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ABSTRACT 

A second generation of annual legumes were developed with traits enabling them to grow 

in variable and adverse climatic and soil conditions compared to traditional subterranean 

clover (Trifolium subterraneum L.; annual) and lucerne (Medicago sativa L.; perennial) 

pastures. Agronomic studies have highlighted their suitability in pasture-crop rotations in 

addition to high biomass production and quality, which is advantageous for livestock 

production systems. However, few studies have investigated livestock production from 

these species. 

The value of second generation annual legumes arrowleaf clover (T. vesiculosum Savi), 

biserrula (Biserrula pelecinus L.), bladder clover (T. spumosum L.) and French serradella 

(Ornithopus sativus Brot) to livestock systems was investigated as: (1) grazed 

monoculture pastures and legume + oat swards; and (2) conserved forages. A series of 

experiments undertaken at Wagga Wagga, NSW evaluated growth rates and/or wool 

growth and incidence of health disorders of sheep consuming these species under similar 

growing and/or feeding conditions. In addition, nutrient digestibility and ruminal 

parameters of sheep fed these legumes were assessed. Dietary composition estimates 

were determined in lambs grazing legume + oat swards. A laboratory-based study was 

used to determine the dry matter (DM) and crude protein (CP) degradability of the 

legumes. 

As monoculture pastures, herbage biomass of arrowleaf clover (cv. Arrotas) became 

limiting (< 700 kg DM/ha) in late-winter early spring after 840 total grazing days/ha. Yet, 

in spring, herbage biomass was sufficient (> 2500 kg DM/ha) to support lamb growth (up 

to 323 g/d) over 1914 total grazing days/ha. Biserrula and bladder clover produced 

sufficient biomass for lamb growth in both late winter-spring (> 1972 kg DM/ha) and 

spring (> 2519 kg DM/ha). In late winter-early spring, total grazing days/ha were higher 

for lucerne and mixed lucerne + phalaris pastures (1170 grazing days/ha) than the annual 

legume pastures (811-990 grazing days/ha). Oversowing oats in regenerating arrowleaf 

clover, biserrula, bladder clover or French serradella pastures increased biomass in the 

winter (2225-4579 kg DM/ha) but oats dominated the swards. 

In late winter-early spring, second generation annual legumes had similar or higher 

digestible organic matter digestibility (DOMD; 71-78%) than lucerne (72%). In spring, 
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the annual legume pastures differed in nutritive value due to varying stages of plant 

maturity. Earlier maturing bladder clover had lower DOMD (68%) and CP content (19%) 

than the other legume pastures (73-77% and 23-31%, respectively) due to senescence. 

The quality of biserrula declined during this period due to increasing maturity, although 

was similar to lucerne; however, lucerne was more responsive to late spring rainfall, 

increasing significantly in nutritive value. Arrowleaf clover maintained higher DOMD 

(77%) throughout spring. In winter, annual legume + oat swards had higher DOMD (76-

77%) than lucerne + oat sward (71%), although sampling for the analysis of nutritive 

value was most likely biased by the higher biomass of barley grass in the sward. In all 

grazing experiments, the CP content of legume pastures and legume + oat swards 

generally met or exceeded the requirements for growing lambs (CP > 15%). 

In spring, rumen fermentation patterns in lambs grazing biserrula favoured the propionic 

acid pathway; however, this did not appear to influence lamb growth as average daily LW 

change of lambs grazing the annual legume or lucerne pastures (147-187 g/d) was similar. 

Lambs grazing lucerne + phalaris grew less (103 g/d) than those grazing arrowleaf clover 

(187 g/d) or bladder clover (176 g/d) pastures. 

In late winter-early spring, arrowleaf clover supported lower total animal production/ha 

(83 kg LW gain/ha) than the other pastures. In spring, biserrula and bladder clover were 

managed for seed set resulting in lower total animal production/ha (105 kg LW gain/ha 

and 128 kg LW gain/ha, respectively) compared to arrowleaf clover (176 kg LW gain/ha). 

In winter, the annual legume + oat and lucerne + oat swards supported similar average 

daily LW change (ADG; 105-139 g/d) and total animal production/ha (157-264 kg LW 

gain/ha), but ADG was lower than predicted that was likely due to high rainfall and 

waterlogging and high moisture content (< 16% DM) of the legume + oat swards affecting 

intakes. 

Animals grazing biserrula may develop primary photosensitisation or an aversion to the 

plant leading to reduced DM intake (DMI) or greater selection of other species when 

grazed in mixed swards (86% oats vs 14% biserrula diet composition). Lambs grazing 

biserrula + oat swards increased their selectivity for biserrula (60% diet composition) 

after a period of grazing; although, the reasons for this are unclear. Oversowing oats into 

biserrula pastures may help mitigate primary photosensitisation. Penned lambs fed fresh 

arrowleaf clover developed frothy bloat (100% incidence), which is the first known 
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documented case. Immediately soluble and potentially degradable CP of arrowleaf clover 

pasture did not appear to be contributing factors, but warrant further investigation. 

As conserved forage, bladder clover hay had higher DM digestibility (73%) than 

arrowleaf clover, subterranean clover and lower quality lucerne + oat hays (68%, 65% 

and 56%, respectively). The DMI/kg LW and ADG of lambs fed bladder clover hay (34 

g/kg LW.d and 248 g/d, respectively) were higher than those fed subterranean clover or 

lucerne + oat hay (30-31 g/kg LW.d and 182-188 g/d, respectively). Lambs fed arrowleaf 

clover hay had similar DMI and ADG (204 g/d) to those fed the other hays. 

In a separate study, lambs fed biserrula, biserrula + wheat + field pea or wheat + field pea 

silages did not gain LW over a 49 d feeding period. The ADG and DMI of the lambs fed 

the silages was lower than predicted, which may have been due to poor fermentation 

quality or mould contamination of the silages. However, maintenance level DMI did 

maintain lamb LW. 

Strategically utilising second generation and traditional legumes in a whole farm system 

offers opportunity to improve total on-farm feed supply. Furthermore, their use as 

conserved forages enables utilisation of excess biomass during seasonal feed gaps. This 

information may assist producers in making informed decisions about the inclusion of 

these species in their farming systems for more sustainable and productive livestock 

and/or mixed farming enterprises in southern NSW. 
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CHAPTER 1: Introduction 

Pasture legumes play an integral role in the productivity and sustainability of Australian 

farming systems (Ledgard and Steele 1992; Howieson et al. 2000; Loi et al. 2005). The 

major benefit of pasture legumes is their capacity to fix atmospheric nitrogen (N) which 

can then be utilised by companion pasture species and successive cereal crops, as well as 

providing a pest and disease break in crop-pasture rotation systems (Nichols et al. 2007). 

Further, they are a valuable addition to both improved and naturalised pastures with the 

capacity for higher pasture biomass production and higher protein content and 

digestibility compared to grasses, resulting in higher value for animal production (Phelan 

et al. 2015). 

Since their accidental introduction into Australia in the early 19th century (Gladstone 

1966), subterranean clover (Trifolium subterraneum L.) and annual medics (Medicago 

spp.) have been the most commonly sown annual pasture legume species in southern 

Australia with an estimated 29 million ha sown in this region (Nichols 2017) for use in 

both cropping cycles and as permanent pastures (Puckridge and French 1983). However, 

in the last two decades, the suitability of these pasture species in cropping and pasture-

based systems has been limited due to their poor adaptation to the changing Australian 

climate and varying environmental and biological pressures. Major factors affecting their 

persistence and suitability include their shallow root systems and low levels of hard seed 

(notably subterranean clover) resulting in poor drought tolerance and increased seedling 

losses from false breaks (summer rainfall resulting in germination of soft seed followed 

by seedling death from an extended dry period); the intolerance of the plants and their 

associated root nodule bacteria (rhizobia) to acidic soils (Nichols et al. 2007; Jenkins 

2016); and increased susceptibility to common pasture pests and diseases (Nichols et al. 

2007). The seed attributes of these species that make them suitable for grazing and in 

cropping systems also make them difficult to harvest with the need for suction harvesters 

that increase seed production costs and environmental damage (Loi et al. 2005; Nichols 

et al. 2007). The perennial legume lucerne (Medicago sativa L.), which was also 

introduced in the early 19th century (McMaster and Walker 1970) is estimated to cover 

3.2 million ha in both southern and sub-tropical areas throughout Australia (Robertson 

2006). In rain-fed systems it is primarily grazed by livestock, with some also conserved 

as hay (Humphries and Auricht 2001). Both the plant and its associated rhizobia are 
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intolerant to acidic soils (Humphries and Auricht 2001; Mullen et al. 2006), resulting in 

poor pasture productivity and persistence in the mixed farming zone of southern Australia 

where soil pH is continuing to decline (Latta et al. 2002). 

A second-generation of self-regenerating, hardseeded annual pasture legume species, 

including arrowleaf clover (Trifoilum vesiculosum Savi), bladder clover (Trifolium 

spumosum L.), biserrula (Biserrula pelecinus L.) and French serradella (Ornithopus 

sativus Brot) (which are the focus of this PhD thesis) were developed as a result of a 

number of legume breeding programs from the mid-1980s through to the 2000s, with the 

specific focus for use in ley and phase-farming systems (Loi et al. 2005; Nichols et al. 

2007). The aim of the breeding programs was to develop species with better tolerance to 

the (changing) Australian climate and soil limitations. This included the selection of 

species that possessed one or more of the following traits: 

• protection from false breaks with higher levels of hard seed and delayed seed 

softening patterns, deeper root systems and enhanced seedling establishment, 

which provide greater resilience under drought conditions; 

• high tolerance levels of the plant and their rhizobia to acid soils and saline soils; 

• tolerance to common pasture pests and diseases (Loi et al. 2005; Nichols et al. 

2007); 

• adaptation to deep and infertile sandy soils (Carr et al. 1999; Nichols et al. 2007); 

• ease of harvesting with conventional cereal harvesters (Loi et al. 2005; Nichols et 

al. 2007); and 

• high seed yield and herbage (biomass) production that is equal to or more 

productive than traditional species (Loi et al. 2000; 2005). 

The risk of failure of pasture establishment and/or pasture persistence is a concern to 

producers and often the inputs involved in maintaining a poorly producing pasture is 

considered uneconomical. The introduction of second generation pasture legume species 

on-farm to fill niches has become an alternative for producers in those agroecological 

areas that have struggled to maintain sustainable, long-term pasture productivity with 

traditional species. 

A significant amount of research has identified the advantageous agronomic attributes of 

these second generation legumes (e.g., Howieson et al. 1995; Carr et al. 1999; Nutt and 

Loi 1999; Revell and Thomas 2004; Loi et al. 2008; Guo et al. 2012; Hackney et al. 
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2013a; 2013c; 2013d) and consequently, the adoption of these second generation species 

in ley and phase-farming has been rapid in some regions, with over 1.5 million ha in 

Western Australia (WA) sown with these species within only 5 years of their release (Loi 

et al. 2005). However, the adoption of these legumes in the central and south eastern areas 

of New South Wales (NSW) has been slower in comparison; although in recent years, 

with the aid of producer field days and seminars associated with the projects, uptake from 

producers in NSW has increased (Hackney et al. 2013d). Farmers in the mixed farming 

zones in these regions have also begun to incorporate these legumes into their grazing 

systems as pastures for grazing livestock; however, livestock production data from these 

second generation annual legumes is limited. Even fewer studies have investigated the 

comparative performance of livestock grazing these legumes as monocultures and 

legume-grass/cereal mixed pastures and as conserved forages. Thus, the primary 

objective of the research presented in this PhD thesis was to investigate the production of 

sheep consuming second generation self-regenerating, hardseeded annual pasture 

legumes grown in the rain-fed Mediterranean-like environment in southern NSW, when 

fed in all the potential fodder forms (grazed and conserved forages). This encompassed 

two major experimental aims including: 

1. to investigate the comparative production of sheep including, liveweight (LW) 

change, body condition score (BCS) and wool growth in sheep fed second 

generation annual legumes as either grazed pastures (varying from vegetative 

growth to senescence) or conserved forages (hays or silages); and, 

2. to investigate ruminal parameters including ruminal ammonia (NH3-N) 

concentrations, volatile fatty acids (VFA) concentrations and molar proportions 

and ruminal pH of sheep fed second generation legumes as either grazed pasture 

(varying from vegetative growth to senescence) or conserved forages (hay or 

silages). 

These aims were addressed by answering the following research questions: 

1. What is the feed on offer (FOO; kg DM/ha) potential of these legumes in a grazed 

system as monoculture pastures and legume + oat mixed swards, does botanical 

composition vary between these legumes in response to grazing, and how does 

this impact upon animal production? 

2. What is the nutritive value of these legumes as grazed pastures/legume + oat 

mixed swards and conserved forages and how does this impact upon animal 

production and/or ruminal parameters? 
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3. Are there signs of health disorders (not including known incidence of primary 

photosensitisation in sheep grazing biserrula) in sheep grazing these legumes, 

including the incidence of bloat, and how does this impact upon animal production 

and/or ruminal parameters? 
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CHAPTER 2: Literature review 

2.1 Pasture feedbase resources for livestock production 

The pasture feedbase can contain a wide range of native and introduced grass and pasture 

legume species, with annual, biennial or perennial lifecycles. These species may be of 

temperate or tropical origin and may vary considerably in their stage of growth, growing 

habit and nutritive value, which continues to change as the plant grows to maturity. The 

livestock feedbase is generally made up of three main resource origins that can transition 

between or revert back to their original state (Figure 2.1). 

Figure 2.1. The transition of pastures between native, naturalised and sown pastures that 
make up the feedbase resource. 

Sown pastures used in agriculture may be categorised as short-term pastures (1-4 years 

lifetime) or permanent pastures. Such pastures may be composed of a monoculture of 

sown legumes, grasses or herbs or a combination of these, with greater emphasis on 

perennial species in permanent pastures. The type of pasture grown is dictated by climatic 

constraints, soil limitations and the type and class of livestock utilising the pasture 

(Westwood 2008). Further, economic limitations, management requirements and the 

availability of machinery and equipment necessary to maintain pasture productivity (e.g., 

fertiliser spreaders) may also influence the choice of pasture sown. A critical factor for 

optimum performance of sown pastures is allocation of sufficient nutrients (i.e., 

fertilisers) to support improved pasture species with high nutrient demand (Gourley et al. 

2007). Most temperate pasture-based systems are characterised by peak periods of pasture 

growth, with these peaks commonly occurring in spring (Saul and Sargeant 2013). 

Native-based pastures are also important for livestock production. However, many of 

these have been highly modified from their original state due to both intentional and 

accidental introduction of exotic pasture species, grazing by domesticated livestock or by 

management practices such as the addition of fertilisers (Garden et al. 2000). A third 

category of pastures are considered naturalised and are composed of a greater mix of 

species, which can include those of native or introduced origin, that are well adapted to 

the regional climatic conditions and management. This may include those that are often 

Native 
pasture 

Sown 
pasture 

Naturalised 
pasture 
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classified as weeds, such as Vulpia spp., barley grass (Hordeum leporinum Link) and 

annual ryegrass (Lolium rigidum Gaud.) (Wolfe 2009). In mixed farming areas, grazing 

animals on dual-purpose cereal forages (Moore et al. 2009; Dove and Kirkegaard 2014) 

or on crop and stubble residues following harvest (Bell et al. 2014) is also a common 

practice. 

Inadequate pasture production as a result of inappropriately matching pasture species to 

climatic and soil conditions can reduce the capacity of animals to be reliably sustained on 

pastures alone. Further, lifecycle and growth patterns result in seasonal shortages in 

pasture growth even where pasture species are well matched to climatic and soil 

conditions (e.g., temperate annual pastures will provide little green herbage over 

summer). Grazing is the lowest cost livestock production system but seasonal shortages 

in the quantity and/or quality of the feed supply may compromise its profitability, and the 

capacity to sustain year-long grazing, thus limiting animal production (Doonan et al. 

2003). As a result, surplus feed arising from peaks in pasture growth, is often conserved 

either as hay and/or silage and fed to animals during periods of feed shortages, often in 

conjunction with other supplements including cereal grains, pulses, non-protein N 

sources (NPN; such as urea) or a combination of these. An effective grazing management 

system in conjunction with appropriate stocking rates must be employed to ensure that 

pastures are appropriately grazed year round. This includes efficiently utilising surplus 

pasture (either via grazing or fodder conservation) when the pasture is at an optimal stage 

of plant growth (vegetative) with high nutritive value, to achieve optimum ruminant 

production. 

2.1.1 Pasture feedbase resources for grazing livestock in an Australian context 

In Australia, livestock are commonly grazed year-round on native, naturalised or 

improved (sown) pastures, cereal forages and crop stubbles and/or residues (Wolfe 2009). 

Despite large areas of farming land being replaced or modified with improved grass and 

legume species, native-based (naturalised) pastures still constitute a substantial 

component of the pasture base (Garden et al. 2000) across agro-ecological zones; 

although truly ‘native’ pastures are rare in current Australian agricultural systems due to 

accidental and planned interventions over time (e.g., weed introduction, use of fertiliser) 

(Wolfe 2009). However, across Mediterranean and temperate regions of Australia, such 

as southern Australia, introduced sown pastures (Puckridge and French 1983; Wolfe 

2009) and well managed naturalised pastures (Wolfe 2009) constitute a substantial 
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component of the pasture feedbase resource. Areas of southern Australia where 

introduced species contribute significantly to pasture and livestock productivity include 

coastal areas with high annual rainfall (> 750 mm), and areas throughout the wheat-sheep 

belt (mixed farming zone) including the moderate rainfall zones of WA (300-600 mm), 

NSW tablelands (500-700), NSW slopes and plains and northern Victoria (400-600 mm) 

(Wolfe 2009). The focus of this literature review and the following experimental 

component of this PhD thesis was to examine the use of annual pasture legumes, 

specifically the potential of second generation of annual pasture legumes compared to the 

perennial legume lucerne (and also subterranean clover as conserved forage) to support 

livestock production in southern Australian mixed farming zone. 

2.2 Digestion and metabolism of forage by ruminants 

Ruminants serve a valuable role in sustainable agricultural systems and world food supply 

with the ability to convert resources from pasture and/or crop stubbles and residues into 

food of high nutritional value for humans (Oltjen et al. 1996). The utilisation of forages 

for the production of meat, milk and fibre by ruminants relies on the amount of feed 

consumed by the animal and subsequent microbial fermentation in the rumen. Thus, 

ruminant nutrition is a function of the nutritive value of the feed consumed, the 

availability of microbial nutrients and the voluntary feed intake (VFI) of the animal 

(Norman et al. 2005). 

Ruminants have evolved a specialised digestive tract consisting of the rumen, reticulum, 

omasum and abomasum (Castillo-Gonzáleza et al. 2014) as well as a diverse population 

of rumen microbes responsible for the fermentation of complex plant carbohydrates 

(Hanley 1982; Van Soest 1994) which extract energy for production and maintenance of 

body tissues. Energy (primarily in the form of plant carbohydrates and starches), N, and 

minerals (especially S) are essential for ruminant nutrition due to their vital role in the 

function of both the rumen microbes and the host animal. Generally, the diet selected by 

grazing sheep is able to meet their nutrient requirements (Arnold 1981), provided that 

energy supply is not limited. However, increased structural carbohydrates in the feed that 

slow digestion and rate of passage out of the rumen, low dietary protein content, and/or 

excess competition for feed by other animals may prevent animals meeting their nutrient 

requirements (Waghorn and Clark 2004). 
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The digestion of carbohydrates (Figure 2.2a), including cellulose, hemicellulose, pectin, 

starch and soluble sugars, occurs mostly in the rumen, releasing energy and producing 

VFA. The predominant VFA produced include acetic, propionic and butyric acids 

(Dijkstra et al. 1993; van Houtert 1993) and lesser amounts of valeric, caproic, isobutyric, 

isovaleric and 2-methylbutyric acids from their constituent hexoses and pentoses via 

pyruvate (France and Dijkstra 2005). Waste products carbon dioxide (CO2) and methane 

(CH4) (van Houtert 1993) are also produced. In ruminants, total VFA concentrations vary 

between 70 and 130 mmol/L (France and Dijkstra 2005) and are readily metabolised to 

varying extents during passage across the rumen wall, after which they are absorbed into 

the blood stream and transported to body tissues. Different types of VFA are used for 

varying purposes including for hepatic gluconeogenesis, lipogenesis or directly as energy 

for production and maintenance (Aluwong et al. 2010). Volatile fatty acids account for at 

least 50% of total digested energy (Sutton 1985). 

The high concentration of VFA in the rumen compared to the blood is indicative of the 

rapid utilisation of VFA by the animal for production and maintenance (Barcroft et al. 

1944). All VFA are capable of generating energy in the form of adenosine tri-phosphate 

(ATP). However, propionic acid is a precursor for glucose synthesis, as little net glucose 

is available for absorption within the gastro-intestinal tract (GIT) of ruminants (Dijkstra 

1994) making it the most important VFA for ruminant production. Microbial 

fermentation of dietary proteins and lipids also give rise to VFA in the rumen (France and 

Dijkstra 2005). 

Dietary crude protein (CP) undergoes three major changes in the rumen (Figure 2.2b) to 

enable the animal to extract adequate protein, both directly and indirectly from their diet. 

