length 

Then, each plant was carefully taken out of the soil and washed gently. Afterward, shoot 

length and root length were measured using a ruler, and they were carefully dried by tissue 

paper.  

 

3.2.2.3 Leaf area, shoot weight and root weight 

After drying the plants, scissors were used to cut each plant into shoot and root. Then, each 

plant’s leaves area was measured by putting the sample directly into the portable area 

meter (LI-COR LI-3000C Made in the USA). Next, a balance was used to weigh each 

shoot and root before they were bagged in separate paper bags and stored in an oven and 

heated at 60 °C for 48 h. Finally, the dry shoots and roots were weighed again by the same 

balance. 

 

3.3 Germination test 

The purpose of this germination test was to test the effect of scarification on legume seeds. 

If their germination rate is low, this could explain why legumes are difficult to establish in 

the field. 

3.3.1 Scarification 

The same species as in the field experiment were used in the germination test on 

03/09/2018. The Talish clover, red clover, and Caucasian clover were scarified using grade 

80 sandpaper in a scarifier (A.O.Smoth AC Motor, Mexico, Serial number:317P163) for 

0s, 30s, 60s and 90s before they were put into the Petri dishes. The subterranean clovers 

were not scarified at all because they were bought commercially and already been 

scarified.   

 

Inside each petri dish, a wet filter paper was placed at the bottom of the petri dish. Next, 

100 seeds of each species were placed into the petri dish evenly, and there were four 

replicates for each species. Since Talish clover, red clover, and Caucasian clover were 

scarified at different times, so there were 100 seeds per scarification treatment of these 

species in one petri dish, and there were four replications for each treatment.  

 

3.3.2 Germination 

Then, all the Petri Dishes (a total of 60) were put into the germination chamber randomly 

(Name: Lindner+ May, model: LMRIL320-1-SD, Serial No. 394 (C), made in Australia), 

which was set to 23°C and 8h/16h day/night lighting. Because of the air flow inside the 
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germination chamber, Petri dishes were bagged inside a plastic bag to prevent fast 

moisture loss inside each petri dish. The germination test lasted for ten days because of 

time constraints, and during this period, water was added to the petri dish if the filter paper 

was dry. 

 

3.4 Statistical analysis 

An analysis of variance (ANOVA) test was applied to all the data include germination 

percentage, height, root: shoot ratio, weight, leaf area, canopy coverage, and plant count in 

R Studio (R Core Team, 2017). Significance level of p=0.05 was set to test if the results 

were significantly different to each other. 

4 Results 
 

4.1 Field experiment 

Caucasian clover and Talish clover both rapidly declined in plant numbers after sowing, 

when they were with either cocksfoot or phalaris. The clover species affected the number 

of clover species present in a plot (p<0.01): under the alternate sowing method, Caucasian 

clover did not have more plants compared to the mixed sowing method when cocksfoot 

was the companion grass, but alternate-row plots had more than 20 Caucasian clover plants 

compared to mixed sowing plots at 42 days after sowing (DAS) (Figure 5A). On the other 

hand, Talish clover had slightly more plants in the alternate-row plots than the mixed 

sowing plots although not significant (p>0.05) at 148 DAS. Similarly, when the 

companion grass was phalaris, there was no significant difference between sowing 

treatments for the legumes (p>0.05) (Figure 5B).  

 

Interestingly, the plant count of phalaris showed a generally increasing trend with different 

clover species under two sowing treatments (Figure 6B). On the contrary, the opposite was 

true for cocksfoot as they were decreasing (Figure 6A). Overall, there was a significant 

difference between alternate sowing method and mixed sowing method in terms of grass 

counts (p<0.01).  
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Figure 5 A. Clover plant numbers when cocksfoot is the companion grass for two sowing treatments. B. 

Clover plant number when phalaris is the companion grass for two sowing treatments. The error bars are 

standard errors of the mean at each measurement point. The detailed statistics are listed in the appendix 2. 

 

 

 

Figure 6 A. Cocksfoot plant number with different clover species for two sowing treatments. B. Phalaris 

plant number with different clover species for two sowing treatments. The error bars are standard errors of 

the mean at each measurement point. The detailed statistics are listed in the appendix 3. 
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In general, clover species grew taller at the final measurement date in mixed swards than in 

alternate sowing treatments with two different companion grasses (Figures 7A&B), but the 

sowing treatments did not make any difference for the clover height overall (p>0.05). 

However, Caucasian clover sown in alternate-row plots grew taller than the mixed sowing 

plots with cocksfoot as companion grass at 127 DAS (2.41 cm and 2.06 cm respectively) 

and 148 DAS (2.4 cm and 1.95 cm respectively). For grasses, they grew taller at each 

measurement date (Figures 8A&B). In the field, phalaris grew better than cocksfoot in 

term of height because the maximum height of phalaris and cocksfoot was 13.6 cm and 

6cm respectively. It is worth noting that both cocksfoot and phalaris grew significantly 

taller under alternate sowing treatment rather than mixed sowing (p<0.01). 

 

 

Figure 7 A. Clover heights when cocksfoot is the companion grass for two sowing treatments. B. Clover 

height when phalaris is the companion grass for two sowing treatments. The error bars are standard errors 

of the mean at each measurement point. The detailed statistics are listed in the appendix 4. 

0

0.5

1

1.5

2

2.5

3

3.5

42 127 148

H
e
ig
h
t	
(c
m
)

Days	after	sowing

A.	Clover	height	with	cocksfoot	
as	companion	grass

Caucasian	clover	Alternate Caucasian	clover	Mixed Talish	clover	Alternate Talish	clover	Mixed

0

0.5

1

1.5

2

2.5

3

3.5

4

42 127 148

H
e
ig
h
t	
(c
m
)

Days	after	sowing

B.	Clover	height	with	phalaris
as	companion	grass



 38 

 

Figure 8 A. Cocksfoot height with different clover species for two sowing treatments. B. Phalaris height with 

different clover species for two sowing treatments. The error bars are standard errors of the mean at each 

point. The detailed statistics are listed in the appendix 5. 