Rumen degradable protein (RDP) is hydrolysed to form amino acids (AA), which are 

then deaminated to yield VFA and ammonia (NH3). Both RDP and NPN (including urea) 

play an important role in ruminant nutrition by supporting microbial growth and the 

efficiency of fermentation in the rumen through provision of substrate (NH3) for the 

synthesis of microbial protein (Leng and Nolan 1984; Leng 1993). Rumen undegradable 

protein (RUP; also known as bypass protein) avoids microbial fermentation in the rumen 

and is digested in the small intestine, serving no benefits to the growth of ruminal 



 

 9 

microbes, but supplies a direct form of AA to the host for production and maintenance 

(McDonald et al. 2002). 

Figure 2.2 Diagrammatic representation of the ruminant digestive system showing the 
metabolism of (a) dietary carbohydrate (Wattiaux and Armentano 1997, pp. 10) and (b) 
protein and urea (Wattiaux 1997, p. 18). 

Ruminal NH3-N is a key intermediate in microbial degradation and protein synthesis; if 

ruminal NH3-N concentrations are below the threshold of 50-80 mg NH3-N/L (Satter and 

Slyter 1974), the growth of microbes will be negatively impacted and the fermentation of 

carbohydrates reduced, which may negatively impact upon VFI. However, if dietary 

protein degradation proceeds more rapidly than microbial synthesis, the NH3 in excess of 

microbial requirements will be absorbed across the rumen wall, carried to the liver via 

the blood, and converted to urea. Some of this urea is recycled back to the rumen via 

saliva produced during rumination or through the ruminal epithelium (Huntington and 

Archibeque 2000) with the remainder excreted as urine, resulting in poor N utilisation 

(Lapierre and Lobley 2001). 

Ruminant nutrition is complex. Understanding both the nutrient requirements of the 

animal and its associated rumen microbes is imperative to ensure optimal animal 

production on forage-based diets. 

(a) (b) 
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2.3 Factors affecting animal production on pastures 

The variability of pastures, in terms of pasture composition, biomass and quality can limit 

animal production if not appropriately managed. The relationship between VFI, pasture 

quality (nutritive value) and animal production is well recognised (Allden and 

McDWhittaker 1970; Allison 1985; Leng 1990). The most important of these is VFI, 

which is driven by a number of plant, animal and pasture management factors. To limit 

poor animal production on pastures it is imperative to understand these factors. 

2.3.1 Voluntary feed intake 

Voluntary feed intake is a fundamental factor which determines the level and efficiency 

of ruminant production (Allen 1996). As VFI is reduced, the ingestion of important 

nutrients including protein and energy required for growth are limited (Poppi and 

McLennan 1995). Consequently, those consumed are partitioned to support the 

requirements of maintenance first, before supporting further animal production, resulting 

in poor feed conversion efficiency (FCE) (Forbes 2007). In adverse environmental 

conditions, such as drought, when animals are not supplementary fed, the limited amount 

of feed consumed and the subsequent supply of nutrients is often inadequate to support 

maintenance requirements resulting in LW loss (Briggs 1968), which may impact upon 

the health and welfare of the animal. 

In the grazing ruminant, VFI can be complex and highly variable due to a number of 

digestive, pasture/forage characteristics, animal factors and the availability and 

accessibility of the feed supply, which in turn means that the digestion and supply of 

microbial nutrients can also be highly variable. Both physical and 

physiological/metabolic constraints affect VFI of ruminants. The digestive processes, 

including both rumination and fermentation by ruminants are time consuming, and feeds 

that are high in fibrous components and lower in digestibility require extended periods of 

time in the GIT to adequately extract digestible nutrients (McDonald et al. 2002). A high 

positive correlation (> 0.90) exists between clearance rate of digesta in the reticulorumen 

and VFI (Weston 2002), and if the rate of digestion of feed is impeded by a high 

proportion of fibrous components, the rate of passage/clearance of feed particles out of 

the reticulorumen and through the remainder of the GIT is reduced. Consequently, the 

distention of the rumen, signaling a degree of ‘fullness’ to the brain of the animal via 

stretch and tension receptors in the rumen wall, restricts further intake (Allison 1985; 
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Wilson and Kennedy 1996; McDonald et al. 2002). The proportion of fibre components, 

including the dietary constituents acid detergent fibre (ADF), which is comprised of the 

least digestible components of the plant cell wall including cellulose, lignin and silica; 

and neutral detergent fibre (NDF), which is comprised of the major structural components 

of the plant cell wall including lignin, cellulose and hemicellulose (Van Soest 1965), are 

major limiting factors to VFI (Waldo 1986; Mertens 1987; Kendall et al. 2009). Riaz et 

al. (2014) found that as ADF and/or NDF content of feed increases, the dry matter intake 

(DMI) decreases, although there was some variation between ruminant species. The 

decreased intake of ruminants fed diets containing high ADF and NDF contents is due to 

the negative correlation of these dietary constituents with dry matter digestibility (DMD) 

and organic matter digestibility (OMD) (Bosman 1970; Van Soest 1963; Van Soest 

1965). Digestibility of forages is discussed in more detail in Section 2.3.2. 

Although VFI is affected by the digestibility of the diet, the rate at which the diet is 

digested is the more important factor affecting VFI as it decreases the amount of time 

feed spends in the GIT for the extraction of nutrients and thus provides space for further 

intake (McDonald et al. 2002). In regards to rate of digestion, dietary NDF content is the 

most important chemical constituent, with a negative relationship existing between NDF 

content of feed and rate of digestion (Jung and Allen 1995; McDonald et al. 2002). Thus, 

at equal levels of digestibility, any differences in NDF content are likely to affect VFI. 

An example of this is the variation in VFI between grass and legume species of equal 

digestibility. Legumes have lower structural fibre components and greater content of 

soluble fractions compared to grasses and this promotes higher rates of digestion (Noceck 

and Grant 1987; McDonald et al. 2002), reducing retention time in the reticulorumen by 

enhancing passage/clearance rate of feed particles through the remainder of the GIT 

(Minson 1966; Wilson and Kennedy 1996). Thus, diets that are both high in digestibility 

and more importantly, lower in NDF content (low in structural fibre components), which 

enhance the rate of digestion, are advantageous in facilitating higher growth rates in 

livestock because they promote greater levels of feed intake. 

A positive relationship exists between dietary CP and DMI of ruminants, although the 

degree of this effect varies between species (Riaz et al. 2014). Egan (1965) found that 

supplementation of rumen-protected casein in sheep fed low quality roughages increased 

DMI by 42% when fed oaten chaff and 11% when fed wheaten chaff in combination with 

NPN (urea). In addition, supplementation with urea improved DMI by > 12%, which was 

related to the greater rate of rumen fermentation. Undegradable protein sources may also 
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increase DMI as a consequence of increased recycling of N into the rumen after digestion 

post-ruminally (McDonald et al. 2002). Thus, a diet low in RDP, or other substrates that 

contribute to ruminal NH3-N, may limit VFI by limiting the activity of rumen microbes 

that breakdown fibrous feed particles (Elliot and Topps 1963; Faverdin 1999; Fisher 

2002) and the subsequent rate of digestion and passage rates out of the reticulorumen. 

Weston (1971) found that a diet which allows approximately 18 g apparently digested CP 

in the intestines/100 g digestible organic matter (OM) was sufficient for optimal VFI, 

with concentrations in excess unlikely to enhance animal production when fed ad libitum.  

Thus, a diet high in protein or NPN that supports livestock nutritional needs (maintenance 

and production) and the needs of their rumen microbes, is unlikely to increase VFI. Diets 

with high water content (low DM) may also impede DMI compared to foods of similar 

nutritive value, as high concentrations of water bound within plant tissue may reduce the 

capacity of animals to consume sufficient DM (McDonald et al. 2002). 

The balance of intake of nutrients including energy and protein is driven by metabolic 

signals known as post-ingestive feedback. Low concentrations of nutrients and excessive 

concentrations with high nutrient release can affect VFI due to the post-ingestive 

feedback mechanism, whilst intermediate concentrations cause VFI to increase (Provenza 

1995). Chemostatic mechanisms, whereby receptors that monitor osmolality, VFA 

concentrations in the reticulorumen, abdominal temperature, propionic acid uptake in the 

liver and the production of hormones including insulin and glucagon also contribute 

(Forbes and Barrio 1992; Allen et al. 2009). Diets that contain poorly digestible 

roughages also have lower intake due to a lack of positive post-ingestive feedback that 

stimulates intake. 

Animal constraints including the species (Wilson and Kennedy 1996), breed (Langlands 

1972), physiological state (Wilson and Kennedy 1996), age, LW (Allden and 

McDWhittaker 1970; Allison 1985), grazing behaviour and bite size (Westwood 2011), 

and health status may also impact upon VFI. Other factors attributable to the feed such as 

pasture biomass and availability (Section 2.3.3) and presence of plant secondary 

compounds (PSC) (Section 2.3.4) may also depress VFI (Allden and McDWhittaker 

1970). The average daily DMI and DMI as a percentage of liveweight of weaner lambs 

of various body weights and growing at different rates are shown in Table 2.1. 
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Table 2.1 Daily dry matter intake (DMI) and metabolisable energy (ME) and crude 
protein (CP) requirements of weaner lambs at various liveweight (LW) and growing at 
different rates (adapted from Jolly and Cottle 2010). 

2.3.2 Forage quality 

Forage quality or the nutritive value of a forage is evaluated by a number of chemical and 

physical properties including digestibility, CP, metabolisable energy (ME) and fibre 

fractions including NDF, ADF and acid detergent lignin (ADL). Mineral and vitamin 

contents may also be analysed, although this is less common. 

Pastures are at their highest digestibility and CP content in the vegetative stages of 

growth. As pastures approach maturity the digestibility progressively declines due to 

changes in plant composition (Minson 1990). As pastures mature the stem to leaf ratio 

increases, and consequently, the proportion of structural fibre and more highly 

indigestible components, including lignin, also increase and impede the digestion of cell 

wall polysaccharides by acting as a physical barrier to microbial breakdown (Kamstra et 

al. 1958; Jung 1989; Moore and Jung 2001). The rate of lignin accumulation is lower in 

legumes than grasses, resulting in legumes having higher feed quality at later stages of 

maturity in comparison (Jung 1989). The decrease of dietary CP (Balde et al.1993) and 

ME further limit microbial fermentation in the rumen, subsequently reducing the supply 

of microbial protein (McDonald 1952) and VFA to the host animal. 

Digestibility is the proportional difference between the feed consumed, and losses of 

energy and nutrients excreted as faeces, typically reported as DMD or OMD. It can be 

measured in vivo by measuring feed intake and faecal output, with faecal output collected 

via the use of metabolism crates or faecal bags that attach to the animal. However, in vivo 

techniques are laborious and laboratory methods which estimate in vitro digestibility 

using a two stage method with fresh ruminal fluid from fistulated animals (Tilley and 

Terry 1963) or non-invasive methods using near infrared reflectance spectrophotometry 

(NIRS) are often used as an alternative. The digestibility of forages varies significantly 

due to differences in tissue structure, including cell wall contents (organic acids, soluble 

Liveweight 
(kg) 

Growth rate 
(g/head.d) 

Daily DMI 
(kg) Daily DMI (% LW) ME (MJ/d) CP (g/d) 

20 200 0.59 2.97 5.94 116 
 300 0.61 3.04 7.28 155 

30 200 1.05 3.51 8.45 137 
 300 0.88 2.93 8.78 169 

40 200 1.32 3.31 10.58 171 
 300 1.54 3.84 12.30 199 
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carbohydrates, CP, fats and soluble ash) and cell wall constituents (hemicelluloses, 

cellulose and lignin). 

Protein in plants consist mostly of RDP and RUP, although 10-15% is attributable to NPN 

sources, which can increase (in plants) in response to N fertiliser application (Peyraud et 

al. 1998). Generally, the proportion of leaf sheath and flowering stem increases and the 

proportion of leaf fraction decreases as pastures mature, resulting in a significant decline 

in CP content. The average CP content of legumes and grasses is 170 g/kg DM and 115 

g/kg DM, respectively (Minson 1990). Rumen undegradable protein (referred to hereafter 

as bypass protein) has significant benefits for animal production as it is able to avoid 

degradation in the rumen and is hydrolysed and absorbed from the small intestines (Leng 

and Nolan 1984) where it is utilised more efficiently for animal production (Leng 1993). 

Barry et al. (1982) found that dietary supplementation of rumen protected casein and 

methionine enhanced protein deposition in the muscle of sheep resulting in a 25% 

increase in LW, whilst also significantly increasing wool growth (Barry 1972; Barry et 

al. 1982). Typical pastures of lucerne, white clover (Trifolium repens L.) and perennial 

ryegrass (Lolium perenne L.) have been reported to contain bypass proteins at 

concentrations of 113 g/kg CP, 144 g/kg CP and 115 g/kg CP, respectively (Edmunds et 

al. 2013). 

The ME of feeds is a measure of the amount of digestible energy within a feed that can 

be used for maintenance of body tissues, growth and production (meat, milk and fibre) 

less the energy lost as wastes including urine and CH4 (McDonald et al. 2002). The 

requirement for young growing animals and those supporting offspring is higher than 

their counterparts due to their higher energy demands in excess of maintenance to support 

tissue accretion and lactation (Jolly and Cottle 2010). Generally, ME in forages range 

from > 12 MJ/kg DM for forages in the vegetative stage of growth to approximately 5 

MJ/kg DM in dead pasture and stem residue (Coleman and Henry 2002). The ME of 

roughages (other than silages) may be calculated (AFIA 2014) from digestible OM 

digestibility (DOMD; DOMD% = 6.83 + 0.847 DMD %) as follows: 

ME (MJ/kg DM) = 0.203 DOMD % – 3.001 

The ME of silages may also be calculated from DOMD using the following equation 

(AFIA 2014): 

ME (MJ/kg DM) = 0.16 DOMD % 
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The nutrient requirements of fast growing lambs (weaners) is considerably higher than 

dry mature sheep. Feeds that promote greater DMI on a body weight basis, and thus 

greater nutrient intake, will promote greater weight gains in growing lambs (Table 2.1). 

2.3.3 Herbage biomass production and availability 

Patterns of herbage biomass production vary significantly across the differing 

agroecological zones and pasture types. Thus, the management of pastures by livestock 

producers to account for periods of pasture shortage and surplus supply is paramount to 

ensure animal production is not compromised. The Mediterranean type environment of 

southern Australia (which is the agricultural region of interest in this review) has a distinct 

pattern of pasture growth with green pasture availability ranging from near to zero before 

the ‘break of the season’ (i.e. when a significant rainfall event occurs, generally in the 

autumn, resulting in a new season of annual pasture growth) to a surplus supply in the 

spring (September - November) (Thompson et al. 1994; Hill et al. 2004). During spring, 

if pasture production exceeds the capacity of livestock to utilise it, excess pasture biomass 

is often conserved as hay and/or silage to feed to livestock during expected feed gaps in 

other seasons or during drought. The typical pasture growth curve in the bioregion of the 

south west slopes of NSW, including Wagga Wagga is shown in Figure 2.3. 

Figure 2.3 Pasture growth rate of fertilised clover (Trifolium spp.), phalaris (Phalaris 
aquatica L.), lucerne (Medicago sativa L.), annual grass, native grass and forage oats in 
a standard year in the south western slopes of NSW, including the Wagga Wagga region 
(adapted from Saul and Sargeant 2013; McDonald 1998). 
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Further information relating to pastures grown in the Mediterranean type environment of 

southern Australian is provided in Section 2.5. 

In the Mediterranean type environment of southern Australia pastures are most vulnerable 

at the ‘break of the season’ as animals will actively remove the new leaves of the 

upcoming seedlings, reducing their photosynthetic capacity and subsequent growth 

(Smith and Williams 1976). New emerging seedlings are also at risk of being uprooted 

completely. Donald and Black (1958) suggested that removing grazing animals during 

this time would allow pastures to develop optimal leaf area that would enhance their 

ability to photosynthesise and increase their early growth rate. This would facilitate 

increased FOO which could be used during the winter months by grazing livestock. 

Grazing before pastures have established sufficiently may also affect pasture density and 

may impact upon longer term viability of the pasture. 

Restrictions in pasture biomass and/or pasture accessibility, as a result of high stocking 

rates, poor pasture growth or a combination of these, can make it difficult for grazing 

livestock to consume enough feed for production and maintenance. Pasture biomass less 

than 1500 kg DM/ha restricts the ability of sheep to harvest enough pasture for maximum 

LW gain (Willoughby 1958). 

Allden and McDWhittaker (1970) found that sheep grazing a sown pasture consisting of 

Wimmera ryegrass (Lolium rigidum Gaud.), brome grasses (Bromus spp.) and 

subterranean clover may try to compensate for reduced DM availability by increasing 

grazing intensity (min/d). At 1800 kg DM/ha maximum rates of DMI in sheep may be 

achieved without increasing the time the animal spends grazing. At levels less than this, 

grazing intensity increases but sheep are unable to maintain levels of DMI, and at 500 kg 

DM/ha grazing intensity is increased by nearly twofold and the rate of DMI is decreased 

by nearly fourfold. The inability of sheep to maintain DMI rates with increased grazing 

intensity is likely associated with the decline in sward height (Penning et al. 1994), sward 

density and tiller length affecting animal bite size (Allden and McDWhittaker 1970). The 

increase in grazing time both increases maintenance energy requirements (Osuji 1974) 

and total energy expenditure (McGraham 1964). If pasture intake, or more importantly 

nutrient intake, is insufficient to meet maintenance requirements, animals will lose 

weight. 
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2.3.4 Plant secondary compounds 

Plant secondary compounds, commonly referred to as phytochemicals, naturally occur in 

all plants and can have nutritional value, no nutritional value or anti-nutritional properties 

that may have adverse effects on animals when ingested (Barry et al. 2001; Acamovic 

and Brooker 2005). A number of conditions can occur due to animals consuming plants 

with high anti-nutritional value including toxicity leading to severe illness or death, 

reproductive disorders, inappetance or reduced VFI resulting from illness or aversion to 

plants containing toxic compound(s) and decreased productivity (meat, fibre and milk) 

(Barry et al. 2001; Provenza et al. 2003; Dearing et al. 2005). In ruminants, some PSC 

may also impact upon digestion of feed by impeding microbial fermentation in the rumen 

(Busquet et al. 2006). 

The amount of toxin an animal can ingest before causing an adverse impact is dependent 

on the type of toxic compound(s) and the amount an animal can ingest before being 

affected (Provenza et al. 2003). When offered a mixed diet, ruminants are capable of 

regulating their intake of toxins through diet selection, whilst still being able to meet their 

nutritional needs. Young animals may need to develop this ability from either social 

learning and/or personal experiences (Provenza and Balph 1987). However, when 

restricted to a single diet, toxin mitigation is more difficult, particularly without 

compromising animal productivity from reduced feed intake (Provenza et al. 2003). 

Herbivores have developed specific physiological mechanisms to assist with the 

metabolism of many PSC, along with behavioural feedback mechanisms that allow them 

to ingest varying amounts of the specific plants and their associated toxins before negative 

impacts on animal health and productivity occur (Torregrossa and Dearing 2009). 

Specific secondary plant compounds that may cause illnesses in ruminants grazing second 

generation annual legumes used in this thesis, or compounds known to occur in general 

related to these species (e.g., Trifolium spp.), are explained in more detail in Sections 

2.3.4.1, 2.3.4.2, 2.3.4.3 and 2.4.4.4. 

2.3.4.1 Primary photosensitising compounds 

Primary photosensitisation (Type I) is a condition caused when animals ingest plants 

containing photo-toxic plant compounds (fluorescent pigments) that react with sunlight 

and release reactive oxygen intermediates that cause damage to tissues (lesions), 

particularly those tissues with little protection from UV exposure by wool and/or hair or 
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with limited pigmentation (e.g., nose, eyes, ears and udder) (Quinn et al. 2014; Swinny 

et al. 2015). Primary photosensitisation does not have hepatogenic effects leading to liver 

damage. Conversely, secondary photosensitisation (Type III), which occurs more 

frequently, results from hepatogenic compounds which include pyrrolizidine alkaloids 

that cause liver damage. Secondary photosensitisation is often seen in animals that have 

ingested Paterson’s Curse (Echium plantagineum L.) (Quinn et al. 2014), whilst primary 

photosensitisation is known to occur in livestock that have ingested St John’s Wort 

(Hypericum perforatum) (Pace and Mackinney 1941; Araya and Ford 1981; Bourke 

2000) and biserrula (Quinn et al. 2014; Kessell et al. 2015; Swinny et al. 2015; Quinn et 

al. 2018). The absence of pyrrolizidine alkaloids or other known hepatotoxins supports 

the view that secondary photosensitisation is not involved in biserrula-associated 

photosensitisation (Quinn et al. 2014; Kessell et al. 2015). 

The most common compounds responsible for primary photosensitisation belong to the 

classes of furanocoumarins and dianthrones (e.g., hypericin) (Quinn et al. 2014). 

However, Swinny et al. (2015) found that biserrula does not contain compounds 

belonging to either of these causal compound classes. The compound(s) responsible are 

yet to be identified; however, research is currently underway at Charles Sturt University 

to identify the causal agent(s) (L. Weston and J. Quinn, pers. comm.). 