The canopy coverage increased for all the clover species under different sowing treatments 

(Figures 9A&B) across the measurement dates. However, there was little difference 

between sowing treatments for all the clover species regardless of grass species (p>0.05). 

 

 

Figure 9 A. Canopy coverage (%) of different clover species when cocksfoot is the companion grass. B. 

Canopy coverage (%) of different clover species when phalaris is the companion grass. The error bars are 

standard errors of the mean at each measurement point. The detailed statistics are listed in the appendix 1. 
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For dry biomass of clovers, the subterranean clover data was included when the companion 

grass was cocksfoot in the alternate-row but not when the companion grass was phalaris 

because there were subterranean clovers found in their plots at harvest (Table 4). The red 

clover data were also included in both graphs because they were found at harvest. 

Although there was no significant difference between the two sowing methods (p>0.05), 

higher dry matter weight was found in the alternate-row plots of subterranean clover and 

Talish clover (Table 4). However, when the companion grass was phalaris, higher dry 

matter yield was seen in the mixed sowing plots, especially for red clover. 

 

In terms of grass yields, the grass species influenced the dry grass matter as phalaris 

generally produced significantly more biomass than cocksfoot (p<0.01) (Table 4). Hence, 

grass yield was not affected by the sowing treatments. Interestingly, when phalaris or 

cocksfoot was paired with Caucasian clover, higher yield was found in the alternate-row 

plots compared to mixed sowing plots. 

 

Table 4 Grasses and legumes dry matter (DM) weight under different sowing treatments at Cressy, TAS. 

Numbers with different letters beside them are significantly different from each other at p= 0.05. 

Species treatment Sowing 

treatment 

Legume 

DM 

(kg/ha) 

Grass 

DM 

(kg/ha) 

Total 

DM 

(kg/ha) 

Clovers with phalaris as companion grass 

Caucasian clover- phalaris Mixed 477 a 9360 b 9837  
Caucasian clover- phalaris Alternate row 436 a 10969 b 11405  
Red clover- phalaris Mixed 1252 a 11541 b 12793 

Red clover-phalaris Alternate row 320 a 9648 b 9968  
Subterranean clover- phalaris Mixed 828 a 10682 b 11510 

Subterranean clover- phalaris Alternate row 0 8916 b 8916 

Talish clover- phalaris Mixed 501 a 10479 b 10980 

Talish clover- phalaris Alternate row 425 a 9024 b 9449 

Clovers with cocksfoot as companion grass 

Caucasian clover- cocksfoot Mixed 485 a 8307 b 8792 

Caucasian clover- cocksfoot Alternate row 200 a 9052 b 9252 

Red clover- cocksfoot Mixed 854 a 7266 b 8120 

Red clover- cocksfoot Alternate row 818 a 4888 b 5706 

Subterranean clover- cocksfoot Mixed 315 a 10916 b 11231 

Subterranean clover- cocksfoot Alternate row 636 a 6642 b 7278 

Talish clover- cocksfoot Mixed 396 a 7937 b 8333 

Talish clover- cocksfoot Alternate row 493 b 6867 b 7360 
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4.2 Glasshouse experiment 

It is clear both grasses grew taller than clovers (p<0.05) (Figure 10A). At each 

measurement date, the grass canopy heights were significantly higher than the clover 

species (p<0.05). Talish clover had significantly lower canopy heights than Caucasian 

clover and subterranean clover (p<0.05) except for red clover at each measurement data. 

Also, at the final measurement date, grasses were more than three times taller as the 

clovers. Hence, the measurement date and species type were affecting the canopy height of 

each species (p<0.01). 

 

As species were growing taller, they were also growing bigger in terms of their leaf area 

(Figure 10B). Although the two grass species were not different from other clover species, 

they were different from subterranean clover (p<0.05). As for subterranean clover, 

regardless they had shorter leaves, their leaves were bigger than other clover species 

(p<0.05) and they have bigger leaf area than cocksfoot throughout the experiment period. 

Apart from subterranean clover, other three clovers were not significantly different to each 

other (p>0.05). Lastly, measurement date also affected the leaf area of all the species 

(p<0.01). 

 

Figure 10 A. Individual canopy heights of grasses and legumes at four measurement times in glasshouse. B. 

Individual leaf area of grasses and legumes at four measurement times. The error bars are standard errors 

of the mean at each measurement point. The detailed statistics are listed in the appendix 8 and 9. 
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of shoot growth of clovers was slower than roots. Hence, generally, root: shoot ratio for 

clovers were higher than 1 at the final measurement date. In fact, at each measurement 

date, grass species’ root: shoot ratio were significantly different to legume species’ 

(p<0.01) except for Caucasian clover (p>0.05). Among the legumes, red clover and Talish 

clover were not statistically different to each other (p>0.05) but they are significantly 

different to Caucasian clover (p<0.01). The root: shoot ratio of Caucasian clover was not 

different from subterranean clover (p>0.05). Moreover, both species and measurement date 

affected the root: shoot ratio (p<0.01), and there was an association of species and 

measurement date as they were significantly different (p<0.01). 

 

The shoot length: canopy height ratio indicates whether the species is growing upwards or 

sideways. For grasses, cocksfoot had higher ratios (>1.5) during its growing period but 

trending towards 1, while phalaris stablized at around 1 (Figure 11B). For clover species, 

the shoot length: canopy height ratio of all the species was not significantly different to 

each other, and they are not different from the grasses (p>0.05). However, 54 DAS, red 

clover and Talish clover’s ratios were higher than 2. Hence, at 40 and 54 DAS, the 

cocksfoot, red clover and Talish clover were growing sideways rather than upwards. 

Interestingly, measurement date, rather than species type, affected the shoot length: canopy 

height ratio (p<0.05). 

 

Figure 11 A. Root: Shoot ratio of grasses and legumes at four measurement times. B. Shoot length: canopy 

height ratio for grasses and legumes at four measurement times. The error bars are standard errors of the 

mean at each measurement point. The detailed statistics are listed in the appendix 10 and 13. 
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Moreover, bigger leaf area can result in heavier shoot weight. Subterranean clover had the 

heaviest dry shoot weight among clover species, and species and measurement dates did 

significantly affect the dry shoot weights of all the species (p<0.01) (Figure 12A). 

However, cocksfoot and phalaris were not statistically different to the legumes species 

except for subterranean clover (p<0.05) throughout the experiment period. As for dry root 

weight (Figure 12B), the results were the same as the dry shoot weight.  Subterranean 

clover was significantly different from other grass and clover species (p<0.05), while the 

grasses were not different from Caucasian clover, red clover and Talish clover (p>0.05). 

 

Figure 12 A. Individual dry shoot weight of grasses and legumes at four measurement times. B. Individual 

dry root weight of grasses and legumes at four measurement times. The error bars are standard errors of the 

mean at each measurement point. The detailed statistics are listed in the appendix 11 and 12. 

4.3 Germination experiment 

 

The germination rate of red clover was significantly higher than Caucasian clover and 

Talish clover (p<0.01) at all scarification times (Figure 13). Scarification improved the 

germination rate of Caucasian clover and Talish clover but not statistically significant 

(p>0.05). The germination percentage for Caucasian clover was highest (77.5 %) with 60s 

scarification, while Talish clover peaked at 54.5 % under 60s of scarification. 
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Figure 13 Legume germination percentage under various scarification times. The error bars are 

standard errors of the mean at each point. The detailed statistics are listed in the appendix14. 
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5 Discussion 
 

Most of the dry legume matter in the alternate-row sown swards were less than the ones in 

the mixed swards. The only exception was Talish clover and subterranean clover. When 

the companion grass was cocksfoot, Talish clover and subterranean clover had higher dry 

matter yield in alternate swards compared with the mixed swards (Table 4). The mixed 

result in this study was similar to previous findings (Hayes et al., 2017), which concluded 

that some legume species performed better under alternate sowing method, whereas other 

legumes may have higher yield in mixed swards.  

 

In the alternate row swards, subterranean clover’s dry matter yield was 321 kg/ha higher 

than the mixed swards (Table 4), although the result was not conclusive due to the 

sampling method. The higher dry matter could be due to the fact that subterranean clovers 

were sampled in the whole plots rather than in quadrats in the field. The lower number of 

subterranean clovers found in the quadrats was likely due to low temperature. Temperature 

can influence the growth of both grasses and legumes significantly (Moot et al., 2000, 

Casper and Jackson, 1997). Since temperatures in the experimental period were very low 

(Australian Government, 2018), legume growth was suppressed and some subterranean 

clover seeds were not germinated. Hayes et al. (2017) also found subterranean clover had a 

higher dry matter in year 2 or 3 in alternate sown pastures than in the mixed swards. They 

suggested it might due to the wide climate adaptability of subterranean clover than other 

species. Subterranean clover is the most used annual legume in Australia pasture farms 

(Nichols et al., 2012). Subterranean clover can withstand frequent close grazing, and 

various cultivars are suitable for different rainfall zones from 250mm to 1200mm annual 

average rainfall (AAR). Another reason for the high subterranean clover yield could be due 

to its high individual shoot weight. In the glasshouse experiment, subterranean clover 

weighed three times more than Talish clover in terms of dry shoot weight (Figure 12A). 

Also, subterranean clover yielded higher when the companion grass was cocksfoot. 

Individually, cocksfoot had smaller leaf area than subterranean clover as shown in the 

glasshouse (Figure 10B). The smaller cocksfoot leaves can make a big difference because 

it is likely that subterranean clover had little influence (less competition) from cocksfoot in 

term of absorbing sunlight in the field during the experiment period, especially when the 

daytime was limited during winter. In other research, which studies intercropping of 

legumes and crops (Hayes et al., 2016, Darch et al., 2018, Saia et al., 2016, Brandt et al., 
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1989), although the dry matter yield varied between years, legume production increased 

significantly and so did the overall dry matter yield.  

 

Talish clover had higher dry matter yield in the alternate row swards compared to mixed 

swards (Table 4). Again, the higher yield was produced when the companion grass was 

cocksfoot, possibly due to the fact cocksfoot is not as aggressive as phalaris in term of 

competition. Beside external reasons, Talish clover itself is suitable for the environment in 

the experimental site. Talish clover is a cold-tolerant species as little or no damage can be 

done to it even when the temperature is -9 °C (Nichols et al., 2012). This species can also 

adapt to various rainfall range from 350 mm to 750 mm AAR. Therefore, Talish clovers 

were less affected by cocksfoot and the cold in winter, thus produced more biomass. From 

this experiment, it is true that the productivity of Talish clover and subterranean clover 

increased in the alternate row sowing plots compared to mixed sowing plots. However, the 

mixed results mean that it is difficult to say legumes can establish and persist better using 

alternate sowing method. The variabilities in site conditions and the species combination 

can lead to different results. 

 

There was no significant difference for the clover height between the alternate row sowing 

method and mixed sowing method. Cocksfoot and phalaris were both much taller than 

Talish clover and Caucasian clover in the field (Figures 7&8). Grasses not only have larger 

leaves and taller shoots, grasses usually grow much faster than legumes (Soussana and 

Lafarge, 1998). This fast growth rate provides many advantages for grasses. For example, 

grasses can absorb more sunlight as they are taller and bigger (Stern and Donald, 1962).  