No published studies have quantified the effect of primary photosensitisation on 

production (meat, wool and milk production) in biserrula-fed livestock. However, when 

given the opportunity to selectively graze, ruminants are very successful at mitigating the 

effect of toxic compounds in specific plants by selecting other plant species with lower 

toxin levels (Provenza 2003). Animals may also develop aversions by post-ingestive 

feedback or pre-ingestive experiences (socially and/or individually learned) to avoid 

negative effects (e.g., skin irritation and/or associated pain with lesions) of toxic 

compounds (Provenza et al. 1992).  Although not well documented for animals that have 

experienced primary photosensitisation, aversion of sheep to biserrula has been reported 

by Thomas et al. (2014), although it is unclear from this study whether the aversion was 

linked to the toxic compound(s) within the plant or the desire of sheep to seek species 

diversity in their diet when given the opportunity to do so. 
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2.3.4.2 Oestrogenic compounds 

Oestrogenic isoflavones including formononetin, genistein, daidzein and biochanin A are 

naturally occurring substances found in some plants, including Trifolium spp. (notably T. 

subterraneum L., T. pretense L., T. alexandrium L.), which are both structurally and 

functionally similar compounds to the naturally occurring animal hormone, oestrogen 

(Waghorn and McNabb 2003; Pace et al. 2006). High levels of oestrogenic compounds 

causes reproductive issues in both males and females, especially in ruminants because of 

the role of rumen microbes on the modification of isoflavones to compounds with 

oestrogenic activity in the rumen before their absorption (Pace et al. 2006). Sheep are the 

most affected of the ruminant species (Cox and Braden 1974). Formononetin is the most 

problematic to ruminants as it is modified by rumen microbes to equol, which is a highly 

active oestrogen that is absorbed by the animal and is responsible for long-term negative 

reproductive effects (Cox and Braden 1974). In contrast, genistein, daidzein and 

biochanin A have only a short-term negative effect on fertility, as microbes in the rumen 

of sheep are able to degrade these compounds into non-oestrogenic compounds after a 7-

10 d adaptation period to pastures containing these oestrogenic compounds (Cox and 

Braden 1974; Waghorn and McNabb 2003). 

Intact males are generally unaffected by oestrogenic pastures; however, the duct 

epithelium in the mammary glands of castrate males may undergo hypertrophy that causes 

the secretion of milk-like or clear fluid (Adams 1995). In cows, the clinical signs are 

similar to cystic ovaries (including shortened oestrus or failure to oestrus) but infertility 

is only temporary and generally resolves within one month after the removal from the 

oestrogenic feed as cattle can excrete formonenetin at a rapid rate, reducing its long-term 

effect (Waghorn and McNabb 2003). 

Cystic glandular hyperplasia also termed ‘clover disease’ is a permanent infertility that 

arises as a secondary effect in ewes with long-term exposure to feeds containing high 

levels of isoflavone compounds (Cox and Braden 1974; Adams 1995). Unlike cows, 

sheep have a lower excretion rate of formonenetin, which heightens their risk of infertility 

when grazing oestrogenic pastures (Waghorn and McNabb 2003). The decline in fertility 

may occur due to a number of reasons including: (1) impaired transport of sperm through 

cervical mucous, reducing the number of sperm entering the oviduct and chances of eggs 

being fertilised (Cox and Braden 1974; Adams 1995; Nichols et al. 2013); (2) prolapse 

of the uterus; (3) dystocia (Cox and Braden 1974); and (4) embryonic loss (Turnbull et 
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al. 1966). However, the function of the ovaries is not affected (Adams 1995). It is often 

difficult to determine if ewes are being affected by oestrogenic compounds, because there 

are few observable signs. Thus, measuring the amount of oestrogenic compounds in feed 

or measuring the direct effect on the animal are the principal means of determining the 

impact of the consumption of oestrogenic plants in ewes (Adams 1995). Concentrations 

below 0.3% DM (dry leaf-weight basis) are considered ‘safe’ and are not expected to 

have any effect on reproductive performance of animals (Collins and Cox 1984; Davies 

1986). 

2.3.4.3 Condensed tannins 

Condensed tannins, also known as proanthocyanidins (Waghorn and McNabb 2003; 

MacAdam and Villalba 2015), are highly reactive, water-soluble, compounds, that readily 

bind to proteins and precipitate them from solution (Hagerman et al. 1992; MacAdam 

and Villalba 2015). They are also able to bind to the cell wall constituents (polymers) 

cellulose, hemicellulose and pectin and minerals in forages which impedes on their 

digestion in the animal (McSweeney et al. 2001). 

Generally condensed tannins are found in higher concentrations (> 300 g/kg DM) in 

browse plant species but may also be found in lower concentrations (≤ 100 g/kg DM) in 

temperate forage legumes, such as birdsfoot trefoil (Lotus corniculatus L), and sainfoin 

(Onobrychis viciifolia Scop.) (Waghorn and McNabb 2003) or the seed coat of lucerne 

and the flowers of white clover (MacAdam and Villalba 2015). Low concentrations of 

condensed tannins have been reported in slender serradella (Ornithopus pinnatus Mill), 

but not in French serradella (Jones et al. 1973). Condensed tannins have been reported in 

the arrowleaf clover cultivar (cv.) Yuchi (not available in Australia) at concentrations 

between 3-6% (Hoveland et al. 1972). However, there are no studies that quantify the 

concentration of condensed tannins in the cultivars of arrowleaf clover or French 

serradella and the other second generation legumes studied in this thesis. 

In ruminants, tannins may bind to proteins that allows them to form rumen bypass protein 

complexes, which shifts the site of protein digestion from the rumen to the small intestines 

(MacAdam and Villalba 2015). This may enhance the amount of essential AA, including 

methionine and cysteine (McNabb et al. 1993) hydrolysed and directly absorbed in the 

small intestine for animal production rather than via the supply of protein from microbial 

CP (Leng and Nolan 1984). Gastro-intestinal worm burdens may decrease in animals 
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consuming feeds containing condensed tannins (Robertson et al. 1995; Min et al. 2004) 

due to the enhanced immunity arising from bypass proteins (van Houtert et al. 1995) and 

also by lessening the significant protein losses that commonly occur from gastro-

intestinal parasite infection (Sykes 1994; Iqbal et al. 2002). 

The presence of condensed tannins in forage legumes in concentrations as low as 5 g/kg 

DM (Li et al. 1996; MacAdam and Villalba 2015) may also assist in the prevention of 

bloat. The high protein content of legumes and rapid digestion of these fractions in the 

rumen is reduced by lowering the amount of protein digestion in the rumen via the 

formation of tannin-protein complexes (Jones and Lyttleton 1971; MacAdam and 

Villalba 2015). Wang et al. (2012) reported arrowleaf clover to be a ‘moderate-risk’ 

bloat-causing pasture, despite reports that consider it is a ‘bloat-free’ legume (Thompson 

2005), which warrants further investigation. 

Despite the ability of condensed tannins to enhance animal production and health, their 

ability to bind to the cell wall carbohydrate fractions of plants may result in the formation 

of indigestible complexes, reducing the rate of digestion and intake of animals (MacAdam 

and Villalba 2015). The binding capacity of condensed tannins to salivary proline-rich 

proteins found in deer may also limit the feed intake of this species (Robbins et al. 1991). 

Concentrations of condensed tannins between 20-45 g/kg DM are considered 

advantageous for animal production (meat, milk and fibre production) and health by the 

enhancing the direct absorption of protein from their diet, without compromising 

microbial protein synthesis in the rumen. However, concentrations greater than 55 g/kg 

DM are considered problematic and are likely to impede on degradation (fermentation) 

in the rumen and subsequently VFI, which would have deleterious effects on animal 

productivity (Min et al. 2003). 

2.3.4.4 Coumarins 

Coumarins (also known as benzopyrones) are secondary compounds found in some plant 

species in varying concentrations including in gland clover (Trifolium glanduliferum 

Boiss cv. Prima; 300-400 mg/kg DM; Masters et al. 2006), lucerne (Murray et al. 1982) 

and bladder clover (cv. Bartolo; Revell and Revell 2007; Norman et al. 2013). Coumarins 

vary greatly in their structure and can be sub-divided into three main categories: (1) 

simple coumarins; and polycyclic coumarins; (2) furocoumarins; and (3) 

pyranocoumarins (Borges et al. 2005). They are generally involved in plant defense, 
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particularly against pathogens and herbivory insects, although they also play a role in 

regulation of oxidative stress and likely also hormonal regulation (Bourgaud et al. 2006). 

Coumarins have also been reported to have anti-microbial properties (Murray et al. 1982) 

and suppressive effects on the growth of commensal strains of Escherichia coli (Duncan 

et al. 1998; Jacobson et al. 2002). 

The presence of coumarins in plants may also affect mammalian herbivores. They are 

classified as one of the most wide-spread anti-nutritional plant compounds resulting in 

animal health issues (Revell and Revell 2007). Coumarin concentrations at 1.5% of the 

DM significantly depress feed intake in sheep (Arnold et al. 1980) as well as having toxic 

effects when converted to dicoumarol, which is formed as a metabolite of coumarin 

during the spoilage process. Dicoumarol acts as an anti-coagulant causing 

hypoprothrombinaemia (Keeler 1983; Revell and Revell 2007). It is also thought to taint 

the flavour of meat in animals consuming plants with coumarin-derivatives (Masters et 

al. 2006; Revell and Revell 2007). 

Bladder clover does not contain sufficiently high concentrations of coumarins to impede 

animal productivity or health and is not considered a risk to grazing animals (Norman et 

al. 2013). 

2.4 Pastures for livestock production 

Pastures that provide a relatively reliable feed source with high nutritive value and high 

biomass production are advantageous for livestock production. Generally, improved 

pastures consist of a mixture of grasses and/or pasture legumes that work synergistically 

to improve pasture quality and growth (Haynes 1980), whilst providing a nutritionally 

balanced diet for grazing animals. Mixed pastures also enable free-grazing animals to 

select preferred pasture species (Dumont and Gordon 2003) or those that meet their 

nutrient requirements and are low in PSC (Provenza et al. 1995; Villalba and Provenza 

2009). Incorporating pasture legumes and/or grass species with varying seasonal growth 

patterns into a pasture mix is the most feasible way to distribute pasture production 

(herbage biomass) year-round (Humphries 2012) and improve livestock productivity on 

pastures alone. However, climatic factors including temperature and moisture limitations 

(Vogeler et al. 2017) may limit the capacity to solely depend on the grazing of pastures 

for year round livestock production. 
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Legumes serve a particularly important role in a pasture mix due to their capacity to fix 

N through their symbiotic relationship with rhizobia. This N is utilised by associated grass 

and/or herb species for growth. Legumes also have higher nutritive value compared to 

grasses at the same stage of plant maturity because they contain lower concentrations of 

structural carbohydrates and higher concentrations of protein and readily fermentable 

components (Waghorn and Clark 2004), which results in more rapid rate of passage out 

of the rumen and greater VFI (Phelan et al. 2014). Lucerne is particularly advantageous 

as a pasture due to its broad adaptation to a range of agroecological zones and the capacity 

to produce high quality feed in spring and summer months due to its deep root system 

(Dear et al. 2003; Humphries 2012), whilst also providing a feed supply in the autumn 

months (Dear et al. 2003) where there are often feed gaps. However, it is relatively 

intolerant of acidic soils (Latta et al. 2002) or those prone to periodic waterlogging 

(Humphries and Auricht 2001). In regions with low/sporadic summer rainfall, annual 

legumes are generally the most viable option as moisture availability reduces the capacity 

of lucerne to provide useful feed outside the main growing season (autumn to spring). As 

annual legumes senesce (generally at the end of spring-early summer) their digestibility, 

energy and protein content decrease, resulting in lower VFI due to reduced rate of passage 

through the digestive tract (Puckridge and French 1983). Thus, animals with access only 

to annual pastures generally lose weight during the summer months, although recover in 

the next season once feed supply increases. Supplementary feeding of livestock during 

this period is often the only way to maintain and/or increase livestock productivity, which 

comes as an additional cost to producers. 

Grass pastures have an integral role in pasture systems due to their ability to increase feed 

supply and provide additional energy for animal production. However, grasses are often 

lower in protein and mineral content and digestibility (Archer and Robinson 1988) than 

legumes, which limits pasture intake, thus affecting subsequent animal productivity. 

Further, grasses tend to decline in nutritive value at a more accelerated rate than pasture 

legumes leading up to and during the reproductive stage of growth (McDonald et al. 

2002). Generally, the growing characteristics of grasses (erect) often gives them a 

competitive advantage over legumes in mixed pastures due to shading, resulting in 

dominance of grasses (Haynes 1980) in mixed swards. 

Although legumes have advantages for animal productivity, there are major limitations 

of legume-only pastures including the incidence of health related disorders such as bloat 

and redgut (Humphries 2012). Also, reproductive disorders may be associated with the 
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ingestion of clovers containing problematic concentrations of oestrogenic compounds 

(Nichols et al. 2013), as described in Section 2.3.4.2. Anti-bloating legumes, and/or 

grasses are often incorporated into high risk legume pastures, such as lucerne (Boschma 

et al. 2010) and Trifolium spp., to mitigate the effect of such health disorders (Humphries 

2012) and subsequently promote greater animal production. 

2.5 Pastures in the southern Australian mixed farming zone 

The southern Australian mixed farming zone consists mostly of a Mediterranean type 

environment (Mediterranean annual pasture zone; Figure 2.4) with an annual climatic 

pattern of high winter-spring (May to October) rainfall followed by a hot, dry summer 

period where sporadic, ineffective rainfall events, generally incapable of sustaining 

pasture growth, are a feature. The varied seasons greatly affect the quality and quantity 

of the feed supply for grazing ruminants and consequently the growth of short season 

crops and annual pastures (predominately annual legumes) in the winter and spring period 

is the most suitable form of herbage provision for grazing livestock in this zone 

(Puckridge and French 1983). In pasture-crop rotation systems, sheep and/or cattle graze 

legume-based pastures in the pasture phase whilst the cropping phase is focused 

predominately on grain and oilseed crops. However, dual purpose crops are often used as 

part of the rotation with cereal forages (e.g., Dove et al. 2002; Dove and Kelman 2015; 

Hussein et al. 2017) and use of forage brassicas (e.g., Kirkegaard et al. 2008; Sprague et 

al. 2014) has also become more common. 

Historically, the self-regenerating annual pasture legumes subterranean clover and medic 

species (Medicago spp.) have been widely adopted in this zone, resulting in a significant 

increase in animal production with greater carrying capacity of pastures and a high quality 

feed supply, as well as improved crop yields from the provision of biological-N fixation 

in pasture-crop rotations (Dear and Ewing 2008). However, changes in climatic, soil and 

biological conditions have caused a decline in the productivity and the persistence of 

subterranean clover (Howieson et al. 2000; Loi et al. 2005; Nichols et al. 2006; Jenkins 

2016) and medic-based pastures (Howieson et al. 2000; Loi et al. 2005; Nichols et al. 

2006). Annual grasses, both sown and volunteer are also well suited to this zone. These 

include annual ryegrass, barley grass and Vulpia species. Species such as annual ryegrass 

are a high productivity and high quality feed source for livestock but it is viewed as a 

weed in the cropping phase due to its ability to compete with sown crops for moisture and 

nutrients, including N.  



 

 25 

Figure 2.4 Location of the sheep-wheat belt of southern Australia (grey line shading) and 
the Mediterranean annual pasture zone (orange) and temperate perennial grass and annual 
legume pasture zone (blue) (adapted from Australian Government Department of 
Agriculture and Water Resources; Wolfe 2009). 

The temperate perennial grass-annual legume pasture zone (Figure 2.4) also takes up a 

proportion of the sheep wheat-belt, mostly in NSW, Northern Victoria and southern 

Queensland (Dear et al. 2003) and is characterised by higher annual rainfall (> 500 mm) 

(Wolfe 2009), with sufficient amounts falling in the summer months to support the growth 

of perennial legumes and grass pastures (Dear et al. 2003). 

Lucerne is commonly used in this zone and is often selected as a choice of pasture over 

perennial grasses including phalaris (Phalaris aquatica L.), tall fescue (Festuca 

arundinacea Schreb.) and cocksfoot (Dactylis glomerata L.) (Dear et al. 2003), due to its 

capacity to fix N for pasture-crop rotations and for its ability to access stored moisture. 

2.5.1 Subterranean clover 

Subterranean clover is native to the Mediterranean basin and areas of West Asia and 

Western Europe (Gladstones 1966; Zohary and Heller 1984). The genus is comprised of 

three sub-species including subterraneum, yannincicum, brachycalycinum which vary in 

their plant morphology, genetic and cytogenic attributes (Katznelson and Morley 1965a; 

1965b; Nichols et al. 2013). 
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Subterranean clover has historically been the most important annual legume used in the 

wheat-sheep belt in southern Australia in areas receiving annual rainfall ranging from 

250-1200 mm (Ghamkhar et al. 2015) and where a greater proportion of annual rainfall 

occurs in the winter-spring growing season (May-October) (Puckridge and French 1983). 

Since commercialisation in the early 19th century (Cocks et al. 1980), the distribution of 

subterranean clover has grown significantly with an estimated 29 million ha of land sown 

with this species as both permanent and semi-permanent pastures (Hill and Donald 1998; 

Nichols et al. 2013). A total of 45 cultivars have been registered for commercial use in 

Australia (Nichols et al. 2013). The diversity of the species has enhanced its suitability 

to be grown across varying rainfall zones and soil types with ssp. subterraneum well 

suited to mild to moderately acid soils not subject to waterlogging, ssp. yanninicum 

having moderate to good tolerance of waterlogging and spp. brachcalycinum well 

adapted to neutral to alkaline soil conditions (Nichols et al. 2006). All subspecies are well 

suited to use in grazing and cropping systems (Nichols et al. 2013). 

Subterranean clover is able to produce high quality forage to support animal productivity 

in southern-Australia and is considered as the major annual legume responsible for greater 

animal production in this region. The nutritive value of subterranean clover is explored 

in detail in Section 2.6. Further, it is easily incorporated into pasture mixes with other 

pasture legumes and/or grass species, which has benefits to total pasture production 

(Wolfe and Southwood 1980). 

There has been a significant amount of research regarding animal growth rates on 

subterranean clover pastures (e.g., Wolfe et al. 1980; Freer and Jones 1984; Norman et 

al. 2005; 2013; Thompson et al. 2010). The extensive use of the legume has also made it 

a common choice as a ‘control’ pasture and point of reference in experiments on new 

pastures species where growth rates and/or impacts on meat quality or health are 

investigated (e. g., Norman et al. 2005; Thompson et al. 2010; Norman et al. 2013; 

McGrath et al. 2015b). In general, growth rates of lambs grazing subterranean clover are 

higher or comparable to other annual legume species. The growth rates of lambs grazing 

monoculture subterranean clover cv. Dalkeith (240 g/head.d) have been reported to be 

30% more than lambs fed Eastern star clover cv. Sothis (180 g/head.d) in the late August-

October period; however, from that period onwards growth rates were similar at 

approximately 260 g/head.d, 50 g/head.d and 122 g/head.d, in the October, November 

and December periods, respectively (Norman et al. 2005). The feeding value of 

subterranean clover cv. Bacchus Marsh has also been found to be similar to lucerne cv. 
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Hunter River when cut, dried and fed to lambs in the spring to early summer period, and 

both legumes were considered to be superior to phalaris cv. Australia due to the higher 

VFI of lambs and efficient utilisation of ME in the feed. However, when lambs grazed 

these pastures unrestricted and with comparable digestibility values in the spring to early 

summer period, the VFI of lambs was similar (Freer and Jones 1984). Wolfe et al. (1980) 

found annual growth rates of cattle fed subterranean clover cv. Woogenellup (193 

kg/head) were lower than cattle fed a mixed pasture of lucerne cv. Hunter River and 

subterranean clover (222 kg/head) due to the perennial lifecycle of lucerne and its 

capacity to produce high quality feed if a significant out-of-growing season rainfall event 

occurred in the summer. 

In the 1940s, the subterranean clover cv. Dwalganup was reported to cause reduced 

fertility in ewes grazing the pasture, which was associated with high levels of oestrogenic 

compounds in the plant (Bennetts et al. 1946). Screening programs were developed in the 

1960s by Francis and Millington (1965), and since 1982 all cultivars of subterranean 

clover released have had < 0.2% formononetin (dry leaf-weight basis), which is below 

the safe level of < 0.3%, for sheep reproduction (Collins and Cox 1984; Davies 1986). 

Incidences of bloat have also been reported in cattle (Jones et al. 1970; Fitzgerald et al. 

1980) and less commonly in sheep (Nichols et al. 2013), grazing subterranean clover 

pastures. However, the risk may be reduced by implementing appropriate introductory 

and other management practices, such as feeding animals hay prior to introducing to 

legume pastures and/or providing molasses or salt-based blocks containing anti-bloating 

agents. 

Despite the large distribution and diversity of subterranean clovers commercially 

available, the species does have constraints that impact upon their suitability, productivity 

and more importantly their persistence in southern Australian farming systems 

(Howieson et al. 2000). These issues include: 

1. Insufficient hard seed (seed coat impermeability), shallow root systems and slow 

root development making them more susceptible to drought and seedling losses 

from false breaks affecting seed bank reserves (Hackney et al. 2013a), the 

establishment of pastures (Puckridge and French 1983) and pasture regeneration 

(Chapman and Asseng 2001); 

2. Susceptibility to dry spring conditions. Subterranean clover has a shallow root 

system restricting ability to harvest moisture under adverse seasonal conditions 
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(Loi et al. 2005; Hackney et al. 2013a). Additionally, it has a determinate growth 

pattern meaning it has limited plasticity in when reproductive stage of growth 

commences. Therefore, seed production can be severely compromised under these 

conditions and combined with susceptibility to false breaks, seed banks can be 

severely depleted in relatively short time frames resulting in a decline in overall 

pasture production (Hackney et al. 2013a); 

3. Poor tolerance of both the plant and associated rhizobia to moderate to severe acid 

soil (pH CaCl2 < 4.5-5.5; Jenkins 2016) and the plant to saline soil conditions 

(NaCl > 70 mol/m3; West and Taylor 1981). Natural weathering and agricultural 

practices continue to contribute to these issues, which is a growing concern 

(Nichols et al. 2007);  

4. Increased pressure from pasture disease and pests including red-legged earth mite 

(Halotydeus destructor) and aphid species reducing pasture production (Nichols 

et al. 2007); 

5. The seed attributes that make subterranean clover suitable to cropping and grazing 

systems also makes it difficult to harvest (e.g., suction harvesting) thereby 

increasing seed production costs (Loi et al. 2005); and 

6. The incidence of ‘subterranean clover red-leaf syndrome’, an emerging issue that 

can decimate subterranean clover stands. It has been particularly problematic in 

WA. Research is currently underway to determine the cause of this syndrome 

(Coutts 2018). 