Since grasses leaves are bigger and taller, they will shade over legume species if legumes 

are not far away from the grasses (Figure 14). This shading effect would lead to the 

suppression of the growth of legumes so that grasses are less subjected to interspecific 

competition. From the glasshouse experiment, phalaris and cocksfoot had competitive 

advantages over legume species such as leaf area and height (Figures 10A&B). Hence, 

phalaris and cocksfoot can shade the smaller legume species. In the field, it is clear to see 

that legumes were shaded by grasses in the mixed sowing method (Figure 14), and 

legumes were partially shaded by the grasses as well using the alternate row sowing 

method. The lack of sunlight could contribute to the fact that all the legume species were 

below 3 cm in height, and Talish clover in alternate swards was even recorded 1.29 cm in 

the field (Figure 7). Grasses, on the other hand, were recorded to be over 12 cm in height. 
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The fact that legumes did not grow tall in the field could also be caused by low 

temperature in the winter. Legumes require higher soil temperature to germinate but the 

low temperature in the field suppressed their growth (Moot et al., 2000, Silsbury and 

Hancock, 1990). Therefore, legumes did not grow well cross the whole site.  

 

Figure 14 The effect of alternate row sowing method on legumes in term of shading. There was no sunlight 

on the Caucasian clover in the mixed sowing method but there was some sunlight on the Caucasian clover in 

the alternate row sowing method. 

Regarding plant number, the different companion grass caused legume species to behave 

differently. When the companion grass was cocksfoot, Caucasian clover had lower 

plants/m2 in alternate row sowing swards than in mixed swards (Figure 5A). Interestingly, 

there were more Caucasian clover plants in the alternate-row swards than mixed swards 42 

days after sowing (DAS) although they were not significantly different. Conversely, Talish 

clover had fewer plants in alternate-row swards 42 DAS but the number increased 148 

DAS in the alternate-row swards. When sown with phalaris, Caucasian clover had higher 

plant number in alternate row sowing swards, whereas Talish clover achieved better results 

in mixed swards. For subterranean clover and red clover, only zero or one or two plants 

were found in each quadrat so their plant numbers were not representative. In addition, if 

we take height into consideration, at 127 DAS which was the second height measurement, 

the Caucasian clover grew taller in the alternate-row swards compared to mixed swards. 

The higher number of legumes present in the field means spatially separating legumes and 

grasses favored the growth of Caucasian clover and Talish clover. With more space 

between legumes and grasses, legumes faced less aboveground competition and they were 

Caucasian	clover

Phalaris

Caucasian	clover

Phalaris

Mixed	sowing	method Alternate	row	sowing	method
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likely to face less below-ground competition from grasses as well. For aboveground, as 

discussed above, legumes suffer from light deficiency when they are next to grasses using 

the mixed sowing method as shown in Figure 14. The distance between legumes and 

grasses created opportunities for legumes to access more sunlight, which is critical for their 

growth (Stern and Donald, 1961). The radiation helped legumes to grow not only their 

shoots but their roots were benefited from it. After photosynthesis, shoots convert solar 

energy to carbohydrates, which they then deliver to the roots, which helped root growth 

(Monk, 1966). Below the soil surface, the extra space helped legume roots to reduce 

competitive pressure from grass roots. Normally, the long and fibrous grass roots make 

legume roots, which have tap roots, less competitive in a mixed sward (Trannin et al., 

2000). Since there was more space between grass roots and legumes from the 

establishment, legume roots grew better at the beginning and this helped them to establish. 

 

The canopy coverage of plants steadily increased over the experimental period (Figure 9). 

Although there were no significant differences between sowing treatments, the canopy 

coverage of Caucasian clover-cocksfoot plots in alternate-row swards was higher than in 

the mixed swards. However, the coverage for Talish clover was slightly lower in the 

alternate-row swards either with cocksfoot or phalaris. Nevertheless, the higher canopy 

coverage in Caucasian clover-cocksfoot plots which were sown alternately could 

potentially mean there were more green leaves. In other words, Caucasian clover might 

grow better in the alternate rows because there were more green coverage in their rows. In 

addition, if clover height is also considered, it can find that Caucasian clover grew taller in 

alternate row (averaged 2.4 cm) than in mixed swards (averaged 1.95 cm) when they were 

sown with cocksfoot (Figure 7A). Hence, cocksfoot might be the reason that the Caucasian 

clover-cocksfoot plots had higher canopy coverage. Since there is a negative relationship 

between grass height and legume height (Guretzky et al., 2004), legume can grow taller 

with cocksfoot rather than phalaris as cocksfoot was below 6cm tall in the field. Hence, as 

Caucasian clovers were growing taller and their leaflets occupied more ground area in the 

alternate-row sowing swards, high canopy coverages were found in these plots. The 

subterranean clover and red clover plots coverages were not relevant to this discussion 

because only one or two plants were found in these quadrats. Therefore, the coverages only 

indicated grass canopy coverage but not the legume’s. However, there is a limitation to 

these coverage figures. In the field, weedy species were found in the whole site, although 

herbicide was used to control the weeds. Because the Canopeo APP used images to 
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analyze the canopy coverage and it could not distinguish weedy species from experimental 

species. So, the coverage numbers were overestimated. Despite the overestimation, the 

presence of weedy species was across all the blocks and they affected all the grass species 

and legumes species at the same time. Therefore, the coverage percentages are of relevance 

to this research. 

 

The growth of legumes is crucial because it is directly linked to the dry legume weight 

(Mattera et al., 2013). This growth can be measured using height and leaf area. The 

glasshouse experiment has shown as legumes grew taller and bigger, their shoots were 

becoming heavier. Hence, it is important to know whether legumes grew tall in the field or 

they were suppressed by other species. From the field results, unfortunately, all the legume 

species did not grow tall. The shorter legumes can be caused by low temperature in the 

field as the experiment conducted in winter. Low temperature affects legumes more 

significantly than grasses (Silsbury and Hancock, 1990, Moot et al., 2000). Therefore, 

legume height was suppressed by low temperatures in the field. Regardless which 

companion grass legumes were paired with, legumes were below 5cm and Talish clover 

even averaged 1.29 cm (Figure 7). Nevertheless, at 148 DAS, Caucasian clovers were 

taller in the alternate row sowing swards (averaged 2.4 cm) than in mixed swards 

(averaged 1.95 cm) when the companion grass was cocksfoot. From Figure 14, it is clear to 

see the effect of alternate row sowing method on light interception in the field. In a mixed 

plot, Caucasian clover was close to phalaris and there was no sunlight on the Caucasian 

clover. However, there were some sunlight on the Caucasian clover in the alternate row 

sowing plots. As a result, the Caucasian clover was taller and had bigger leaflets as shown 

in Figure 14. It is reported that cocksfoot has a prostrate growing habit (Langer, 1973) and 

the glasshouse experiment showed this physical trait of cocksfoot (Figure 11B). At 40 and 