The use of shallow rooted annuals such as subterranean clover has resulted in an increase 

in soil salinity from rising water tables and the loss in arable farming land (Howieson et 

al. 2000). This has prompted greater use of deeper rooted, perennial plants such as lucerne 

throughout the mixed farming zone (Latta et al. 2012) because they are better at utilising 

stored soil water (Crawford and Macfarlane 1995; Latta et al. 2002). Further, lucerne is 

also productive and persistent in areas throughout the southern Australian mixed farming 

zone receiving as little as 300 mm annual rainfall (Humphries et al. 2004). Lucerne is 

now commonly used throughout southern Australia (Nichols et al. 2012). As a result, 

lucerne was used as a ‘standard’ pasture in the experimental component of this PhD 

thesis. 

Despite the limitations of subterranean clover, it is likely to remain as the predominant 

pasture legume in southern Australia, particularly in livestock production, due to 

generations of farmer experience in growing it and its ease of management (including 



 

 29 

tolerance to herbicides) (Nichols et al.  2013). However, until breeding and selection 

programs address the above constraints, farmers should look for alternative annual 

legumes that may be better suited to their individual farms or complement subterranean 

clover pastures in terms of better utilisation and/or increasing feed supply and in pasture-

crop rotation systems, if they are to maintain profitable enterprises for the long-term. 

2.5.2 Lucerne 

Lucerne is native to the Mediterranean region extending from Spain to west of the Canary 

Islands, northwestern Turkey and Iran, eastern China and north towards Siberia, 

northwestern Iran and northeastern Turkey (Quiros and Bauchan 1988). It was introduced 

to Australian by the early European settlers and has become one of the four most 

important pasture legumes in southern Australia, along with subterranean clover, annual 

medics and white clover (Nichols et al. 2012). However, up until the end of the mid 1970s 

there had been very little investment or research into the development of situation-specific 

cultivars. At that time, lucerne sowings in Australia were dominated by the cv. Hunter 

River. In 1977, the nation’s lucerne stands were decimated by spotted alfalfa aphids 

(Therioaphis trifolli). This gave rise to significant investment and research to develop 

new cultivars to cope with specific challenges including: (1) tolerance to pest and pasture 

diseases; (2) tolerance to grazing via development of cultivars with lower growing points; 

(3) winter active or winter dormancy which allows for selection of cultivars based on 

persistence (Lattimore 2013), with a negative correlation between winter-activity and 

persistence under continuous grazing (Humphries et al. 2006); and (4) varying lifespan 

of the lucerne stand associated with dormancy attributes to suit either grazing and 

cropping systems (Lattimore 2013). As a result of this breeding effort, there are now more 

than 50 cultivars available for use in Australian agricultural systems (Lattimore 2013). 

Lucerne has a deep root system which enables the plant to access stored water reserves 

deep in the soil profile, whilst also intercepting moisture and reducing groundwater 

recharge which can, over time, lead to salinity (Crawford and Mcfarlane 1995; Ward et 

al. 2002). Traditional annual legumes such as subterranean clover and annual medics have 

a shallow root system and poor capacity to prevent groundwater recharge and 

consequently in areas where these species have been sown without deep-rooted perennial 

grasses or legumes, there has been significant areas of agricultural land affected by 

salinity. This is most notable through the WA wheatbelt (Latta et al. 2002). 
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Lucerne is often grown as a monoculture or in combination with grasses/cereals and/or 

annual pastures for grazing and conserved forages, predominately hay (Wolfe 2009). 

Lucerne is active in spring and summer, although some current cultivars are also winter 

active (Lattimore 2013). However, oversowing dormant and semi-dormant lucerne 

cultivars with annual species (e.g., winter active forage cereal) that differ in their growth 

patterns offers opportunity for improved pasture productivity (Humphries et al. 2004) as 

well as the opportunity to also extend the grazing period on the same sward for grazing 

livestock, enhancing pasture efficiency. However, achieving successful establishment of 

oversown species can be problematic due to lucerne being strongly competitive for 

moisture. 

The nutritional value of lucerne compares well with annual legumes and other perennial 

species. The DOMD and CP content of lucerne cv. SARDI 10 pasture from mid-October 

to early December has been reported to vary from approximately 75% to 64% and 32% 

to 22%, respectively, compared to a lucerne and phalaris cv. Advanced AT mixed pasture 

that varied from 63% to 53% and 23% to 18.1%, respectively (McGrath et al. 2015a). 

Hayes et al. (2010) recorded DMD of lucerne cv. Aurora pasture from September to 

November of 65.5% to 78.3%, which was similar to phalaris cv. Landmaster pasture of 

62% to 78.3%, but lucerne had higher CP content (18.7% to 27.7% vs 10.5% and 16.1%). 

In a UK study, Fraser et al. (2004) reported DMD and CP content of lucerne cv. Luzelle 

pasture of 75% and 13-19%, respectively, which was similar to red clover cv. Merviot 

pasture.  

Growth rates and/or meat quality of livestock grazing lucerne has been extensively 

studied in Australia (e.g., Reeve and Sharkey 1980; Wolfe et al. 1980; Donnelly et al. 

1983; 1985; Freer and Jones 1984; Crawford and Mcfarlane 1995) and overseas (Fraser 

et al. 2004). Given the widespread sowing of lucerne it has become a benchmark for 

studies (similar to subterranean clover) measuring feeding value of new/alternative 

pasture species (e.g. Douglas et al. 1994; Hopkins and Nicholson 1999; McGrath et al. 

2015b; De Brito et al. 2016), particularly for animal productivity in crossbred lambs in 

south-eastern Australia (Humphries 2012). Crawford and Mcfarlane (1995) found LW 

gain of sheep grazing lucerne cv. Siriver pastures at high stocking rates (12.5 sheep/ha) 

was higher than that of lambs grazing an annual mixed sward of subterranean clover, 

wheat and annual grasses (Wimmera ryegrass, barley grass and Vulpia spp.). This was 

due to the higher herbage biomass of the lucerne pasture, particularly in summer when 

herbage mass and quality of the annual sward declined and animals required 



 

 31 

supplementary feeding. However, at lower stocking rates (5 sheep/ha) there was no 

difference in LW gain between the pasture types for most of the year. 

McGrath et al. (2015a) reported White Suffolk x White Dorper and White Suffolk x 

Merino lambs had greater growth rates in the late October period when grazing lucerne 

cv. SARDI 10 compared to those grazing arrowleaf clover cv. Arrotas and chicory 

(Cichorium intybus L.) cv. Choice mixed pastures. However, in early November the 

growth rates of lambs grazing the arrowleaf clover mix were greater than those grazing 

lucerne. In late November the growth rates of those grazing the arrowleaf clover mix 

declined substantially (101-186 g/d less), whilst those grazing the lucerne pasture was 

relatively consistent (Table 2.2). This is to be expected as arrowleaf clover is an annual 

legume and will decline in quality as it reaches senescence. 

Table 2.2 Average daily liveweight (LW) gain (g/head.d) of White Suffolk x White 
Dorper (WSD) and White Suffolk x Merino (WSM) lambs grazing either arrowleaf clover 
and chicory mix, or lucerne pastures from late October to late November (adapted from 
McGrath et al. 2015a). 

Raeside et al. (2016b) recorded similar mean average daily LW gain (ADG) of lambs 

grazing either lucerne cv. Stamina GT6 or lucerne + perennial ryegrass cv. Banquet II 

Endo 5 (Table 2.3) pastures, but ADG was variable ranging from 9 g/d to 441 g/d and 31 

g/d to 466 g/d, respectively. 

In their UK-based study, Fraser et al. (2004) found lambs grazing lucerne cv. Luzelle 

prior to slaughter had lower ADG and took longer to reach slaughter weight than lambs 

grazing red clover (Trifolium pretense L.) cv. Merviot, but higher ADG than those grazing 

perennial ryegrass cv. Abersilo (Table 2.3). Hopkins et al. (1995) found no difference in 

ADG in lambs grazing either lucerne cv. Aurora or chicory cv. Grasslands Puna pastures 

(Table 2.3).  

Morley et al. (1978) found the ADG of cattle grazing lucerne pasture (cv. not specified) 

or phalaris (cv. not specified) over a 5-year period were similar in the autumn and winter. 

Grazing period 
 Average daily LW gain 

Breed Arrowleaf and chicory 
mix Lucerne 

Late October WSD 271 285 
 WSM 243 300 
Early November WSD 343 285 
 WSM 343 200 
Late November WSD 242 200 
 WSM 157 186 
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However, in spring, early summer and late summer, the ADG of those grazing lucerne 

pasture were higher, especially in the spring and late summer (Table 2.3). 

Table 2.3 Comparison of average daily liveweight gain (ADG) of sheep and cattle 
grazing lucerne or other common pasture species in a single season or across varying 
seasons. 

Lucerne is known to cause bloat in cattle (Fitzgerald et al. 1980; Humphries 2012) and 

bloat (Colvin and Backus 1988) and/or red gut (acute haemorrhagic enterocolitis) 

(Jagusch et al. 1976; Humphries 2012) in sheep. It is important to carefully manage 

grazing livestock when introducing them to fresh lucerne pastures. Management with 

anti-bloating supplements or mineral licks and/or grass hay may help to mitigate the 

incidence (Fitzgerald et al. 1980; Humphries 2012). Caution should always be taken when 

introducing livestock to lucerne pastures. 

Despite the benefits in southern Australian farming systems, a major limitation to lucerne 

is its low tolerance to saline and acid soils and the often associated high levels of 

aluminum and/or manganese, which has limited its use in areas of southern-Australia with 

soil pH frequently < 5.0 (Latta et al. 2002). Lucerne is also intolerant of periodic 

waterlogging and intensive grazing (Humphries and Auricht 2001; Dear and Ewing 2008; 

Nichols et al. 2012). While breeding has improved pest and disease tolerance, lucerne 

still remains susceptible to injury from insect pest and pasture diseases (Lodge 1991). 

Pasture Livestock 
species Season ADG 

(g/d) 

Days to 
reach 

slaughter 
weight 

Reference 

Lucerne cv. Stamina GT6 Sheep Autumn/winter 185  Raeside et  
Lucerne + perennial ryegrass 
cv. Banquet II Endo 5 

  178  al. (2016b) 

      
Lucerne cv. Luzelle Sheep Summer 243 50 Fraser et al. 
Red clover cv. Merviot  Summer 305 38 (2004) 
Perennial ryegrass cv. Abersilo  Summer 184 66  

      

Lucerne cv. Aurora Sheep Spring/summer 233  Hopkins et al. 
(1995) 

Chicory cv. Grasslands Puna   243   
      
Lucerne cv. not specified Cattle Autumn 540  Morley et 
  Winter 240  al. (1978) 
  Spring 880   
  Early summer 1110   
  Late summer -140   
Phalaris cv. not specified Cattle Autumn 520   
  Winter 250   
  Spring 770   
  Early summer 1050   
  Late summer -380   
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New generation deep rooted perennials and/or annual legume species with acid soil 

tolerance may become a suitable option for areas where the persistence and sustainability 

of lucerne is limited. They may also assist managing ground water recharge. 

2.6 Second generation self-regenerating, hardseeded, annual pasture legumes 

Second generation self-regenerating, hardseeded, annual, pasture legumes have shown 

significant potential for use in livestock grazing systems in the mixed farming zones of 

southern Australia. 

The rigorous assessments and field studies undertaken in the initial breeding and 

development stages and carried out after their commercial release have shown the 

potential of these legumes to establish, regenerate and produce large amounts of high 

quality herbage across a range of agroecological zones in southern Australia (e.g. Carr et 

al. 1999; Loi et al. 2005; Norman et al. 2013; Banik et al. 2013a; Hackney et al. 2013a; 

2013b; 2013c). The ability of some of these selected species to extract moisture for longer 

periods compared to subterranean clover (Carr et al. 1999) and consequently extend the 

length of the growing season may assist in filling feed availability and quality gaps. 

Consequently, these characteristics may assist in increasing meat, fibre and milk 

production in ruminant grazing systems. The agronomic characteristics, nutritive value, 

predicted and/or measured livestock production and health effects of these four second 

generation annual legumes species are described below. 

The four second generation annual legume species of particular interest in this PhD thesis 

are arrowleaf clover, biserrula, bladder clover, and French serradella 

2.6.1 Arrowleaf clover 

Arrowleaf clover is native to Mediterranean regions including Italy, Greece, Turkey, and 

the Ukraine (Thompson 2005; Evans 2006). It has been commercially available in 

Australia and South Africa since the 1980s (Guo et al. 2012) and cultivars including cv. 

Yuchi, Amclo, Meechee (Miller and Wells 1985) and Apachee (Smith et al. 2004) have 

been readily used in southeast USA since the 1960s as both a winter pasture and cover 

crop. It is recognised as one of the most important annual clovers cultivated in the USA 

(Ovalle et al. 2010). A number of new cultivars are available in Australia, which vary in 

their days to flowering post-seeding (maturity), tolerance to acid soils and agronomic 

traits (Table 2.4). 
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Table 2.4 Maturity, days to flowering, key agronomic traits and release date of arrowleaf 
clover cultivars Zulu (and Zulu II), Seelu, Arrotas and Cefalu commercially used 
Australia (adapted from Ovalle et al. 2010). 

1Selected from Zulu by South Australian Seed Cooperative in 1991 (Thompson 2005). 

Between the years 1999 and 2001 approximately 60 000 ha of traditional subterranean 

clover pastures in central-western NSW had arrowleaf clover incorporated, largely due to 

its usefulness to supply feed to newly weaned lambs in the October-November period 

(Thompson 2005). These commercially available cultivars are the focus in this literature 

review. 

2.6.1.1 Description 

Arrowleaf clover is a trifoliate semi-erect plant with arrow-shaped leaves displaying 

white, pale-green or indistinct red v-shaped markings in the middle of the mid rib, which 

gives arrowleaf clover its common name (Thompson 2005; Ovalle et al. 2010). It has 

thick hollow stems (15 mm in diameter) (Ovalle et al. 2010) and can grow over 1 m in 

height (Thompson 2005). Its large taproot system can extend to depths between 0.8 and 

1.5 m (Loi et al. 2005; Thompson 2005; Ovalle et al. 2010), which is 20 to 25% deeper 

than the roots of subterranean clover (Loi et al. 2005). In general, the flowers are large 

(60 mm in length and 20 mm in diameter) and change from whitish-pink to bronze as it 

reaches maturity (Thompson 2005). The seed varies from brown, yellow or green in 

colour (Thompson 2005; Ovalle et al. 2010) depending on the cultivar, and is small (1.2 

mg/seed) (Ovalle et al. 2010), equating to approximately 800 000 seeds/kg (Thompson 

2005). 

2.6.1.2 Agronomic characteristics 

Arrowleaf clover is a late maturing annual legume. When grown as scarified seed in late 

autumn (conventional sowing) its growth throughout most of winter can be quite low. 

Similarly, for regenerating stands, where there is a late autumn break-of-season rain, 

Cultivar Maturity Days to flower Agronomic traits Release date 
Zulu and Zulu II Late 162 

(in Perth WA) 
High tolerance to acid 
soils 

Not specified 

Seelu Late 160 
(in Cauquenes, Chile) 

Not specified 19911 

Arrotas Very late 170 
(in Perth WA) 

Long growing season 
in humid 
Mediterranean 
conditions lasting 
until end of  summer 

1997 

Cefalu Early 135  
(in Perth WA) 

High tolerance to acid 
soils 

1998 
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growth may also be slow (Evans 2006). Recent studies by Howieson and Hackney (2017) 

have shown that cv. Cefalu can be sown as un-scarified seed in summer (February) and 

germinate on sporadic late summer-early autumn rain. The higher soil and atmospheric 

temperature conditions enable arrowleaf clover to grow quickly in conjunction with the 

rapid development of the deep-root system that enables survival until a more substantial 

rainfall event in the late autumn. Summer sown arrowleaf clover can produce more than 

5000 kg DM/ha by late winter (Howieson and Hackney 2017). 

The range of cultivars available make it suitable for use in a number of different farming 

systems, across a range of agroecological zones. Typically, it is an autumn germinating-

late spring senescing species, although the number of days to flowering varies between 

cultivars. Arrowleaf clover is adapted to a range soils, although performs best in deep, 

well-drained sandy or clay-loam soils (Thompson 2005; Evans 2006; Snowball et al 

2011) with a soil pHCa range of 4.5 to 7.5 (Nichols et al. 2006; Guo et al. 2012). It has 

high levels of hard seed (more than 80% at maturity), which assists long-term persistence 

in pastures (Thompson 2005). This is much higher than subterranean clover (cv. 

Dalkeith), which contains 18% hard seed after 90 d (Loi et al. 2005; Loi et al. 2012). It 

persists well in areas receiving annual rainfall of 400 to 800 mm. The cv. Arrotas is much 

more suited to the higher annual rainfall and cooler climate regions of southern Australia 

(Kennedy et al. 2009), whilst cultivars Seelu, Zulu, Zulu II and Cefalu are suited to areas 

with lower annual rainfall (> 400 mm) (Kennedy et al. 2009; Revell and Snowball 2015). 

The deep root system (up to 1.5 m) allows it to extract moisture and nutrients from deep 

within the soil profile (Loi et al. 2005). The small seed may increase seed survival rates 

post-ingestion compared to larger seeded legumes (Carter 1980) including subterranean 

clover (3 to 6 mg/seed) (Loi et al. 2005). However, this has not been quantified. The 

development of the flower and seeds in the upper canopy make it easily harvestable with 

conventional harvesting machinery (Evans 2006), lowering seed production costs. 

Although, this means that grazing may need to be carefully managed, especially in newly 

sown stands as the flowering heads are readily eaten by sheep (Revell and Snowball 2015) 

and this may adversely impact upon seed production and return of seed to the seedbank 

for subsequent regeneration. 

2.6.1.3 Nutritional value for livestock production 

Arrowleaf clover can produce large amounts of herbage with the timing of production 

varying between cultivars as a consequence of differences in maturity. At a site in south-
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western NSW the total growing season herbage production of cv. Zulu and cv. Cefalu 

was similar (~7300 kg DM/ha). However, cv. Cefalu produced significantly more herbage 

(3450 kg DM/ha) in October compared to cv. Zulu (2300 kg DM/ha). Conversely, cv. 

Zulu was able to respond to late spring-early summer rainfall that enabled herbage 

biomass production to continue into November, after cv. Cefalu had senesced (Thompson 

2005). Thus, cv. Cefalu may be considered a better option for earlier season grazing of 

livestock compared to later maturing cv. Zulu (and also cv. Arrotas). 

Field experiments in the western district of Victoria (Riffkin et al. 2001) reported 

significantly higher herbage production from arrowleaf clover compared to subterranean 

clover, balansa clover (T. michelianum Savi) and Persian clover (T. resupinatum L.) from 

mid-September to late November 1999 (Figure 2.5). Results from a study in New Zealand 

(Evans and Mills 2008) further supports these findings in terms of the relative biomass 

production between arrowleaf clover cv. Arrotas and subterranean clover cv. Leura 

pastures. Additionally, a study investigating the cumulative herbage biomass production 

of various annual pasture legumes in 1:1 pasture:crop rotation cycle (from 1997 to 2001) 

at two sites in south-western Victoria (Zhang et al. 2004) found arrowleaf clover cv. 

Arrotas was more productive (8530 kg DM/ha) than subterranean clover cv. Leura (7760 

kg DM/ha). High herbage production also makes it suitable as a conserved forage, 

although no studies have yet explored its use in this role. 

Figure 2.5 Herbage production of arrowleaf clover, balansa clover, Persian clover and 
subterranean clover in the western district of Victoria (Streatham) in 1999 (adapted from 
Riffkin et al. 2001). 



 

 37 

Nutritionally, arrowleaf clover compares well to traditional legumes including 

subterranean clover and other second generation annual legumes. The average CP content 

of cv. Arrotas may range from approximately 30% (Riffkin et al. 2001; Thompson 2005) 

in the winter when in vegetative growth stage, to approximately 12% in the summer once 

reproductive and progressing towards senescence (Riffkin et al. 2001). These values may 

vary slightly between cultivars and across agroecological zones and seasons. In a study 

in south-west Victoria, Thompson et al. (2010) found the CP content of cv. Arrotas 

declined more rapidly than subterranean clover cv. Leura when grazing from November 

to February. However, arrowleaf clover maintained digestibility, compared to 

subterranean clover pasture later in the season. Digestibility of arrowleaf clover ranges 

between approximately 80% in the winter-spring period to approximately 55% in the 

summer (Thompson et al. 2010), with digestibility decreasing with increased maturity, 

due to the greater NDF content from changing stem: leaf ratio (Ovalle et al. 2010). The 

ME of cv. Arrotas has been reported at 10.4 MJ/kg DM in the late vegetative – flowering 

stage, which was similar to other annual legumes including subterranean clover cv. Leura 

(Evans and Mills 2008). 