54 DAS, the shoot length: canopy height ratio was above 1.5. This ratio indicates the 

cocksfoot was growing sideways rather than upwards. In addition, since cocksfoot were 

not very tall in the field (<6 cm), the shading area was reduced. Moreover, the leaf area of 

cocksfoot was not significantly different from Caucasian clover (Figure 10B). The 

prostrate growing habit and similar leaf area to Caucasian clover make cocksfoot less 

competitive against Caucasian clover, because there was less adverse shading effect on 

Caucasian clover. Therefore, cocksfoot was a better companion grass compare to phalaris 

as it allowed legumes to grow more. 
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Comparing to cocksfoot, phalaris is a more aggressive species in term of competition 

(Oram and Lodge, 2003). With larger and taller leaves (Figures 10A&B), phalaris can 

cover a vast ground area. These physical traits make phalaris more competitive than 

cocksfoot. Hence, in the field, legumes phalaris were over 12 cm tall, which made them the 

tallest species (Figure 8). Thus, in the field, better results have been seen when clovers 

were sown with cocksfoot instead of phalaris. The growth of leaves is linked to the growth 

of roots and it has been suggested that root competition is more important than shoot 

competition for plant growth (Llobet et al., 2012, Harper, 1977). The glasshouse 

experiment suggested the dry root weight of phalaris was also the heaviest among 

investigating species (Figure 12B). Heavier roots suggested there were many root hairs, 

and roots were longer (Ledgard and Steele, 1992). In other words, phalaris roots can 

efficiently forage underground nutrients. Consequently, the long and more competitive 

grass roots were pressuring legume roots by accessing nutrients near the legume (Trannin 

et al., 2000). Apart from the influence from the grasses, the temperature in the field is 

another limiting factor for the growth of legumes. Thermal time is a heat unit to describe 

the number of days required for plants to develop (Moot et al., 2000). The thermal time 

required by legumes to germinate is longer than grasses. For example, ryegrass requires 

low thermal time compared to white clover. Hence, with constant low temperature in the 

winter period, legumes were hard to germinate and develop in the field. Therefore, fewer 

legume plants were found in the field and there were even less subterranean clover and red 

clover compared to Caucasian clover and Talish clover.  

 

The germination test examines how scarification time affected the germination rate of the 

legume species. Although not statistically significant, the physical scarification improved 

the germination rate for Caucasian clover and Talish clover (Figure 13), which similar 

results were also found in Patane and Gresta (2006). The ideal scarification time for 

Caucasian clover and Talish clover was 60s, which peaked at 77.5 % and 54.5 % 

respectively. The 54.5 % germination rate of Talish is still quite low, which requires 

further investigation. In order to the achieve best establishment, the right amount of time 

which legume seeds been scarified is important. Otherwise, many seeds would be wasted. 

Thus, the low number of legume plants in the field could be explained by the germination 

test. It is possible that the legume seeds were not scarified to their optimal germination 

rate. Another factor which can influence the rate of germination is temperature (Langer, 

1973). The germination test was done in a controlled environment and temperature was set 
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to 25 °C and this favored the growth of legumes seeds. However, in the field, legume 

species endured a whole winter period, which had the lowest temperature of 1.9 °C in 

June. In some days, the daily lowest temperatures were even below 0 °C (Australian 

Government, 2018). In this case, the weather did not help legumes to grow. Therefore, 

many legume seeds might have died in the establishment phase or they were still dormant 

in the soil.  
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6 Conclusions and recommendations 
 

This study shows an increase in height, plant number and biomass for some legume species 

using alternate row sowing method. The establishment of legumes was more successful 

when the companion grass was cocksfoot because it was less competitive compared to 

phalaris. Famers can use this method to establish their legume to increase the legume 

component in their pasture and reduce the cost of nitrogen fertilizer applications. 

Nevertheless, there were many variabilities in the data so it is hard to conclude whether 

true difference did exist between sowing methods. There were some drawbacks to the 

experiment. As it was conducted during winter, legume growth was hindered by the low 

temperature. In particular, the subterranean clover and red clover plants were significantly 

less in number than the Caucasian clover and Talish clover, thus a different sampling 

method had to be used. From this study, it is recommended that further research on 

alternate row sowing method in summer period could be investigated. Low temperature in 

the winter might have suppressed the establishment of legumes. Hence, the legume seeds 

might be in dormancy and this caused a low germination rate. It is recommended that 

legumes might establish better if they were sown in spring because of warmer weather. 

Also, expanding the row spacing may further reduce the competition between grasses and 

legumes. With more space between grasses and legumes, legumes face less impact from 

grasses. Furthermore, prior to the experiment, a germination test on legumes seeds should 

be conducted to find out the optimal scarification time of legume species.   
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8 Appendices 
 

Field experiment 
Note: Blk-block, CTrt-clover treatment, GTrt-grass treatment, STrt-sowing treatment 
 
Appendix 1: Canopeo Statistics 

100 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 556.9 111.389 1.5101 0.1976 

CTrt 6 884.5 147.409 1.9984 0.0772 

GTrt 1 46.6 46.554 0.6311 0.4296 

STrt 1 79.7 79.731 1.0809 0.3020 

CTrt:GTrt 4 30.6 7.652 0.1037 0.9808 

CTrt:STrt 3 41.0 13.682 0.1855 0.9059 

GTrt:STrt 1 39.2 39.241 0.5320 0.4682 

CTrt:GTrt:STrt 3 252.5 84.173 1.1411 0.3385 

Residuals 71 5237.3 73.765   

 