2.6.1.4 Livestock production and health 

The later maturity of arrowleaf clover may help to extend the length of the growing season 

and the quality of the herbage available to livestock in late spring and early summer in 

both medium and high rainfall zones. This may reduce the summer/autumn feed gap in 

these regions (Riffkin et al. 2001). Thompson et al. (2010) found that lambs grazing cv. 

Arrotas or subterranean clover cv. Leura either grown as monocultures or in mixes with 

perennial ryegrass grew at approximately 250 g/head.d from early November to 

December.  However, from mid-December onwards, lambs grazing either the 

monoculture or mixed pastures containing arrowleaf clover continued to grow at or > 100 

g/head.d until the end of January, whilst those grazing the subterranean clover 

monoculture or mixed pastures were unable to maintain weight. Similarly, McGrath et al. 

(2015a) found lamb growth rates were highest on a cv. Arrotas dominant pasture 

containing chicory (Cichorium intybus) cv. Choice compared to lambs grazing 

monoculture pastures of lucerne cv. SARDI 10, French serradella cv. Margurita or 

bladder clover cv. Bartolo, in the mid to late spring period under irrigated conditions to 

simulate average monthly rainfall for the region. This was due to the consistently higher 

DOMD and CP content of the arrowleaf clover-dominant pasture throughout the grazing 

period. A follow-up carcass trait and sensory evaluation study using lambs from McGrath 
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et al. (2015a) found that the carcass dressing percentage (54.7%) and fat depth (3.6 mm) 

of lambs grazing the arrowleaf clover-dominant pasture did not differ to those lambs 

grazing lucerne pasture (De Brito et al. 2016). 

The studies of Thompson et al. (2010) and McGrath et al. (2015a) demonstrate the 

usefulness of arrowleaf clover as a “lamb finishing” pasture when grown as either a 

monoculture or mixed pasture. However, if late spring-early summer rainfall is below 

average, later season grazing on arrowleaf clover pastures may be limited. Further studies 

to evaluate the usefulness of other arrowleaf clover cultivars in lower rainfall zones areas 

is warranted. Further investigation on mixed arrowleaf clover pastures is also warranted 

to identify optimum pasture mixes for optimal productivity and pasture longevity. 

No studies have evaluated the growth rates of cattle grazing arrowleaf clover. Hackney 

et al. (2013d) predicted LW gain in British breed weaner cattle (240 kg BW) grazing 

arrowleaf clover cv. Zulu pasture, and the other annual legumes of interest in this thesis 

including biserrula cv. Casbah, bladder clover cv. Bartolo and French serradella cv. 

Margurita, using the GrazFeed® model (Freer et al. 1997). Predicted ADG was based on 

DM availability (biomass) and nutritive values including CP content, DOMD and ME 

extrapolated from previous studies. The results are reported in Table 2.5. In early-mid 

spring the predicted ADG of cattle on arrowleaf clover was similar to that for 

subterranean clover. However, in early summer predictions showed that cattle on 

subterranean clover would be unable to maintain weight due to the onset of pasture 

senescence (and insufficient available biomass); whilst cattle grazing arrowleaf clover 

would continue gaining weight. 

Table 2.5 Predicted average daily liveweight gain based on the GrazFeed® model of 
weaner cattle grazing either arrowleaf clover, biserrula, bladder clover, French serradella 
or subterranean clover pastures through the spring and summer period 2011/12 (adapted 
from Hackney et al. 2013d). 

No health issues including bloat have been formally reported in sheep and cattle grazing 

arrowleaf clover, with some researchers (e.g., Thompson 2005; Revell and Snowball 

2015) considering it as an “anti-bloat” legume, presumably due to the presence of 

  Average daily gain (kg/head.d) 

Pasture Cultivar Early-mid 
spring Early summer Mid-summer 

Arrowleaf clover  Zulu 1.4 0.7 0.2 
Biserrula Casbah 1.4 0.7 0.7 
Bladder clover Bartolo 1.2 - - 
French serradella Margurita 1.4 -0.7 0.3 
Subterranean clover Seaton Park 1.4 -1.0 - 



 

 39 

condensed tannins in the leaves of the plant (Thompson 2005), which has been reported 

to be in small concentrations (between 2 and 5%) in other cultivars not utilised in 

Australia (cv. Yuchi) (Hoveland et al. 1972). However, no formal studies have evaluated 

its potential anti-bloating features. As part of the “duty of care” assessment of new pasture 

species, arrowleaf clover was found to have no oestrogenic compounds (Revell and 

Snowball 2015) common in other Trifolium species. 

2.6.2 Biserrula 

Biserrula is a monotypic genus native to Mediterranean regions throughout Europe and 

North Africa (Allen and Allen 1981; Hackney et al. 2007; Hackney et al. 2013a). The cv. 

Casbah (early to mid-maturing plant with 100 to 105 d to flowering in Perth WA; Loi and 

Revell 2018; 115-120 d to flowering in Wagga Wagga; Hackney et al. 2007) became 

commercially available in Australia in 1997 (Nichols et al. 2006). The second 

commercially available cv. Mauro (mid to late-maturing plant with 115 to 120 d to 

flowering in Perth WA; Loi and Revell 2018) was released later in 2002 (Nichols et al. 

2006). 

2.6.2.1 Description 

Biserrula is an indeterminate species, which grows up to 500 mm tall (Loi et al. 2001; 

Hackney et al. 2007; Hackney et al. 2013a) and can still be green, flowering and 

continuing to set seed as late as February in good seasonal conditions (Hackney et al. 

2013a). Biserrula is distinguished by its fern-like leaflets, which measure approximately 

10 mm long and 5 mm wide with small indents at the tip (Hackney et al. 2013a; Loi and 

Revell 2018). It produces small blue-mauve coloured flowers and flat, coarsely toothed 

seedpods that change from green to brown as they mature. The seeds are yellowish-brown 

in colour and small in size (approximately 1 mg/seed) (Loi et al. 2005), equating to 

approximately one million seeds/kg (Hackney et al. 2013a). 

2.6.2.2 Agronomic characteristics 

Biserrula is suited to moderately acid (pHCa 4.5 to 7.5) to neutral soils which are well 

drained but has poor tolerance of waterlogging (Hackney et al. 2013a). It has high hard 

seed levels (99% initial hard seed) and a high proportion of the seed remains hard, 

especially in cv. Casbah (86% at 180 d) (Carr et al. 1999; Loi et al. 2005). It is very 

tolerant to seasonal moisture stress, which is attributable to its deep tap root (up to 2 m) 
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that is 40 to 60% deeper than subterranean clover (Loi et al. 2005). It also has rapid seed 

germination following rainfall and high capacity of seedlings to survive false breaks due 

to the rapid development of the root system (Carr et al. 1999; Loi et al. 2005). Biserrula 

successfully grows in areas receiving 325 to 800 mm annual rainfall, although it has been 

reported to produce vigorous growth and high seed yields at two sites in WA that received 

less than 250 mm annual rainfall (Howieson et al. 1995). Because the seed is small, up to 

45% viable seed has been shown to survive ingestion and digestion in sheep (Edward et 

al. 1998). It can also be harvested with conventional harvesting machinery (Nutt and Loi 

1999) and can produce 5 to 10 times more seeds per unit area than subterranean clover 

cv. Dalkeith (Loi et al. 2005). However, major modifications to the harvesting drum are 

required to achieve high seed yields (Loi et al. 2003; Loi and Revell 2018). 

Biserrula may assist in managing crop weeds, notably herbicide resistant ryegrass (Revell 

and Thomas 2004). Within a biserrula-dominant sward, sheep have been observed to 

select other pasture and weed species in preference to biserrula. This is likely due to an 

aversion of sheep to PSC within the plant, which appears to develop in sheep even without 

prior grazing exposure to the plant (Thomas et al. 2014). However, the mechanisms 

causing this response are not well understood and require further research. 

2.6.2.3 Nutritional value for livestock production 

Biserrula is capable of producing high quantities of herbage (biomass) in below average 

and average rainfall years across a range of agroecological zones. Carr et al. (1999) 

measured pasture production of ungrazed biserrula cv. Casbah compared to subterranean 

clover cv. Dalkeith at five sites in southern WA, which varied in soil characteristics. At 

each site biserrula produced significantly more herbage (4000-7500 kg DM/ha) compared 

to subterranean clover (2600-5200 kg DM/ha). 

Various studies in regions throughout the southern, south-west and central-west area of 

NSW by Hackney et al. (2013a) reported consistently higher herbage production from 

biserrula cv. Casbah compared to subterranean clover cv. Dalkeith and cv. Seaton Park 

in a below average rainfall year. However, in an above average rainfall year both pastures 

performed similarly reaching nearly 12 000 kg DM/ha (Figure 2.6). Plant species, such 

as biserrula, which can adapt to a wide range of seasonal growing conditions and produce 

useful quantities of herbage for livestock are likely to become more important in 
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Australian mixed farming systems in the future as climatic conditions become more 

variable. 

Figure 2.6 Herbage production of biserrula and subterranean clover pasture at two 
locations (Barmedman and Harden, NSW) in 2008 (well below average rainfall year) and 
one location (Harden, NSW) in 2010 (well above average rainfall year) (adapted from 
Hackney et al. 2013a). 

Banik et al. (2013a) reported similar DMD, CP and ME between biserrula and 

subterranean clover pastures when in the vegetative stage of growth in the early spring 

(Table 2.6). Conversely, in mid-spring and into mid-summer, Hackney et al. (2013a) 

reported biserrula to have considerably greater DMD and ME compared to subterranean 

clover cv. Seaton Park (Table 2.6). 

Table 2.6 Nutritive value of biserrula (cv. Casbah) compared to subterranean clover 
(various cultivars) from vegetative to senescing stage of plant growth. 

DMD = dry matter digestibility; CP = crude protein; ME = metabolisable energy. 

Pasture Cultivar Stage of 
growth 

DMD 
(%) 

CP 
(%) 

ME 
(MJ/kg 
DM) 

Reference 

Biserrula Casbah Vegetative 81.8 21.5 12.5 Banik et al. 
(2013a) 

Subterranean 
clover 

Woogenellup Vegetative 82.3 22.5 12.5  

 Daliak Vegetative 80.8 21.5 12.2  
       
Biserrula Casbah Reproductive-

senescing 
80-65 18-9 13.5-9 Hackney et al. 

(2013a) 
Subterranean 
clover 

Seaton Park Senescing-
senesced  

70-48 28-12 11-7  
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In the Hackney et al. (2013a) study, the earlier senescence of the subterranean clover 

pasture meant insufficient material was available for testing by the end of November, 

whilst biserrula continued to grow until mid-January 2012. The significant advantage of 

biserrula to livestock producers is its ability to stay green and productive for up to 4 weeks 

longer than subterranean clover. This should potentiate higher lamb growth rates in the 

late spring and early summer concurrently assisting in filling the feed quality and quantity 

gaps at this time of year (Hackney et al. 2013a). 

Banik et al. (2013b) found that when fermented by rumen microbes, biserrula (cv. Casbah 

and cv. Mauro and 30 accessions) had lower in vitro CH4 production and lower 

acetic:propionic acid (A:P) ratio than other pasture legumes including subterranean 

clover cv. Woogenellup and red clover cv. Redquin, without compromising total VFA 

production. In another study Banik et al. (2013a) also found biserrula produced 

significantly less CH4 and a lower A:P ratio compared to lucerne cv. SARDI 10, annual 

legume subterranean clover (cv. Woogenellup and cv. Daliak) and other second 

generation annual legumes (French serradella cv. Cadiz and bladder clover cv. Bartolo), 

at 7 weeks and 11 weeks after sowing. This is important in ruminant production systems 

as CH4 represents a loss in dietary energy (2-12% of gross energy intake; Johnson and 

Johnson 1995; Boadi et al. 2004), reducing feed efficiency, whilst also negatively 

affecting the environment (Pacheco et al. 2014). The significantly lower CH4 production 

in vitro of biserrula compared to other pasture species was attributed to the anti-

methanogenic effect of tested bioactive fractions of the biserrula plant which inhibited 

CH4 production and/or inhibited methanogenic cell growth (Banik et al. 2016). The 

decline in overall microbial gas production (Banik et al. 2013a; 2013b) may indicate a 

negative impact on other rumen microbes and subsequent fermentation; however, total 

VFA concentrations were not affected. 

The results from these studies suggest biserrula may have a significant advantage in 

reducing CH4 production via the inhibition of methanogens, without compromising 

microbial function in the rumen and overall ruminal fermentation. Further, the consistent 

trend of lower A:P ratio is also significant, given the favourability of the fermentation 

pathway for propionic acid, which serves as a precursor for gluconeogenesis, and aids 

animal productivity (Dijkstra 1994). 
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2.6.2.4 Livestock production and health 

The extended growing season of biserrula makes it a valuable alternative for livestock 

producers to finish lambs. However, primary photosensitisation is known to occur in 

sheep grazing biserrula-dominant pastures (Revell and Revell 2007; Quinn et al. 2014; 

Kessell et al. 2015; Quinn et al. 2018). Thomas et al. (2014) found Merino wethers 

grazing biserrula monoculture in the vegetative stage of plant growth had greater ADG 

(101 g/head.d) than lambs grazing a mixed pasture of biserrula and annual ryegrass (74 

g/head.d). This finding was irrespective of the lower relative preference for biserrula by 

sheep, as assessed at the end of the four-week grazing period by subsequent preference 

testing. However, once biserrula commenced reproductive stage of growth lambs grazing 

the mixed pasture had higher ADG (121 g/head.d) in comparison to those grazing the 

biserrula monoculture (81 g/head.d). Although lambs appeared to develop an aversion (as 

supported by preference tests) to biserrula in the vegetative stage, they were still able to 

obtain a sufficient intake of nutrients to support growth. McGrath et al. (2015b) found 

White Suffolk x Merino lambs grazing a mixed pasture of biserrula cv. Casbah and 

subterranean clover (cv. not specified) mixed pasture had similar growth rates to lambs 

grazing subterranean monoculture. However, lambs grazing a biserrula monoculture had 

lower growth rates. Interestingly, White Dorper lambs had higher growth rates on the 

mixed pasture than on either of the monocultures, although the reason is unclear. 

Corlett et al. (2016) investigated CH4 production, DMI, average LW gain and rumen 

parameters of Merino wethers fed either biserrula monoculture, ryegrass monoculture or 

biserrula and annual ryegrass mixed chaff of varying compositions. Merino wethers fed 

biserrula monoculture chaff had significantly lower DMI than those fed annual ryegrass 

monoculture chaff (833 g/d and 986 g/d, respectively); however, the LW gain of lambs 

fed the biserrula monoculture was significantly higher (44 g/d vs 15 g/d). The DMI of 

wethers fed the low biserrula (33% biserrula) and annual ryegrass mixed chaff was 

significantly higher than wethers fed either the biserrula monoculture or the high biserrula 

(67%) and annual ryegrass mixed chaff; however, they did not vary in their LW gain 

(ranging from 43-57 g/d). The concentration ratio of A:P progressively decreased as the 

proportion of biserrula in the diet increased. 

It is unclear why when biserrula is grazed as a mixed pasture the growth rates of lambs is 

greater than when grazed as a monoculture (McGrath et al. 2013b), whilst there appears 

to be no benefit of the inclusion of companion pasture species on subsequent LW gain 
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when fed as a chaffed hay (Corlett et al. 2016). Differences in these findings are likely 

due to the different feed forms used in both these studies. Results from these two studies 

also suggest that the bioactive compound(s) within biserrula presumably responsible for 

primary photosensitisation when in a fresh feed form may strongly influence animal 

production when grazing biserrula-dominant pastures. However, when feeding biserrula 

as a conserved forages the differences are not as pronounced. This may be due to the 

conservation process reducing the toxicity via inactivation of volatile compounds and 

consequently may reduce photosensitisation in livestock grazing the plant (Quinn et al. 

2014). 

No studies have investigated growth rates of young cattle grazing biserrula pasture; 

however, Hackney et al. (2013d) modelled young weaner cattle growth rates in 

GrazFeed®. Initial ADG of weaner cattle grazing biserrula cv. Casbah were predicted to 

be similar in early spring to subterranean clover and a range of other second generation 

legumes; however, in early summer cattle grazing biserrula were predicted to continue 

gaining weight, whilst those grazing subterranean clover and French serradella were 

predicted to lose weight (Table 2.4). Further, the predicted ADG of weaner cattle was 

maintained into mid-summer whilst the ADG of cattle grazing the other annual legume 

pastures was predicted to decline. This may provide opportunity for producers to maintain 

their livestock on biserrula pastures for extended periods of time compared to other 

annual species, enabling greater total value for livestock production. 

2.6.3 Bladder clover 

Bladder clover is native to the Mediterranean Basin ranging from the Iberian Peninsula 

in the west, Turkey, Jordan and Syria in the east and Northern Italy, and Morocco in the 

south (Zohary and Heller 1984; Loi et al. 2012). Bartolo, released in 2008 (Nichols et al. 

2006), is the only cultivar commercially available in the world (Hackney et al. 2013b). 

Bladder clover is early to mid-maturing (110 d to flowering in Wagga Wagga; Lattimore 

and McCormick 2012; 105 d to flowering in Perth WA), similar to subterranean clover 

cv. Dalkeith (Hackney et al. 2013b; Loi 2016). 

2.6.3.1 Description 

Bladder clover is a semi-erect, aerial seeding legume (Loi et al. 2012) growing up to 500 

mm tall. It is distinguishable from other Trifolium species by its hairless leaves and pale 

pink flower heads (Hackney et al. 2013b). The seeds weigh approximately 2 mg/seed and 
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range from yellow to orange brown in colour (Hackney et al. 2013b; Loi 2016) equating 

to approximately 500 000 seeds/kg (Hackney et al. 2013b). 

2.6.3.2 Agronomic characteristics 

Bladder clover grows well in sandy-loam and clay-loam soils (Loi 2016), which are 

mildly acidic to alkaline (pHCa 5.2 to 8.5) (Nichols et al. 2006). It requires soils that are 

relatively fertile and is poorly adapted to saline soils and waterlogging (Loi 2016). Results 

from studies in southern and south-western NSW have shown bladder clover can be 

successfully grown in regions with long-term average rainfall ranging from 400 to 650 

mm (Hackney et al. 2013b), although in the Mediterranean type environment of WA it 

can also grow in areas receiving as little as 320 mm annual rainfall (Loi 2016). Its high 

initial hard seed levels of 95% (Loi et al. 2005) make it less susceptible to false breaks, 

whilst also making it well-suited to 1:1 pasture:crop rotations or as a component in long-

term pastures (Hackney et al. 2013b). However, seed softening patterns of bladder clover 

are higher, particularly compared to other second generation legumes such as biserrula, 

with only 57% hard seed at 180 d (Loi et al. 2005). Seed production of bladder clover is 

higher than many other annual legumes and the aerial seeding habit and relatively low 

shatter of seed heads enables it to be harvested with conventional cereal harvesters, 

lowering seed production costs (Loi et al. 2012). 

2.6.3.3 Nutritional value for livestock production 

Bladder clover can produce large amounts of herbage (biomass) in a range of 

agroecological zones. In southern WA, Loi et al. (2012) found bladder clover to produce 

similar herbage biomass to other annual legume species at two sites (Cunderdin and 

Mingenew) in the same year. However, at the Cunderdin site in a different year, bladder 

clover produced significantly more biomass than the other legumes, particularly gland 

clover and subterranean clover (Figure 2.7). 

In a well below average rainfall year in the south-western slopes of NSW Hackney et al. 

(2013b) reported significantly higher herbage production of bladder clover than 

subterranean clover. However, in an average rainfall year in central western NSW, 

bladder clover produced similar herbage production to subterranean clover, whilst at 

another site in southern NSW in the same year, bladder clover had approximately twice 

the herbage production (Table 2.7). 
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Figure 2.7 Herbage production of bladder clover (cv. Bartolo), biserrula (cv. Casbah), 
gland clover (cv. Prima) and subterranean clover (cv. Dalkeith) pasture at two locations 
(Cunderdin and Mingenew) in 1998 and Cunderdin in 2000 (adapted from Loi et al. 
2012). 

Table 2.7 Herbage biomass production of bladder clover (bladder) and subterranean 
clover (sub) pastures, in various locations, both as ungrazed and grazed. 

In a sheep grazing study, Norman et al. (2013) found herbage production of bladder 

clover from early spring to early summer period was superior to that of subterranean 

clover (Table 2.7). These studies show that bladder clover is able to produce high or 

sufficient pasture biomass in a number of agroecological zones and in variable climatic 

conditions with the potential for use as a conserved forage. 

Results from in vitro nutritive analyses from ungrazed pastures collected in southern 

NSW found similar ME (11-9.5 MJ/kg DM) for bladder clover and subterranean clover 

Pasture Cultivar Location Rainfall Biomass 
(kg DM/ha) Management Reference 

Bladder Bartolo Harden, NSW Below 
average 1900 Ungrazed Hackney et 

al. (2013b) 

Sub Seaton 
Park Harden, NSW Below 

average 600 Ungrazed  

Bladder Bartolo Greenethorpe, 
NSW 

Above 
average 3800 Ungrazed  

Sub Seaton 
Park 

Greenethorpe, 
NSW 

Above 
average 4100 Ungrazed  

Bladder  Bartolo Beckom, NSW Above 
average 3300 Ungrazed  

Sub Dalkeith Beckom, NSW Above 
average 1500 Ungrazed  

Bladder Bartolo Northam, WA - 2200 Grazed Norman et 
al. (2013) 

Sub Dalkeith Northam, WA - 1300 Grazed  
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cv. Seaton Park from mid-October to mid-November (Hackney et al. 2013b). CP content 

was lower (20-16%) but less variable across the season compared to subterranean clover 

pasture (28-12%), which declined more rapidly with the onset of senescence. The average 

DOMD was marginally higher in bladder clover pasture (67 vs 65%) over the same period 

(Hackney et al. 2013b). 