127 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 1557.3 311.467 5.6091 0.0002061 

CTrt 6 356.8 59.475 1.0711 0.3880498 

GTrt 1 249.0 249.004 4.4843 0.377115 

STrt 1 125.7 125.719 2.2641 0.1368431 

CTrt:GTrt 4 197.6 49.404 0.8897 0.4747053 

CTrt:STrt 3 241.2 80.412 1.4481 0.2360960 

GTrt:STrt 1 29.3 29.302 0.5277 0.4699629 

CTrt:GTrt:STrt 3 225.6 75.216 1.3546 0.2637213 

Residuals 71 3942.5 55.528   

 

148 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 560.8 112.170 1.9139 0.1027 

CTrt 6 478.2 79.697 1.3598 0.2428 

GTrt 1 21 20.969   0.3578 0.5516 

STrt 1 19.3 19.279 0.3289 0.5681 

CTrt:GTrt 4 160.2 40.051 0.6834 0.6058 

CTrt:STrt 3 157.8 52.614 0.8977 04468 

GTrt:STrt 1 14.2 14.228 0.2428 0.6237 

CTrt:GTrt:STrt 3 28.6 9.529 0.1626 0.9212 

Residuals 71 4161.2 58.609   
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Appendix 2: Clover count Statistics 
 

28 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 7496 1499.1 2.9068 0.01915 

CTrt 6 177680 29613.4 57.4193 <2e-16 

GTrt 1 120 120.1 0.2329 0.63086 

STrt 1 60 60 0.1163 0.79414 

CTrt:GTrt 4 1060 265 0.5139 0.72569 

CTrt:STrt 3 87 28.9 0.0561 0.98239 

GTrt:STrt 1 110 110.2 0.2137 0.64531 

CTrt:GTrt:STrt 3 843 281 0.5449 0.65318 

Residuals 71 36618 515.7   

 

42 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 6407 1281.5 2.2656 0.05705 

CTrt 6 67175 11195.9 19.7944 1.929e-13 

GTrt 1 188 188.1 0.3326 0.56594 

STrt 1 11 11.4 0.0201 0.88757 

CTrt:GTrt 4 496 123.9 0.2190 0.92699 

CTrt:STrt 3 1078 359.4 0.6354 0.59463 

GTrt:STrt 1 94 93.5 0.1654 0.568548 

CTrt:GTrt:STrt 3 1486 495.5 0.8760 0.45775 

Residuals 71 40158 565.6   

 

148 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 842.6 158.5 1.4731 0.20948 

CTrt 6 23483.0 3913.8 34.2134 <2e-16 

GTrt 1 186.1 186.1 1.6269 0.20628 

STrt 1 95.1 95.1 0.8311 0.36505 

CTrt:GTrt 4 1548.7 387.2 3.3845 0.01363 

CTrt:STrt 3 97.2 32.4 0.2831 0.83743 

GTrt:STrt 1 6.8 6.8 0.0597 0.80767 

CTrt:GTrt:STrt 3 871.1 290.4 2.5384 0.06337 

Residuals 71 8122.0 114.4   
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Appendix 3: Grass count Statistics 

28 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 9295 1859 0.9867 0.4320531 

CTrt 6 13074 2179 1.1566 0.3393042 

GTrt 1 129096 129096 68.5227 5.105e-12 

STrt 1 23163 23163 12.2948 0.0007917 

CTrt:GTrt 4 622 155 0.0825 0.9875219 

CTrt:STrt 3 305 102 0.0540 0.9833289 

GTrt:STrt 1 2768 2768 1.4694 0.2294511 

CTrt:GTrt:STrt 3 2064 688 0.3653 0.7782830 

Residuals 71 133763 1884   

 

42 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 27705 5541 3.8785 0.003647 

CTrt 6 4201 700 0.4901 0.81361 

GTrt 1 90882 90882 63.6156 1.853e-11 

STrt 1 11056 11056 7.7389 0.006917 

CTrt:GTrt 4 4155 1039 0.7271 0.576395 

CTrt:STrt 3 172 57 0.0400 0.989228 

GTrt:STrt 1 32 32 0.0226 0.880907 

CTrt:GTrt:STrt 3 1099 366 0.2563 0.856566 

Residuals 71 101431 1429   

 

148 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 5455 1091.0 1.0869 0.3751625 

CTrt 6 9616 1602.7 1.5966 0.1608104 

GTrt 1 2684 2684 2.6739 0.1064146 

STrt 1 14735 14735.2 14.6793 0.0002724 

CTrt:GTrt 4 2262 565.4 0.5632 0.6900853 

CTrt:STrt 3 1306 435.5 0.4338 0.7294233 

GTrt:STrt 1 0.87 0.86.5 1.0824 0.3016913 

CTrt:GTrt:STrt 3 3035 1011.8 1.008 0.3944226 

Residuals 71 71270 1003.8   
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Appendix 4: Clover height statistics 

127 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 0.254 0.0509 0.6388 0.67079 

CTrt 6 103.123 17.1871 215.9158 <2e-16 

GTrt 1 0.385 0.3847 4.8325 0.03124 

STrt 1 0.191 0.1909 2.3976 0.12603 

CTrt:GTrt 4 0.923 0.2307 2.8978 0.02799 

CTrt:STrt 3 0.115 0.0384 0.4825 0.69548 

GTrt:STrt 1 0.050 0.0500 0.6276 0.43090 

CTrt:GTrt:STrt 3 0.112 0.0375 0.4707 0.70370 

Residuals 71 50572 0.0796   

 

148 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 4.533 0.907 2.8430 0.02136 