Conversely, Banik et al. (2013a) reported relatively similar DMD (77-82%), CP (19-

23%) and ME (12-13MJ/kg DM) of bladder clover compared to subterranean clover cv. 

Woogenellup and cv. Daliak 11 weeks after sowing. In a grazing study in southern WA, 

Norman et al. (2013) found bladder clover had consistently higher DMD than 

subterranean clover cv. Dalkeith, whilst CP content was similar between the species, 

except in late October, when the CP content of bladder clover were substantially greater. 

McGrath et al. (2015a) found that when grazed by sheep during mid-late spring, bladder 

clover had significantly lower average DOMD (57%) and CP content (15%) than lucerne 

cv. SARDI 10 (70% and 25%, respectively). 

2.6.3.4 Livestock production and health 

Merino wether lambs grazing bladder clover and subterranean clover cv. Dalkeith had 

similar LW gains and wool growth from early September to end of October; however, all 

lambs grazing subterranean clover had to be removed at this point due to the limited feed 

supply, whilst the lambs grazing bladder clover continued grazing for a further 24 d 

(Norman et al. 2013). McGrath et al. (2015a) found lambs grazing bladder clover had 

significantly lower LW gain in the mid-late spring period (15 Oct-2 Dec) than those 

grazing lucerne cv. SARDI 10 (average 8.4 kg vs 9.6 kg, respectively). However, lambs 

grazing the bladder clover gained significantly more weight than those grazing a lucerne 

and phalaris cv. Advanced AT mixed pasture (average 5.8 kg). The lower growth rates of 

those grazing bladder clover than lucerne was a result of the lower average DOMD of the 

bladder clover (57 vs 70%) as the pasture was reaching maturity. However, the average 

DOMD of the lucerne and phalaris mixed pasture (57%) was the same as for the bladder 

clover pasture and thus cannot explain differences in LW gain. A significantly lower 

dressing percentage and fat depth was recorded in lambs that had grazed bladder clover 

compared to lucerne pasture (De Brito et al. 2016). 

No studies have investigated LW change in cattle grazing bladder clover pastures. 

Hackney et al. (2013d) modelled growth rates of young British breed weaner cattle using 
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the GrazFeed® model (Table 2.4). In early spring ADG was similar to subterranean clover 

cv. Seaton Park and other second generation annual legumes. However, in early 

December the growth rates of cattle could not be predicted due to limited forage 

availability for sampling following senescence. 

No health disorders have been reported in sheep and cattle grazing bladder clover, 

although caution should be taken when introducing livestock to pure swards as it could 

cause bloat in livestock, as with most pure legume swards (Loi 2016). Whilst the 

phytoestrogens (Revell and Revell 2007) formononetin and genistein are present in low 

concentrations of 0.015% and 0.002%, respectively, these are lower than in subterranean 

clover cv. Dalkeith, and thus are unlikely to result in reproductive issues in grazing ewes 

(Loi 2016). 

2.6.4 French serradella 

French serradella, also commonly known as pink serradella, is an annual legume native 

to the Mediterranean region including the Iberian Peninsula, Atlantic Islands and central 

Europe. It was domesticated for agriculture and readily used as a fodder crop and green 

manure throughout Europe, primarily France, in the middle ages (Nutt et al. 2009) and 

has only been recently re-introduced to modern agriculture and used in Australian farming 

systems (Hackney et al. 2013c). It is closely related to other serradella species, including 

yellow serradella (Ornithopus compressus) (Nichols et al. 2012; Hackney et al. 2013c). 

The first commercially available cv. Cadiz was released in 1996 (Nichols et al. 2006), 

and was mostly grown in combination with hardseeded varieties of yellow serradella. 

Cadiz is a mid-maturing plant (125 d to flowering in Wagga Wagga, NSW), similar to 

subterranean clover cv. Seaton Park. Although well suited to one-year cropping rotations, 

Cadiz does not perform well in long term pastures due to being completely soft-seeded 

(Hackney et al. 2013c). Other cultivars were developed later and vary widely in their 

environmental adaptations, growth habits and levels of hard seed. These included soft-

seeded (0-5%) cv. Eliza, cv. Grasslands Koha and cv. Serratus; and moderate hardseeded 

(55%) cv. Erica and cv. Margurita (Hackney et al. 2013c). Both cv. Margurita and cv. 

Erica are mid maturing varieties (121 d to flowering in Wagga Wagga NSW; Hackney et 

al. 2013c) and were released for commercial use in 2003 (Nichols et al. 2006). The 

moderate hard seed levels of cv. Erica and cv. Margurita make them a useful addition to 

longer term pastures, particularly in livestock grazing systems (Dear et al. 2008). These 

two cultivars are the focus in this review. 
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2.6.4.1 Description 

French serradella is an indeterminate, multi-branched dense bushy plant with vine-like 

stems (runners) (Nutt et al. 2009) and fern-like leaflets that measure approximately 10 

mm long and 3 to 4 mm wide, similar to biserrula; although, it can be distinguished by its 

pointed, un-notched leaves (Dear et al. 2008). French serradella produces light pink 

flowers (De Lautour and Rumball 1986; Nutt et al. 2009) and leathery-like pods with 

constricted segments (Dear et al. 2008). The seeds are oblong in shape and measure 3 

mm x 1.5 mm in size (approximately 400 000 seeds/kg) and are yellow to red brown in 

colour depending on the variety (Dear et al. 2008; Hackney et al. 2013c). 

2.6.4.2 Agronomic characteristics 

French serradella grows well in soils with a pHCa 3.5 to 6.5. It grows in deep infertile sand 

through to clay loam soils, provided they are well drained (Nichols et al. 2006). It has 

been successfully grown in areas throughout southern Australia and northern NSW 

receiving between 375 mm to 800 mm annual rainfall (Hackney et al. 2013c). The deep 

tap root system can extend to depths of 1.8 m (Loi et al. 2005) and enables it to access 

moisture at greater depths than more shallow rooted legumes, and therefore provide green 

feed until late spring and early summer (Hackney et al. 2013c). The rapid root system 

development after germination enhances the ability of seedlings to survive until later 

autumn rainfall is received (in the event of a false break) unlike subterranean clover which 

may experience high seedling mortality under such conditions (Hackney 2013c). The 

hard seed level (55%) in cv. Margurita and cv. Erica make it more persistent than soft-

seeded varieties of French serradella and other species with lower hard seed levels (e.g., 

subterranean clover, as previously described) making it well suited to long term pastures 

and in 1:1 crop:pasture rotations (Hackney et al. 2013c). Its lower hard seed level and 

larger seed compared to other legumes may compromise seed survival post-ingestion by 

sheep (Loi 2017). The upright growth habit, segmentation of seed pods and retention of 

pods on the vine post-senescence means it can be harvested with a conventional harvester 

(Nutt and Loi 1999), which when coupled with its high seed production results in lower 

seed production costs (Loi et al. 2005). 

2.6.4.3 Nutritional value for livestock production 

French serradella is capable of herbage biomass production greater than or similar to 

traditional legumes, such as subterranean clover and other second generation pasture 
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legumes particularly in years with below average rainfall. In a below average rainfall year 

(350 mm to 450 mm) in low pH soil conditions in southern WA, cv. Cadiz (soft-seeded 

cultivar) produced between 5000-10 000 kg DM/ha compared to subterranean clover cv. 

Dalkeith that produced 6700 kg DM/ha in an ungrazed system (Loi et al. 2005). Trials in 

south-western and central western areas of NSW also found herbage production of cv. 

Margurita (1500-3500 kg DM/ha) in drought conditions to be consistently higher than 

subterranean clover cv. Seaton Park (500-2000 kg DM/ha). However, in years with well 

above average rainfall, both cv. Margurita and subterranean clover cv. Seaton Park 

performed similarly (10 000-11 500 kg DM/ha) (Hackney et al. 2013c). 

The nutritive value of French serradella forage is typically 70 to 80% in vitro DMD, 19 

to 25% CP and 10 to 12 MJ ME/kg DM (Banik et al. 2013a; Hackney et al. 2013c), which 

is similar to that of subterranean clover forage produced from early spring through to 

early summer (Hackney et al. 2013c). However, French serradella has the capacity to 

continue to produce green feed of high quality after subterranean clover senesces due to 

its indeterminate growth habit and deep root system (Hackney et al. 2013c). 

2.6.4.4 Livestock production and health 

Very few studies have evaluated production of sheep and cattle grazing French serradella 

pastures. McGrath et al. (2015a) found in that in mid-late spring the ADG of lambs after 

34 d grazing were significantly lower in those grazing cv. Margurita pasture 

(approximately 191 g/head.d) compared to those grazing lucerne cv. SARDI 10 pasture 

(approximately 255 g/head.d) but was similar to those grazing lucerne and phalaris cv. 

Advanced AT mix (approximately 194 g/head.d). The lower ADG of those grazing 

French serradella was attributed to the lower DOMD and CP content during this period, 

and in particular, the significant decline in both DOMD and CP content once the pasture 

began to senesce. 

Using the GrazFeed® model Hackney et al. (2013d) modelled growth rates of young 

British breed weaner cattle (Table 2.4). In early spring period The ADG of French 

serradella was similar to subterranean clover and other second generation annual legume 

species. However, cattle were predicted to decline in weight in late November, similar to 

subterranean clover pasture but would begin to increase in weight by late January due to 

later season growth (due to its indeterminate growth) resulting in an increase in both 

digestibility and CP content of the pasture. 
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There have been no reports of health disorders, notably bloat, in sheep or cattle grazing 

French serradella pastures (Loi 2017), although, as with all legume species, care should 

be taken when introducing animals to lush legume pastures. 

2.7. Conclusion 

Changes in climatic and soil conditions throughout the southern Australian mixed 

farming zone have placed pressure on livestock grazing systems. Such changes have 

meant that pasture legumes including the annual legume subterranean clover and the 

perennial legume lucerne have become less suited to areas throughout this region leading 

to poor pasture productivity and persistence, which has presented risks for the long-term 

profitability of livestock grazing systems. Rigorous agronomic assessments during both 

the initial breeding and developmental stages and also following their commercial release 

have shown second generation annual pasture legumes can produce high herbage biomass 

of high nutritive quality that is comparable or better than traditionally used species 

(notably subterranean clover). These qualities lend potential for these species to be 

utilised in livestock grazing systems throughout this region, and for forage conservation. 

However, few studies that have investigated comparative growth rates of sheep fed these 

legumes as grazed forages when grown under similar conditions. Nearly all studies 

merely compare the growth of lambs between a single second generation species and a 

commonly used traditional species (e.g., subterranean clover). Further, no studies have 

investigated the growth rates or wool production of sheep fed this suite of annual legumes 

as conserved forages under ad libitum feeding conditions. 

The introduction of new species may present a risk to livestock with the incidence of 

animal health disorders. Primary photosensitisation occurs in animals grazing biserrula 

dominant pastures. However, few studies have investigated mitigation strategies in a 

grazing system. No other health disorders (including the incidence of bloat) have been 

reported in livestock grazing the other second generation species of interest in this review. 

Further, no studies have investigated the adaptation of animals (and their associated 

rumen microbes) to these pastures. 

Strategically utilising these second generation legumes with other forage species in 

farming systems may help to maximise on-farm feed supply. Their high hard seed levels 

also make them more flexible and suitable to short pasture-crop rotations. They may also 

be strategically utilised at a sub-farm level in areas not suited to traditional species, 
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improving overall farm productivity. Thus, investigating the comparative performance of 

sheep fed this suite of second generation annual legumes in various forms (i.e. grazed and 

conserved) will provide producers with the opportunity to make informed decisions 

regarding the inclusion of such species into their farming systems. 
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CHAPTER 3: Lamb growth rates on second generation, 

hardseeded, annual legume pastures in late winter and spring 

3.1 Introduction 

Pasture legumes, including annual species subterranean clover and the perennial species 

lucerne have been the foundation of pasture-based grazing systems in the mixed farming 

zone of southern Australia since their introduction in the late 18th and early 19th centuries 

(McMaster and Walker 1970; Wolfe 2009). However, in recent years, feedback from 

industry consultation identified a perceived problem with the success of these legumes 

due to changes in climate, soil and increasing disease and pest pressure, which has 

reduced their persistence and productivity across this zone (Howieson et al. 2000; Loi et 

al. 2005). For traditional annual legumes, climatic changes resulted in more sporadic and 

unseasonal rainfall patterns increasing seedling loss via false breaks (summer-autumn) 

and depletion of the seed bank (Nichols et al. 2007; Hackney et al. 2013a). The shallow 

root system of traditional annual legumes reduces ability to access subsoil moisture in 

below average rainfall years (Loi et al. 2005) and capacity to set sufficient seed to 

replenish the seed bank for subsequent years regeneration (Hackney et al. 2013a). 

Increasing soil acidity has impacted survival and persistence of subterranean clover and 

its associated rhizobia (Nichols et al. 2007; Jenkins 2016). Increased pressure from 

insects and pasture diseases has also affected persistence (Loi et al. 2005; Nichols et al. 

2007). The perennial legume lucerne also has low tolerance to acidic (and saline) soils 

and the often associated high levels of aluminum (Wheeler and Dodd 1995), which occur 

frequently throughout southern Australia where pHCa is less than 5.0 (Latta et al. 2002). 

Such factors have significantly reduced the capacity of these pastures to regenerate 

(annuals) and/or persist in the longer term (annual and perennials) at sufficient legume 

density to support N fixation requirements to drive overall pasture and therefore livestock 

production (Puckridge and French 1983; Thomson 1998; Chapman and Asseng 2001). 

These challenges prompted the development of a second generation of annual pasture 

legumes to overcome issues relating to poor persistence and/or productivity of traditional 

legumes in order to maintain high pasture productivity and livestock production (Nichols 

et al. 2007). 

As a result of a number of Australian plant breeding programs, second generation 

legumes, including arrowleaf clover, bladder clover and biserrula were selected and 
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developed for use in farming systems. Traits considered essential in the development of 

second generation legumes included improved capacity to grow and produce seed under 

adverse and variable climatic conditions due to deeper root systems and higher hard seed 

levels, acid-tolerant symbioses, tolerance to common pasture pests and diseases (Loi et 

al. 2005; 2008) and ability to harvest with commercial cereal harvesters (Nutt and Loi 

1999; Loi et al. 2005; 2008).  Higher levels of hard seed that confer greater persistence 

also make them suitable for incorporation into cropping rotations (Ewing 1999; Loi et al. 

2005; Nichols et al. 2007). A number of studies undertaken during the initial breeding 

phase and following commercial release identified advantageous agronomic (including 

high biomass production) and herbage quality traits (e.g., Revell and Thomas 2004; Loi 

et al. 2008; Hackney et al. 2013a; 2013b; 2013d), which highlight their suitability for use 

in pasture-crop rotations in the mixed farming zone. However, studies which directly 

compare growth rates of sheep fed second generation legumes or traditional species under 

similar growing conditions are limited, and most only compare to subterranean clover 

(e.g., Thompson et al. 2010; Norman et al. 2013). The ability of lucerne to tolerate 

seasonal climatic variability as a consequence of its deep root system has resulted in 

significant increases in its use in pastures as a monoculture or in mixed pastures 

throughout the mixed farming zone (Crawford and Macfarlane 1995; Latta et al. 2002). 

Thus, lucerne may be considered a more valid contemporary comparison as a standard 

pasture. Further, the deep root system of lucerne may be considered a more valid 

comparison to later season and/or deep rooted second generation annual legumes such as 

biserrula (which is both deep rooted and indeterminate in growth; Hackney et al. 2013a) 

and arrowleaf clover (Loi et al. 2005), particularly the later maturing cv. Arrotas. Pastures 

that can maintain quality for extended periods of time in terms of their digestibility and 

protein content and high biomass production, have the potential to support higher LW 

gain. 

In this chapter, findings from two grazing experiments undertaken over late winter-early 

spring and spring of 2015 are presented. The aim of the experiments was to assess the 

growth rates of lambs grazing monoculture pastures of arrowleaf clover, bladder clover 

and biserrula compared to commonly used lucerne and a mixed pasture of lucerne + 

phalaris. 
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3.2 Materials and Methods 

The two grazing experiments were undertaken at the Charles Sturt University (CSU) 

Farm, Wagga Wagga, NSW (35˚5’S, 147˚35’E) under the CSU Animal Care and Ethics 

(ACEC) Protocol Number 15/053. 

3.2.1 Experimental plots 

The grazing trial site encompassed 15 plots of 0.4 ha in size sown to either arrowleaf 

clover, biserrula, bladder clover, lucerne or lucerne + phalaris pastures. A further 3.2 ha 

surrounding the site included laneways on the eastern and western aspect and centrally 

that allowed sheep to be moved to and from yards. Plots were arranged in a randomised 

complete block design structure, including three plots (replicates) per pasture type (Figure 

3.1). 

Figure 3.1. Layout of the 2015 grazing trial site at the Charles Sturt University farm, 
Wagga Wagga NSW. 

The sowing dates, sowing rates, inoculant group and cultivars used along with the soil 

test results for the various pasture plots are shown in Table 3.1.  
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Table 3.1 Sowing dates, sowing rates, cultivars used and soil tests (0-100 mm depth) for 
arrowleaf clover (AC), biserrula (B), bladder clover (BC), lucerne (L) and lucerne + 
phalaris (LP) pastures at Charles Sturt University farm, Wagga Wagga NSW. 

 AC B BC L LP 
Sowing date 8-10 April 

20141 
9 April 2015 8-10 April 

20141 
8-10 April 

20141 
8-10 April 

20141 

Regenerating/ 
established stand 

Yes No Yes Yes Yes 

Sowing rate  35 kg/ha 70 kg/ha 35 kg/ha 35 kg/ha 35 kg/ha2 

Inoculant (Group) C BS C AL AL 
Cultivar Arrotas3 Casbah Bartolo SARDI 10 SARDI 10 

(lucerne) 
Advanced 

AT 
(phalaris) 

Soil test4      
   pHCa 5.2 4.8 5.0 5.0 4.9 
   Available P5 (mg/kg) 33 26 25 28 32 
   PBI6 105 132 115 123 152 
   Critical P7 (mg/kg) 33 36 35 35 37 
   S (KCl-40)8 (mg/kg) 6.5 7.3 5.4 6.0 6.8 
   CEC9 (meq/100 g) (%) 10.3 11.3 12.1 12.7 13.6 

1Following a one year grazing experiment undertaken in spring 2014 (McGrath et al. 2015a) 
2Sown at a 1:1 ratio 
3Sown in combination with chicory (Cichorium intybus L.) cv. Choice in 2014, at the same sowing rate as 
AC.  
4Soil tests taken in autumn 2015 from 0-100 mm depth; 5Available phosphorus (Colwell extraction); 

6Phosphorus buffering index; 7Critical phosphorus (Colwell) as calculated from PBI – the soil test value 
predicted to produce 95% maximum yield; 8Sulphur (KCL-40 extraction); 9Cation exchange capacity. 

The high sowing rates of the pastures in 2014 ensured a vigorous established pasture with 

increased competition against weeds, whilst the high sowing rates of the biserrula pasture 

in 2015 was used to mimic a regenerating pasture stand (Loi et al. 1999) to enable 

comparison with the first year regenerating arrowleaf clover and bladder clover pastures. 

Soil at the experimental site was sampled (0-100 mm depth) by a third party in autumn 

2015. Twenty cores (using a core sampler) were taken from each plot and bulked together 

by pasture type. A 500 g subsample was taken and dried at 80C for 24 h. Analysis was 

carried out on the dried samples at the Nutrient Advantage Laboratory (Werribee, 

Victoria). Soil pHCa was moderately to strongly acidic for all pastures. This is typical of 

many mixed farming soils in the south-west slopes of NSW (Hackney et al. 2017). All 

soils were moderately buffered as indicated by PBI (Gourley et al. 2007) and CEC 

(Sumner and Miller 1996). 

The long-term average (LTA) monthly rainfall and temperature range recorded at North 

Wagga Wagga (Agricultural Institute weather station, 35.10ºS, 147.38ºE, number 73127), 

1.5 km from the trial site, together with the average rainfall and temperature recorded 

over 2015 is shown in Figure 3.2. 
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Figure 3.2 Long-term average (LTA) monthly climatic data (years 1975-2015) for the 
North Wagga Wagga region, NSW (35.10ºS, 147.38ºE) together with average rainfall and 
maximum and minimum temperature recorded over 2015 (Adapted from Bureau of 
Meteorology, Australian Government). 

3.2.1.1 Experiment 1: Late winter-early spring 2015 

The site was mown (Iseski SF Front Mower, AGCO Australia) in mid-February 2015 to 

breakdown the bulk of annual grasses, notably witchgrass (Panicum capillare L.), that 

had accumulated over the summer period, allowing the germination and emergence of 

annual legumes following opening autumn rainfall. The arrowleaf clover, biserrula and 

bladder clover plots were sprayed on 20 July 2015 with haloxyfop 520 EC (520 g/L) to 

remove annual grasses, predominately barley grass. The arrowleaf clover pasture was also 

sprayed with MCPA (750 g/L) and pyraflufenethyl (20 g/L) on 23 June 2015 to remove 

the chicory. The removal of the chicory allowed direct comparisons to be made between 

the various legume pastures. The biserrula plots had a small proportion (less than 1% of 

total pasture composition) of volunteer forage brassica (Brassica napus L.) that had been 

sown the previous year (McGrath et al. 2015a) and did not warrant herbicide control. 