CTrt 6 216.460 36.077 113.1248 <2e-16 

GTrt 1 1.877 1.877 5.8862 0.01780 

STrt 1 0.316 0.316 0.9906 0.32297 

CTrt:GTrt 4 0.457 0.114 0.3584 0.83734 

CTrt:STrt 3 1.262 0.421 1.3190 0.27501 

GTrt:STrt 1 0.335 0.335 1.0510 0.30876 

CTrt:GTrt:STrt 3 0.406 0.135 0.4247 0.73591 

Residuals 71 22.643 0.319   

 
Appendix 5: Grass height statistics 

42 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 108.961 21.792 19.1738 5.031e-12 

CTrt 6 8.380 1.394 1.2289 0.3019 

GTrt 1 124.612 124.612 109.6395 4811e-16 

STrt 1 0.199 0.199 0.1750 0.6770 

CTrt:GTrt 4 2.766 0.691 0.6084 0.6579 

CTrt:STrt 3 0.487 0.162 0.1428 0.9339 

GTrt:STrt 1 0.029 0.029 0.0253 0.8740 

CTrt:GTrt:STrt 3 3.484 1.161 1.0219 0.3882 

Residuals 71 80.696 1.137   

 

127 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 16.54 3.31 4.5134 0.001251 

CTrt 6 32.40 5.40 7.3686 3.785e-06 
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GTrt 1 624.60 624.60 852.4238 <2.2e-16 

STrt 1 16.13 16.13 22.0130 1.278e-05 

CTrt:GTrt 4 0.94 0.23 0.3197 0.863904 

CTrt:STrt 3 1 0.33 0.4570 0.713164 

GTrt:STrt 1 0.37 0.37 0.5001 0.481770 

CTrt:GTrt:STrt 3 1.65 0.55 0.7527 0.524429 

Residuals 71 52.02 0.73   

 

148 Days after sowing 

 Df Sum 
squares 

Mean 
Squares 

F value Pr (>F) 

Blk 5 25.91 5.18 2.99870 0.01670 

CTrt 6 62.58 10.43 6.0118 4.012e-05 

GTrt 1 1221.29 1221.29 703.9918 <2.2e-16 

STrt 1 7.38 7.38 4.2523 0.04286 

CTrt:GTrt 4 4.89 1.22 0.7048 0.59128 

CTrt:STrt 3 2.90 0.97 0.5574 0.64488 

GTrt:STrt 1 0.07 0.07 0.0389 0.84415 

CTrt:GTrt:STrt 3 3.59 1.20 0.6889 0.56179 

Residuals 71 123.17 1.73   

Appendix 6: Dry clover weight statistics 

Days after sowing 

 Df Sum squares Mean 
Squares 

F value Pr (>F) 

Blk 5 88523 17705 0.1031 0.99108 

CTrt 6 2005116 334186 1.9455 0.09075 

GTrt 1 27 27 0.0002 0.99011 

STrt 1 491066 491066 2.8588 0.09686 

CTrt:GTrt 4 421068 105267 0.6128 0.65528 

CTrt:STrt 3 697127 232376 1.3528 0.26748 

GTrt:STrt 1 303929 303929 1.7694 0.18926 

CTrt:GTrt:STrt 2 926850 463425 2.6979 0.07677 

Residuals 52 8932133 171772   

Appendix 7: Dry grass weight statistics 

Days after sowing 

 Df Sum squares Mean 
Squares 

F value Pr (>F) 

Blk 5 218793981 43758796 3.6838 0.005077 

CTrt 6 113691894 18948649 1.5952 0.161225 

GTrt 1 106434952 106434952 8.9602 0.003794 

STrt 1 32088625 32088625 2.7014 0.104683 

CTrt:GTrt 4 63716160 15929040 1.3410 0.263272 

CTrt:STrt 3 64113637 21371212 1.7991 0.155157 

GTrt:STrt 1 1708821 1708821 0.1439 0.705608 

CTrt:GTrt:STrt 3 8899893 2966631 0.2497 0.861260 

Residuals 71 843379208 11878580   
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Glasshouse experiment 
 
Appendix 8: Canopy height statistics 

26 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 1.347 0.4489 0.9156 0.457 

Species 5 100.965 20.1931 41.1853 3.073e-08 

Residuals 15 7.354 0.4903   

 

40 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 10.70 3.568 5.0941 0.01251 

Species 5 811.35 162.271 231.6974 1.205e-13 

Residuals 15 10.51 0.700   

 

54 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 2.15 0.72 0.4165 0.7437 

Species 5 2505.56 501.11 290.5840 2.257e-14 

Residuals 15 25.87 1.72   

 

68 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 505.1 168.35 1.7270 0.2043063 

Species 5 3798.5 759.69 7.7931 0.0008623 

Residuals 15 1462.2 97.48   

 

Overall (across whole experiment period) influence 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 92.5 30.83 1.1005 0.3549 

Species 5 5216.5 1043.31 37.2467 <2.2e-16 

Measurement 
Time 

3 3260.3 1086.78 38.7984 8.307e-15 

Species: 
MeasurementTime 

15 1999.8 133.32 4.7596 3.474e-06 

Residue 69 1932.7 28.01   
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Appendix 9: Leaf area statistics 

26 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 0.2058 0.06859 0.9796 0.4285 

Species 5 13.8579 2.77159 39.5853 4.037e-08 

Residuals 15 1.0502 0.07002   

 

40 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 6.199 2.0663 3.2917 0.04982 

Species 5 132.457 26.4914 42.2021 2.596e-08 

Residuals 15 9.416 0.6277   

 

54 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 7.70 2.57 0.223 0.8789 

Species 5 1955.86 391.17 33.992 1.143e-07 

Residuals 15 172.62 11.51   

 

68 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 215.8 71.93 0.7548 0.5365833 

Species 5 4101.6 820.33 86078 0.0005168 

Residuals 15 1429.5 95.30   

 

Overall (across whole experiment period) influence 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 88.6 29.5 1.1612 0.3309 