Although sprayed, annual grasses and volunteer chicory and forage brassica were 

included in botanal and total FOO assessments as there was no guarantee that animals 

would not consume the dead/dying material in these plots. 

Grazing commenced on 10 August and concluded on 18 September 2015. Over the 

experimental period the total rainfall was 89.9 mm and the average temperature ranged 
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from 4.9-15.8˚C. Total rainfall in August was double, whilst September was half the LTA. 

Minimum temperature in September was below the LTA (Figure 3.2). 

3.2.1.2 Experiment 2: Spring 2015 

The site was managed as per Experiment 1. Botrytis cinerea infection, which affected 

pasture quality and growth was controlled in biserrula Replicate 1 by application of 

Mancozeb 750 DF (750 g/kg) on the 24 October 2015. The application of the chemical 

ceased the grazing of lambs on this plot due to the restrictions imposed by the withholding 

period on the chemical label stating no grazing of livestock following treatment. 

Grazing commenced on the 29 September and concluded on the 11 November 2015. Over 

the experimental period the total rainfall was 90.0 mm and the average daily temperatures 

ranged from 12.1-26.6˚C. Total rainfall in September and October was 50% and 20% of 

the LTA respectively, whilst November was double LTA. Minimum and maximum 

temperature in October and November were higher than the LTA (Figure 3.2). 

3.2.2 Animal management 

Animals were drenched with an anthelmintic (Q-Drench: Abamectin 1 g/L, Albendazole 

25 g/L, Closantel 37.5 g/L and Levamisole hydrochloride 40 g/L, Jurox Pty Ltd, 

Rutherford, Australia) and vaccinated against clostridial diseases (Glanvac 6 vaccine, 

Zoetis Australia, Silverwater, Australia) a day prior to the commencement of each 

experimental period. 

Faecal samples were taken at the start and end of Experiment 2 to determine 

gastrointestinal worm burden (eggs per gram of faeces; epg). Faecal samples were taken 

at the start (no faecal worm eggs present) of Experiment 1, but not at the end due to the 

limited time the animals spent on the pastures (data not reported). Four ‘core’ lambs per 

plot (maintained on plots at all times) were randomly selected (n = 2 lambs/breed.plot) 

during the initial randomisation in Experiment 2 for sampling of faeces and ruminal fluid. 

Faecal grab samples were taken from ‘core’ animals within 4 h post-yarding (upon being 

yarded for overnight fasting). Approximately 3 g of faeces was taken per sheep and placed 

into a snap lock bag and stored directly on ice before being refrigerated at 4°C where they 

were held in storage for no more than 4 d prior to faecal worm egg counting. The four 

samples/plot were bulked by taking an equal mass of faeces and combining it to make 

one composite sample representative of the plot. The sample was thoroughly mixed and 
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prepared for faecal worm egg counting using the McMaster egg-counting technique 

(Whitlock 1948). 

3.2.3 Animal and pasture data 

Merino wether and cross-bred (XB; White Suffolk x first cross Merino x White Suffolk) 

wether and ewe lambs were used. All lambs grazed a native-improved pasture for a 

minimum of 4 d prior to each grazing experiment. The day prior to the commencement 

of each grazing experiment, lambs were weighed using electronic scales (manual 3-way 

drafting weigh crate, Prattley Industries Ltd.; Ruddweigh 700, Gallagher Australia) 

following an overnight fasting period (17 h; 1500 to 0800 h) and their BCS assessed 

(Jefferies 1961). Half increments were used for animals with intermediate BCS. Lambs 

were stratified and allocated to blocks based on breed, sex, and LW, and randomly 

assigned to each of the pasture plots in a randomised complete block design structure, 

using the Agricolae package (de Mendiburu 2016) in the statistical program R (R Core 

Team 2016). This method ensured an even distribution of breed, sex, and LW across the 

pasture plots. 

The fasted LW and BCS of the lambs were recorded at the start and end of each 

experimental period and at various times in between. In Experiment 1 weighing and BCS 

assessment occurred at 28, 33 and 39 d after the commencement of grazing. In 

Experiment 2 weighing and BCS assessment occurred at 9, 15, 23, 30, 36 and 44 d after 

the commencement of grazing. Weighing and BCS assessment occurred more frequently 

in Experiment 2 as it was anticipated that the pastures would be more variable in their 

maturity (and thus quality) which was likely to have a greater influence on lamb growth. 

The scales were calibrated with a known weight between weighing animals from each 

respective plot. 

Animals grazing on biserrula were assessed every 2-3 d for signs of primary 

photosensitisation. The ears, eyes, nose, face and body of individual animals were 

individually scored from zero to five (Quinn et al. 2018). A score of zero indicated 

normal, one to two indicated mild signs, three to four indicated moderate signs, and a 

score of five indicated severe signs of photosensitisation. Scores from individual features 

(eyes, ears, nose, face and/or body) were summed together. Animals displaying a 

combined score from all features of six or greater were removed from the experiment on 

the basis of animal welfare concerns. 
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Feed on offer (Haydock and Shaw 1975), botanical composition (botanal; Mannetje and 

Haydock 1963), and nutritive assessments via pasture pluck sampling (Langlands 1974) 

were measured either fortnightly (Experiment 1) or weekly (Experiment 2). Ten 

calibration cuts (cuts that represented the FOO across each pasture) were taken using a 

0.1 m2 quadrant and electric hand clippers, harvested to ground level. Concurrently, 45 

calibrated visual assessments were taken (scored one to 10) for each plot using the same 

sized quadrant by walking along three fixed transects within plots. Botanical composition 

was determined via botanal at the same time as visual assessments of FOO using the same 

quadrant and number of assessments. The proportion of green matter was determined by 

hand-sorting the calibration cuts into green and dead portions. Each sorted calibration cut 

for FOO was dried at 80C until they reached a constant dry weight for subsequent 

determination of the proportion of green matter and the total herbage mass on a DM basis. 

Regression was used to estimate relative herbage mass (kg DM/ha) from the calibration 

quadrant cuts for both herbage mass and the proportion of green matter. All possible 

regressions were tested; however, both linear and quadratic regressions generally 

presented the greatest R2 values and so were used for all sets of data. The regression 

equations were then used to estimate total FOO and green FOO. 

For assessment of nutritive value of pastures, 30 small samples (plucks) were taken every 

6-6.5 m (eight strides) along the three fixed transects across each plot. This technique 

limited bias; however, nutritive value of the pastures was an estimated representation of 

the diet selected by the experimental sheep, especially those grazing the lucerne + phalaris 

pasture which was more difficult to simulate. The samples were weighed, and dried in an 

air-forced dehydrator at 80C until constant dry weight to determine DM content. The 

samples were further processed for nutritive analyses by being firstly ground through a 4 

mm screen and then a 1 mm screen (Perten, 3100 Laboratory Mill). 

Samples were analysed for ash, CP, ME, in vitro DMD, DOMD and water soluble 

carbohydrates (WSC) with NIRS (Bruker multi-purpose NIR analyser, MPA, Bruker 

Optik GmbH, Ettlingen, Germany) and OPUS software (version 7.5), using calibrations 

developed by the NSW Department of Primary Industries (DPI) Feed Quality Service, as 

described by Packer et al. (2011). Following NIRS analyses, samples that gave spectra 

outside of the normal spectra range (based on the calibrations) underwent further 

laboratory wet chemistry analyses as described by AFIA (2014) to ensure accurate forage 

quality results were obtained. Metabolisable energy was estimated using the following 

equation: 
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ME (MJ/kg DM) = 0.203 x DOMD – 3.001 (AFIA 2014) 

3.2.3.1 Experiment 1: Late winter-early spring 2015 

The Merino and XB lambs were aged 10 months and 7 months, respectively. Starting 

weight and BCS of the Merino lambs were 29.2 ± 0.18 kg and 2.7 ± 0.02, respectively. 

Starting weight and BCS for the XB lambs were 33.8 ± 0.17 kg and 3.9 ± 0.01, 

respectively. All plots were stocked equally at 30 sheep/ha (n = 12 sheep; n = 6 

sheep/genotype; n = 3 lambs/sex for the XB lambs). Animals were removed from pastures 

as FOO became limiting (< 2000 kg DM/ha green FOO) or due to severe primary 

photosensitisation in those lambs grazing biserrula (Table 3.2). 

Table 3.2 Removal of lambs from pastures in Experiment 1 (Late winter-early spring) 
due to limiting green FOO (less than 2000 kg DM/ha) or severe primary 
photosensitisation in lambs grazing biserrula pastures. 

1Removed due to FOO limitation 
2Some lambs removed from biserrula earlier due to severe incidence of primary photosensitisation (see 
Sections 3.2.3 and 3.2.3.1) 

3.2.3.2 Experiment 2: Spring 2015 

The same Merino and XB lambs were used in this experiment as in Experiment 1, 

although all lambs were re-randomised to the various pastures types to avoid bias. The 

average start weight and BCS of the Merino lambs were 38.1 ± 0.13 kg and 3.1 ± 0.01, 

respectively. The average start weight and BCS for the XB lambs were 43.8 ± 0.11 kg 

and 4.4 ± 0.01, respectively. 

The plots were managed for seed set to enable pasture regeneration for the grazing 

experiment undertaken in the following year (Chapter 4). Stocking rates varied as the 

annual pastures reached seeding and senescence, to enable adequate seed set. Visual 

assessments were used to assess stage of plant maturity. The total FOO and green FOO 

were also used to manage stocking rates with the aim of maintaining total FOO above 

2000 kg DM/ha and green FOO above 1000 kg DM/ha. However, as the annual pasture 

legumes progressed toward senescence, stage of plant maturity became the more 

Pasture All animals removed  
(days from commencement) All animals removed (date) 

Arrowleaf clover1 28 7 Sep 
Biserrula2 28 7 Sep 
Bladder clover1 33 12 Sep 
Lucerne 39 18 Sep 
Lucerne + phalaris 39 18 Sep 
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important determinant of stocking rate. The four ‘core’ animals were maintained on plots 

at all times. 

Ruminal fluid samples were collected across three discrete days over the experimental 

period including prior to the introduction of animals to the pastures at the commencement 

of the experiment (29 Sep), 16 d grazing (14 Oct), and 37 d grazing (4 Nov). The samples 

taken at 16 d and 37 d grazing represented different stages of pasture growth. 

Approximately 50 mL of ruminal fluid was collected from the ‘core’ animals using a 

stomach tube, which passed over the tongue and down the oesophagus into the rumen. If 

the sample was visually contaminated with saliva, the sample was discarded and another 

was taken. The sample was separated into two containers, one for VFA analyses and one 

containing three drops of 32% concentrated HCl for subsequent analyses of NH3-N 

concentration. All samples were stored directly on ice before being stored at -18˚C. 

Ruminal NH3-N concentrations were analysed using a Flow Injection Analyser 

Spectroscopy (Lachat 8000 series FIA) which analysed a 1:50 dilution of ruminal fluid 

to 0.1 M HCl. This method was adapted from Lachat (2012), using ammonia chloride as 

the standard. All results were reported in mg NH3-N/L. 

For the determination of VFA concentrations and molar proportions the ruminal fluid 

samples were centrifuged at 3000 g for 10 min, and then 100 L of supernatant from the 

centrifuged ruminal fluid was transferred to a 1.5 mL Eppendorf tube containing 900 L 

of VFA reagent (1% formic acid, 1% orthophosphoric acid and 184 ppm of the internal 

standard 4-methylvaleric acid). This was then centrifuged for 5 min at 10 000 rpm and 

800 L was taken and dispensed into a gas chromatograph (GC) vial. 

Ruminal VFA concentrations and molar proportions were determined using an Agilent 

6890N GC fitted with an autosampler and autoinjector. The method used a wide bore 

capillary column (SGE BP21 column; 12 mm x 0.53 mm internal diameter and 0.5 µm 

film thickness, SGE International, Ringwood, VIC, Australia, P/N 054473). For the GC 

analysis, the carrier gas was helium with a total flow rate of 43.1 mL/min, a split ratio of 

5:1, and a column flow rate of 6.8 mL/min with an average velocity of 550 mm/sec. The 

inlet temperature was 155C and the inlet pressure was 19 kPa.  A 2 L injection sample 

was taken at time zero. The temperature of the oven was set at 80˚C for 2 min, increasing 

6˚C/min to 122˚C, 12˚C/min to 144˚C, followed by an increase of 40˚C/min to 180˚C. 

The oven was held at 180˚C for 2 min before increasing 40˚C/min to 220˚C, at which it 
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was maintained for 5 min to give a total run time of approximately 20 min. The flame 

ionisation detector temperature was set at 200˚C with the following gas flow rates: 

hydrogen, 35 mL/min, instrument air, 350 mL/min and N make-up gas, 25 mL/min. 

The VFA peaks of each sample were identified by comparing their retention times with 

those of a set of standards with known concentrations of VFA (Sigma Aldrich) and 

quantified using Agilent OpenLab (ChemStation A01.03) and Microsoft Excel using 4-

methlyvaleric acid as the internal standard. All results were reported as ppm and 

converted to mmol/L for final analyses. The ratios of A:P and propionic: acetic plus two 

times butyric acid (P:(A + 2x B)) were also calculated from molar concentrations. 

3.2.4 Calculations 

Both (1) total grazing days/ha and (2) total animal production/ha were calculated using 

the following formulas: 

(1) Total grazing days/ha = sheep/ha (weekly) x number of days spent grazing 

(2) Total animal production/ha (kg LW gain/ha) = (weekly sheep per ha x weekly 

lamb average daily LW change) x number of days spent grazing 

Both total grazing days/ha and total animal production/ha accumulated on a weekly basis 

in each experiment by adding either the total grazing days/ha or total animal 

production/ha from the previous week(s). 

3.2.5 Statistical analyses 

All analyses were carried out using ASReml-R version 3.0/64 (Butler 2009; VSN 

International Ltd., United Kingdom; Butler et al. 2007). In preliminary analyses, the 

model assumptions were tested for normal distribution of the residuals. A natural 

logarithmic scale was applied to the DM content (DM %) data in Experiment 2 that did 

not meet model assumptions for normality using the following transformation: 

Response = ln (response) 

A back-transformation was applied to the predicted values of these data, which was 

presented (in the results) as the predicted means. The standard error (S.E.) values of log 

transformed data were not back-transformed. The back-transformed data can thus only be 

considered as approximate values and should be interpreted accordingly. No other data 
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were log transformed. The model assumption of constant variance of the residuals was 

also tested. A weighted analysis was applied to data that displayed heteroscedasticity, as 

specified in the results section. 

A linear mixed model using restricted maximum likelihood (REML) was used to test all 

response variables. The significance level for all analyses was set at P < 0.05. All results 

were reported as predicted means ± S.E. of the predicted means, when appropriate. 

Tukey’s pairwise comparison with a confidence level of 5% was used to differentiate 

between the pastures for each of the parameters tested, including log transformed data. 

Botanal data for Experiment 2 were analysed using the cubic smoothing spline technique 

of Verbyla et al. (1999) that was fitted on the date. This was not applied to the botanal 

data in Experiment 1 due to the limited number of sampling periods (fortnightly 

sampling).  

The models used to analyse the data including main effects, covariates, and random 

effects are shown in Table 3.3. The terms ‘replicate’ refers to the plot replicate, ‘sheep 

block’ refers to the blocking factor when sheep were allocated to plots based on a 

stratified LW range, and ‘sampling time’ refers to the day that ruminal fluid samples were 

taken (16 or 37 d grazing).  

 Table 3.3 Statistical models used to analyse data from Experiment 1 (Late winter-early 
spring 2015) and Experiment 2 (Spring 2015). 

1DM content (%) analysis undertaken on natural logarithmic (ln) scale. 

Response variable Model 
Total and green FOO (Experiments 1 and 2) 

Response = pasture + date + pasture:date, random 
= replicate + plot 

Stocking density (Experiments 1 and 2) 
Botanical composition (all species; Experiment 1) 
Nutritive value 
   DM% (Experiment 2)1 

   DOMD% (Experiments 1 and 2) 
   ME (MJ/kg DM; Experiments 1 and 2) 
   CP% (Experiment 1 and 2) 
   WSC% (Experiments 1 and 2) 
   DM% (Experiment 1) Response = pasture + date, random = replicate + 

plot 
Botanical composition (Experiment 2) 

Response = pasture + spline(date) + 
pasture:spline(date), random = replicate + plot 

   Sown legume species 
   Sown species 2 
   Broadleaf weeds 
   Annual grasses Response = pasture + spline(date), random = 

replicate + plot 
Total grazing days/ha (Experiments 1 and 2) Response = pasture, random = replicate 
Liveweight (Experiments 1 and 2) Response = start weight + pasture + date + breed + 

pasture:date + date:breed, random = sheep ID + 
sheep block + replicate + plot 
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Table 3.3 (continued) 
Response variable Model 
Average daily LW change (Experiment 1), and 
BCS (Experiment 1) 

Response = pasture + date + breed + pasture:date + 
date:breed, random = sheep ID + sheep block + 
replicate + plot 

Average daily LW change (Experiment 2) Response = pasture + date + breed + pasture:date, 
random = sheep ID + sheep block + replicate + plot 

BCS (Experiment 2) Response = pasture + date + breed + pasture:date + 
pasture:breed + date:breed + pasture:date:breed, 
random = sheep ID + sheep block + replicate + plot 

Total animal production/ha (Experiment 1) Response = pasture + date, random = replicate + plot 
Total animal production/ha (Experiment 2) Response = pasture + date + pasture:date, random = 

replicate + plot 
Ruminal fluid parameters (Experiment 2) 

Response = pasture + time + pasture:sampling time, 
random = sheep ID + replicate + plot 

   NH3-N concentrations 
   Total VFA concentrations 
   Butyric acid% 
   Iso-butyric acid% 
   Iso-valeric acid% 
   Valeric acid% 
   Hexanoic acid% 
   A:P ratio 

Response = pasture + time + pasture:sampling time, 
random = sheep ID + replicate + plot 

   P:(A + 2x B) ratio 
   Acetic acid% 
   Propionic acid% 
   Heptanoic acid % 

 

3.3 Results 

3.3.1 Forage availability 

3.3.1.1 Experiment 1: Late winter-early spring 2015 

Only the lucerne and lucerne + phalaris pastures were grazed continuously throughout the 

experiment. The bladder clover pasture was included at the 34 d sampling time as the 

lambs were removed from this pasture only one-day prior. 

The interaction between pasture and date was significant (P < 0.001) for total FOO and 

green FOO (Table 3.4). There was no difference (P > 0.05) in total FOO or green FOO 

between the pastures at -1 d grazing. However, 99-100% of total FOO was green (green 

FOO) for the arrowleaf clover, biserrula and bladder clover pastures, whilst the lucerne 

and lucerne + phalaris pastures contained 80-84% green FOO. By 20 d grazing the 

arrowleaf clover had declined (P < 0.001) in total FOO below 700 kg DM/ha (much less 

for green FOO), and was lower (P < 0.001) than all other pastures. At 20 d grazing, the 

total FOO of the lucerne + phalaris pasture was higher (P < 0.001) than all annual legume 

pastures, whilst green FOO was similar (P > 0.05) to all other pastures (with the exception 

of arrowleaf clover). At 34 d grazing there was no difference (P > 0. 05) in total FOO or 
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green FOO between the bladder clover, lucerne and lucerne + phalaris pastures but the 

green FOO of the bladder clover and lucerne + phalaris pastures was < 2000 kg DM/ha. 

3.3.2.2 Experiment 2: Spring 2015 

Total FOO and green FOO were analysed using a weighted analysis due to the 

heteroscedasticity of the residuals. The interaction between pasture and date was 

significant (P < 0.001) for total FOO and green FOO, as was the effect of pasture (P < 

0.001) (Table 3.4). Lucerne steadily declined in total FOO and green FOO over the 

experiment. Conversely, from -1 d to 14 d grazing the biserrula and bladder clover 

pastures showed a rapid increase (P < 0.001) in total FOO and green FOO (Table 3.4) 

with flower heads or seed pods respectively, increasing in contribution to total DM over 

the experiment. Seed heads or green pods respectively, were also included in green FOO 

(and not analysed separately). The total FOO of the biserrula and bladder clover pastures 

plateaued (P > 0.05) from 21 d to 42 d grazing. However, the green FOO declined (P < 

0.001) from 28 d to 42 d grazing. Bladder clover had no green FOO remaining by 42 d 

grazing as the pasture had senesced (Table 3.5). Arrowleaf clover maintained a consistent 

(P > 0.05) total FOO and green FOO from -1 d to 28 d grazing; however, at 35 d grazing 

both the total FOO and green FOO of this pasture increased (P < 0.001) with the onset of 

flowering (Tables 3.4 and 3.5). From 8 d grazing, the total FOO and green FOO of the 

lucerne + phalaris pasture progressively declined. From 14 d to 42 d grazing, green FOO 

of lucerne + phalaris declined significantly (P < 0.001), whilst the decline in total FOO 

was gradual and did not vary (P > 0.05) from 21 d to 42 d grazing. By 42 d grazing green 

FOO of the lucerne + phalaris pasture made up 35% of the total FOO, whilst the green 

FOO of the arrowleaf clover and lucerne pastures made up 100% and 96% of the total 

FOO, respectively. 
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Table 3.4 Predicted mean (± S.E.) total feed on offer (FOO) and green FOO of arrowleaf clover (AC), biserrula (B), bladder clover (BC), lucerne (L) 
and lucerne + phalaris (LP) pastures grazed in their vegetative state in Experiment 1 (Late-winter early spring 2015) and vegetative and/or maturing state 
in Experiment 2 (Spring 2015) at Wagga Wagga NSW.  