Species 5 3343.7 668.7 26.3080 9.026e-15 

Measurement 
Time 

3 9843.9 3281.3 129.0865 <2.2e-16 

Species: 
MeasurementTime 

15 2860.1 190.7 7.5011 1.659e-09 

Residue 69 1753.9 25.4   
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Appendix 10: Root:Shoot Ratio statistics 

26 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 4.286 1.4287 2.887 0.07033 

Species 5 59.271 11.8541 23.954 1.176e-06 

Residuals 15 7.423 0.4949   

 

40 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 2.141 0.7136 0.6284 0.607664 

Species 5 35.096 7.192 6.1835 0.002653 

Residuals 15 17.027 1.1352   

 

54 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 0.2137 0.07125 1.1616 0.357 

Species 5 9.2237 1.84473 30.0746 2.611e-07 

Residuals 15 0.9201 0.06134   

 

68 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 0.2185 0.07285 2.4354 0.105 

Species 5 4.5697 0.91393 30.5542 2.348e-07 

Residuals 15 0.4487 0.02991   

 

Overall (across whole experiment period) influence 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 3.098 1.0328 2.4092 0.07441 

Species 5 76.333 15.2666 35.6118 <2.2e-16 

Measurement 
Time 

3 53.582 17.8608 41.6630 1.762e-15 

Species: 
MeasurementTime 

15 31.827 2.1218 4.9494 1.952e-06 

Residue 69 29.580 0.4287   
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Appendix 11: Dry shoot weight statistics 

26 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 3.1950e-06 1.65e-06 1.1391 0.3652 

Species 5 3.0705e-04 6.141e-05 65.6893 1.162e-09 

Residuals 15 1.4023e-05 9.350e-07   

 

40 Days after sowing 

 Df Sum Squares Mean 
Squares 

F value Pr (>F) 

Block 3 0.00004758 1.5859e-05 3.159 0.0557 

Species 5 0.00153939 3.0788e-04 61.326 1893e-09 

Residuals 15 0.00007530 5.0200e-06   

 
 

54 Days after sowing 

 Df Sum Squares Mean 
Squares 

F value Pr (>F) 

Block 3 0.0001457 0.0000486 0.2016 0.8937 

Species 5 0.0263843 0.0052769 21.9065 2.098e-06 

Residuals 15 0.0036132 0.0002409   

 
 

68 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 0.003810 0.0012701 0.7533 0.5374050 

Species 5 0.081545 0.0163089 9.6721 0.0002777 

Residuals 15 0.025293 0.0016862   

 
 

Overall (across whole experiment period) influence 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 0.000861 0.000287 0.6158 0.6071 

Species 5 0.053636 0.010727 23.0285 1.599e-13 

Measurement 
Time 

3 0.178067 0.059356 127.4214 <2.2e-16 

Species: 
MeasurementTime 

15 0.056140 0.003743 8.0345 4.388e-10 

Residue 69 0.03142 0.000466   
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Appendix 12: Dry Root weight statistics 

26 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 1.7300e-07 5.7800e-08 0.3417 0.7956 

Species 5 3.2803e-05 6.5607e-06 38.7950 4.638e-08 

Residuals 15 2.5370e-06 1.6910e-07   

 

40 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 2.4030e-06 8.0110e-07 06405 0.6007 

Species 5 1.5731e-04 3.1463e-05 25.1547 8.539e-07 

Residuals 15 1.8762e-05 1.2508e-06   

 

54 Days after sowing 

 Df Sum Squares Mean 
Squares 

F value Pr (>F) 

Block 3 0.0000869 0.00002895 0.3922 0.7604 

Species 5 0.0050829 0.00101658 13.7715 3.726e-05 

Residuals 15 0.0011073 0.00007382   

 

68 Days after sowing 

 Df Sum Squares Mean 
Squares 

F value Pr (>F) 

Block 3 0.0008798 0.0002933 0.499 0.688539 

Species 5 0.0203392 0.0040678 6.922 0.001552 

Residuals 15 0.0088151 0.0005877   

 

Overall influence 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 0.0002031 0.0000677 0.4361 0.7278 

Species 5 0.0120974 0.0024195 15.5881 3.043e-10 

Measurement 
Time 

3 0.0241202 0.0080401 51.7998 <2.2e-16 

Species: 
MeasurementTime 

15 0.0135148 0.0009010 5.8048 1.588e-07 

Residue 69 0.0107098 0.0001552   
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Appendix 13: Shoot length: canopy height statistics 

26 Days after sowing 

 Df Sum Squares Mean 
Squares 

F value Pr (>F) 

Block 3 0.025083 0.0083611 0.9968 0.4212 

Species 5 0.006950 0.0013900 0.1657 0.9714 

Residuals 15 0.125817 0.0083878   

 

40 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 0.6743 0.22477 0.9545 0.4395 

Species 5 1.2471 0.24942 1.0592 0.4206 

Residuals 15 3.5322 0.23548   

 

54 Days after sowing 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 0.943 0.3142 0.1451 0.9313 

Species 5 17.649 3.5298 1.6295 0.2125 

Residuals 15 32.493 2.1662   

 

68 Days after sowing 

 Df Sum Squares Mean 
Squares 

F value Pr (>F) 

Block 3 0.0039 0.0013 0.4203 0.7411 

Species 5 0.018033 0.0036067 1.1659 0.3705 

Residuals 15 0.0464 0.0030933   

 

Overall (across whole experiment period) influence 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Block 3 0.459 0.15312 0.2826 0.837773 

Species 5 4.582 0.91641 1.6914 0.148270 

Measurement 
Time 

3 8.171 2.72365 5.027 0.003287 

Species: 
MeasurementTime 

15 14.339 0.95593 1.7644 0.058374 

Residue 69 37.384 0.5418   
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Germination experiment 
Appendix 14: germination statistics 

 Df Sum 
Squares 

Mean 
Squares 

F value Pr (>F) 

Species 2 4072.5 2036.27 14.9375 0.004678 

Scarification 
Time 

3 1105.5 368.49 2.7031 0.138584 

Residuals 6 817.9 136.32   

 
 