  

 
Days from 

start 
Pasture P-value 

AC B BC L LP Pasture Date P:D1 

Experiment 1 (Late winter-early spring 2015)          
Total FOO (kg DM/ha)       0.12 0.07 < 0.001 
Weekly          
S.E.2 = 395.6          

   9 Aug  -1 3255 3499 1993 2394 2427    
   29 Aug  20 671 1972 2049 2927 3226    
   12 Sep  34 - - 2205 2685 2262    
Green FOO (kg DM/ha)       0.17 0.01 < 0.001 
Weekly          
S.E. = 364.6          
   9 Aug -1 3255 3499 1969 1991 1938    
   29 Aug 20 509 1972 2049 2437 2613    
   12 Sep 34 - - 1841 2156 1900    
Experiment 2 (Spring 2015)          
Total FOO (kg DM/ha)       < 0.001 < 0.001 < 0.001 
Average  3661b 5249c 4486bc 2735a 4283b    
S.E. = 242.1          
Weekly          
S.E. = 332.8          
   28 Sep -1 2594 2519 3265 2819 4006    
   6 Oct 8 3437 4897 4647 3695 7633    
   12 Oct 14 3615 5896 5342 3384 5389    
   19 Oct 21 3600 5656 4687 2941 3623    
   26 Oct 28 3381 6373 4263 2442 3774    
   2 Nov 35 4982 5602 4693 2173 2855    
   9 Nov 42 4020 5801 4506 1819 2703    



 

 68 

Table 3.4 (continued) 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 0.05) between pastures. 
Superscripts for comparisons of the interaction between pasture and date are not presented due to the complexity of the Tukey’s pairwise comparisons. 

1Level of significance for the interaction between pasture (P) and date (D). 

2Standard error of the predicted means. 

Table 3.5 Stage of plant maturity and pod and seed development in arrowleaf (AC), biserrula (B), bladder clover (BC), lucerne (L) and lucerne + phalaris 
(LP) pastures during Experiment 2 (Spring 2015) at Wagga Wagga NSW based on visual assessments. 

1Maturity (M); 2 Pod (P)/seed (S) development (biserrula pods varying from green to brown as they mature towards senesce) 

 
Days from 

start 
Pasture P-value 

AC B BC L LP Pasture Date P:D1 

Experiment 2 (Spring 2015)          
Green FOO (kg DM/ha)       < 0.001 < 0.001 < 0.001 
Average  3206b 4016c 2713ab 2435a 2946ab    
S.E.2 = 174.6          
Weekly          
S.E. = 253.6          
   28 Sep -1 2016 2215 2488 2518 3243    
   6 Oct 8 2689 4099 3428 3163 5999    
   12 Oct 14 3322 5386 4872 3014 4340    
   19 Oct 21 3238 5072 4432 2672 2624    
   26 Oct 28 2511 4972 2660 2005 2260    
   2 Nov 35 4643 3518 1107 1926 1208    
   9 Nov 42 4020 2851 0 1748 947    

Date Days from start AC B BC L LP 
M1 P/S2 M P/S M P/S M P/S M P/S 

28 Sep -1 vegetative - flowering - early flower - vegetative - vegetative - 
6 Oct 8 vegetative - flowering - flowering - vegetative - vegetative - 
12 Oct 14 vegetative - full flower green full flower - vegetative - vegetative - 
19 Oct 21 vegetative - full flower green full flower set seed vegetative - vegetative - 
26 Oct 28 vegetative - late flower brown senescing set seed vegetative - vegetative - 
2 Nov 35 early flower - senescing brown senesced set seed vegetative - vegetative - 
9 Nov 42 flowering - re-flower brown senesced set seed vegetative - vegetative - 
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3.3.2 Botanical composition 

3.3.2.1 Experiment 1: Late winter-early spring 2015 

The interaction between pasture and date was significant (P < 0.05) in the model for 

herbage biomass of sown legume, sown species 2, annual grasses, and broadleaf weeds 

(Table 3.6). At -1 d grazing the legume monoculture pastures did not vary (P > 0.05) to 

one another in herbage biomass of sown legume, but biserrula had greater herbage 

biomass of sown legume than the lucerne + phalaris pasture, which did not differ (P > 

0.05) to the other legume monocultures. At -1 d grazing the lucerne + phalaris pasture 

had higher (P < 0.001) sown species 2 (phalaris) than either the arrowleaf clover 

(volunteer chicory) or biserrula (volunteer forage brassica) pastures, which did not differ 

(P > 0.05) to one another. The phalaris (sown species 2) in the lucerne + phalaris pasture 

made up 67% of the total herbage biomass at this point in time, which was representative 

of a phalaris dominant pasture. The higher herbage biomass of phalaris in the lucerne + 

phalaris pasture was maintained throughout the experimental period. At -1 d grazing, 

herbage biomass of annual grasses was higher (P < 0.001) in the arrowleaf clover pasture 

than the biserrula, bladder clover and lucerne + phalaris pastures, but did not differ (P > 

0.05) to the lucerne pasture. 

At 20 d grazing, herbage biomass of sown legume in the arrowleaf clover pasture had 

declined (P < 0.001) and was lower than the other legume monoculture pastures. The 

herbage biomass of volunteer chicory (sown species 2) and annual grasses also declined 

(P < 0.001) in the arrowleaf clover pasture at this time. At 20 d grazing, the herbage 

biomass of broadleaf weeds decreased (P < 0.001) in the biserrula pasture. The biserrula, 

bladder clover, and lucerne pastures had similar (P > 0.05) herbage biomass of sown 

legume at 20 d grazing. At 34 d grazing, the herbage biomass of sown legume was similar 

(P > 0.05) between the lucerne and bladder clover pastures. 
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Table 3.6 Predicted mean (± S.E.) herbage biomass of various pasture functional groups in arrowleaf clover (AC), biserrula (B), bladder clover (BC), 
lucerne (L) and lucerne + phalaris (LP) pastures in Experiment 1 (Late winter-early spring 2015) at Wagga Wagga NSW.  

Superscripts for comparisons of the interaction between pasture and date for the various pasture functional groups are not presented due to the complexity of the Tukey’s pairwise 
comparisons. 
1Level of significance for the interaction between pasture (P) and date (D). 
2Standard error of the predicted means.  
3Sown species 2 (phalaris in lucerne + phalaris pasture or volunteer chicory in arrowleaf clover pasture or volunteer forage brassica in biserrula pasture). 
4Annual grasses including Hordeum leporinum, Vulpia myuros and Poa annua. 
5Broadleaf weeds including Rumex spp., Stellaria media, Arctotheca calendula, Silybum spp., Urtica urens and Conyza bonariensis.

 
Days  

from start 
Pasture P-value 

AC B BC L LP Pasture Date P:D1 

Sown legume species (kg DM/ha)       < 0.001 0.22 0.02 
S.E.2 = 284.0          
   9 Aug -1 1673 2919 1594 1959 665    
   29 Aug 20 509 1892 1760 2533 554    
   12 Sep 34 - - 1919 2146 407    
Sown species 23 (kg DM/ha)       < 0.001 0.22 < 0.001 
S.E. = 174.9          
   9 Aug -1 495 18 - - 1636    
   29 Aug 20 70 0.00 - - 2358    
   12 Sep 34 - - - - 1612    
Annual grasses4 (kg DM/ha)       0.11 0.05 < 0.001 
S.E. = 170.2          
   9 Aug -1 1083 148 273 397 115    
   29 Aug 20 74 20 235 361 290    
   12 Sep 34 - - 201 447 188    
Broadleaf weeds5 (kg DM/ha)       < 0.001 < 0.001 < 0.001 
S.E. = 35.4          
   9 Aug -1 4 414 127 38 10    
   29 Aug 20 18 60 55 33 24    
   12 Sept 34 - - 84 92 55    
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3.3.2.2 Experiment 2: Spring 2015 

Herbage biomass of sown legume, annual grasses and broadleaf weeds were analysed 

using a weighted analysis due to the heteroscedasticity of the residuals. The interaction 

between pasture and date was significant (P < 0.001) in the model for herbage mass of 

sown legume species, sown species 2, and broadleaf weeds, as was the effect of pasture 

(P < 0.001) (Table 3.7). In the model for herbage biomass of annual grasses, the 

interaction between pasture and date, and the effect of pasture was not significant (P > 

0.05) (only average values are presented; Table 3.7). 

At -1 d grazing, the herbage biomass of sown legume in the lucerne + phalaris pasture 

was lower (P < 0.001) than all other pastures. The phalaris (sown species 2) made up 

more than 80% of the total herbage biomass of the lucerne + phalaris pasture and was the 

dominant species within the pasture mix throughout the experiment. At -1 d grazing, the 

arrowleaf clover pasture had lower (P < 0.001) herbage biomass of sown legume than the 

other legume monoculture pastures that did not vary (P >0.05) to one another. At 8 d 

grazing, the herbage biomass of the sown legume increased (P < 0.001) in all of the 

pastures. The herbage biomass of sown legume in the arrowleaf clover and bladder clover 

pastures maintained relatively consistent (P > 0.05) thereafter. Conversely, the biserrula 

pasture showed a steady increase (P < 0.001) in herbage biomass of sown legume, whilst 

the lucerne pasture showed a steady decline (P < 0.001) thereafter. The phalaris (sown 

species 2) in the lucerne + phalaris pasture was highest (P < 0.001) at 8 d to 14 d grazing 

before declining (P < 0.001) at 21 d grazing. From 21 d grazing to 42 d grazing the 

herbage biomass of phalaris declined at a steady state and was lowest at 42 d grazing (P 

< 0.001). The herbage biomass of volunteer chicory (sown species 2) in the arrowleaf 

clover pasture increased consistently (P < 0.001) from -1 d to 21 d grazing, but maintained 

a steady state (P > 0.05) thereafter. 
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Table 3.7 Predicted mean (± S.E.) herbage biomass of the various pasture functional groups in arrowleaf clover (AC), biserrula (B), bladder clover 
(BC), lucerne (L) and lucerne + phalaris (LP) pastures in Experiment 2 (Spring 2015) at Wagga Wagga NSW.  

 Days  
from start 

Pasture P - value 
AC B BC L LP Pasture Date P:D1 

Sown legume species 
(kg DM/ha) 

      < 0.001 0.02 < 0.001 

Average  - 3272 ± 213.2bc 4906 ± 203.4d 3922 ± 162.9c 2594 ± 158.3b 935 ± 178.6a    
Weekly          
   28 Sep -1 1711 ± 313.4 2844 ± 291.0 2906 ± 187.6 2363 ± 174.1 346 ± 230.4    
   06 Oct 8 2987 ± 255.9 4309 ± 240.3 3975 ± 171.8 3135 ± 163.5 1254 ± 199.4    
   12 Oct 14 3326 ± 226.1 4791 ± 214.4 4159 ± 164.8 3097 ± 159.0 1317 ± 184.3    
   19 Oct 21 3274 ± 213.5 4904 ± 203.7 3927 ± 163.2 2604 ± 158.6 943 ± 178.9    
   26 Oct 28 3280 ± 225.6 5077 ± 214.1 3753 ± 165.4 2170 ± 159.7 628 ± 184.5    
   02 Nov 35 3476 ± 260.3 5439 ± 244.2 3768 ± 172.9 1925 ± 164.2 501 ± 201.6    
   09 Nov 42 3658 ± 311.0 5787 ± 288.9 3770 ± 186.9 1667 ± 173.6 362 ± 229.1    
Sown species 22 

(kg DM/ha) 
      < 0.001 < 0.001 < 0.001 

Average  - 412 ± 47.7a - - - 3283 ± 153.4b    
Weekly          
   28 Sep -1 254 ± 63.5 - - - 3684 ± 416.2    
   06 Oct 8 319 ± 53.4 - - - 4547 ± 380.4    
   12 Oct 14 364 ± 49.4 - - - 4124 ± 367.9    
   19 Oct 21 411 ± 47.7 - - - 3313 ± 367.3    
   26 Oct 28 454 ± 49.3 - - - 2928 ± 370.3    
   02 Nov 35 495 ± 54.1 - - - 2441 ± 382.1    
   09 Nov 42 532 ± 63.1 - - - 1885 ± 414.4    
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Table 3.7 (continued) 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 0.05) between pastures. 
Superscripts for comparisons of the interaction between pasture and date for the various pasture functional groups are not presented due to the complexity of the Tukey’s pairwise 
comparisons. 
1Level of significance for the interaction between pasture (P) and date (D). 
2Sown species 2 (phalaris in lucerne + phalaris pasture or volunteer chicory in arrowleaf clover pasture or volunteer forage brassica in biserrula pasture). 
3Annual grasses including Hordeum leporinum, Vulpia myuros and Poa annua. 
4Broadleaf weeds including Rumex spp., Stellaria media, Arctotheca calendula, Silybum spp., Urtica urens and Conyza bonariensis. 

 
Days  

from start 
Pasture P-value 

AC B BC L LP Pasture Date P:D1 

Annual grasses3 

(kg DM/ha) 
      0.22 < 0.001 > 0.05 

Average  128 ± 83.5 234 ± 88.7 423 ± 90.7 309 ± 87.0 229 ± 92.0    
Broadleaf weeds4 

(kg DM/ha) 
      < 0.001 < 0.01 < 0.001 

Average  - 17 ± 30.6a 263 ± 41.1b 302 ± 38.7b 10 ± 30.6a 5 ± 30.7a    
Weekly          
   28 Sep -1 76 ± 33.1 201 ± 60.1 162 ± 54.5 71 ± 33.2 68 ± 33.6    
   06 Oct 8 42 ± 31.2 213 ± 49.1 204 ± 45.2 37 ± 31.3 33 ± 31.5    
   12 Oct 14 27 ± 30.7 232 ± 43.6 245 ± 40.7 21 ± 30.8 16 ± 30.9    
   19 Oct 21 17 ± 30.6 263 ± 41.1 301 ± 38.7 10 ± 30.6 5 ± 30.7    
   26 Oct 28 12 ± 30.7 298 ± 43.4 362 ± 40.6 5.3 ± 30.8 0 ± 30.9    
   02 Nov 35 10 ± 31.3 337 ± 49.9 426 ± 45.8 2 ± 31.4 0 ± 31.6    
   09 Nov 42 8 ± 33.0 375 ± 59.6 490 ± 54.1 0 ± 33.1 0 ± 33.4    
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3.3.3 Nutritive value 

3.3.3.1 Experiment 1: Late winter-early spring 2015 

There was no interaction (P > 0.05) between pasture and date in the model for DM content 

(Table 3.8). The DM content of biserrula pasture was lower (P < 0.05) than that of the 

lucerne + phalaris pasture, but both had similar (P > 0.05) DM content as the other 

pastures. The DM content of the pastures was higher (P < 0.001) at -1 d grazing compared 

to the other sampling times. 

The interaction between pasture and date was significant (P < 0.01) in the model for 

DOMD, ME and CP content (Table 3.8). Lucerne + phalaris pasture declined in DOMD, 

ME and CP content from -1 d to 20 d grazing. At 34 d grazing, the CP content of the 

lucerne + phalaris pastures increased (P < 0.001), but DOMD and ME remained the same 

(P > 0.05). At all respective sampling times, the DOMD, ME and CP content of the other 

pastures remained consistent. The DOMD and ME were similar (P > 0.05) between the 

pastures at each respective sampling time. The CP content of lucerne pasture was higher 

(P < 0.001) than all other pastures at each respective sampling time, except for arrowleaf 

clover pasture at 20 d grazing, and bladder clover pasture at 34 d grazing, which had 

similar (P > 0.05) CP content to the lucerne pasture (Table 3.8). 

The interaction between pasture and date was significant (P < 0.001) in the model for 

WSC content (Table 3.8). The WSC content of the lucerne + phalaris pasture was higher 

than all other pastures at each respective sampling time. The WSC content of the biserrula 

and the lucerne + phalaris pastures declined at each respective sampling time, whilst the 

WSC content of the arrowleaf clover and lucerne pastures remained consistent. The WSC 

content of the bladder clover pasture declined from -1 d to 20 d grazing, but remained 

consistent thereafter. The WSC was lowest (P < 0.001) for lucerne at -1 d grazing, but 

did not differ (P > 0.05) to either the biserrula or bladder clover pastures at each respective 

sampling time thereafter.  
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Table 3.8 Predicted mean (± S.E) dry matter (DM) content, digestibility organic matter 
digestibility (DOMD), metabolisable energy (ME), and crude protein (CP) and water 
soluble carbohydrate (WSC) contents (on a DM basis) of grazed arrowleaf clover (AC), 
biserrula (B), bladder clover (BC), lucerne (L) and lucerne + phalaris (LP) pastures in 
Experiment 1 (Late winter-early spring 2015), at Wagga Wagga, NSW. 

Different superscripts within rows and columns for each parameter indicates that there is a significant 
difference (P ≤ 0.05) between the pastures and/or across the different dates. 
1Level of significance for the interaction between pasture (P) and date (D). 
2Standard error of the predicted means. 

3.3.3.2 Experiment 2: Spring 2015 

Preliminary analyses for pasture DM content indicated the model assumptions were not 

met for normality of the residuals and the residuals presented heteroscedasticity, thus 

subsequent analyses for pasture DM content was undertaken on a natural logarithmic and 

weighted scale. 

The interaction between pasture and date was significant (P < 0.001) in the model for DM 

content (all data not presented). Pastures were of similar (P > 0.05) DM content from -1 

d to 21 d grazing (ranging from 14.9-22.6%); and 28 d grazing (ranging from 23.7-

31.3%). However, at 35 d grazing the DM content of bladder clover (45.2%) was higher 

(P < 0.001) than the arrowleaf clover (24.4%) and lucerne (18.5%) pastures but did not 

differ (P > 0.05) to the other pastures (ranging from 26.5-29.7%). At 42 d grazing the DM 

content of bladder clover (85.5%) was higher (P < 0.001) than all other pastures, which 

did not differ (P > 0.05) to one another (ranging from 18.1 to 26.6%). At this sampling 

Parameter 
Days 
from 
start 

Pasture P-value 

AC B BC L LP Pasture Date P:D1 

DM (%) 
 20.1 ± 

1.27ab 
17.3 ± 
1.27a 

18.1 ±  
1.03ab 

19.2 ± 
1.03ab 

22.2 ±  
1.03b 0.02 < 

0.001 > 0.05 

DOMD (%) 
S.E.2 = 1.83 

      0.03 < 
0.001 < 0.01 

   9 Aug -1 78.0b 76.3ab 76.0ab 72.0ab 79.6b    
   29 Aug 20 74.3ab 73.3ab 71.3ab 71.6ab 67.3a    
   12 Sep 34 - - 75.0ab 72.0ab 68.3a    
ME (MJ/kg DM) 
S.E. = 0.35 

      0.02 < 
0.001 < 0.01 

   9 Aug -1 12.9b 12.5ab 12.4ab 11.6ab 13.2b    
   29 Aug 20 12.1ab 11.9ab 11.5ab 11.6ab 10.7a    
   12 Sep 34 - - 12.2ab 11.6ab 10.9a    
CP (%) 
S.E. = 0.95 

      < 
0.001 0.22 < 

0.001 
   9 Aug -1 28.9cd 22.1b 28.4cd 35.5e 20.6b    
   29 Aug 20 32.2de 24.6bc 28.5cd 33.9e 14.9a    
   12 Sep 34 - - 31.6de 32.2de 20.4b    
WSC (%) 
S.E. = 0.85 

      < 
0.001 

< 
0.001 

< 
0.001 

   9 Aug -1 15.3bc 11.5b 12.1b 6.6a 25.0d    
   29 Aug 20 11.6b 6.3a 4.5a 6.1a 19.3c    
   12 Sep 34 - - 6.4a 5.1a 11.9b    
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time (42 d grazing) bladder clover had senesced (Table 3.5). Average DM content of 

bladder clover pasture was higher (P < 0.001) than all other pastures, whilst the DM 

contents of the arrowleaf clover and lucerne pastures were lower (P < 0.001) than the 

lucerne + phalaris pasture (Table 3.9). 

Table 3.9 Predicted mean (± S.E.) dry matter (DM) content, digestible organic matter 
digestibility (DOMD), metabolisable energy (ME), and crude protein (CP) and water 
soluble carbohydrate (WSC) contents (on a DM basis) of grazed arrowleaf clover (AC), 
biserrula (B), bladder clover (BC), lucerne (L) and lucerne + phalaris (LP) pastures in 
Experiment 2 (Spring 2015) at Wagga Wagga, NSW. Values (both predicted means and 
S.E.) in parentheses are log transformed (ln) data. 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between pastures. 
1Level of significance for the main effect of pasture. 
2DM content (%) analysis undertaken on natural logarithmic (ln) scale. 
3Standard error of the predicted means. 

The interaction between pasture and date was significant (P < 0.001) in the model for 

DOMD, ME and CP content. Arrowleaf clover maintained a relatively consistent DOMD 

(and ME) throughout the experiment, with the exception of the sampling time at 28 d 

grazing where it was lower (P < 0.001) than at 8 d and 14 d grazing (Figure 3.3a). The 

CP content of arrowleaf clover was also relatively consistent, although it declined (P < 

0.001) at 14 d and 35 d grazing (Figure 3.3b). The DOMD (and ME) (Figure 3.3a) and 

CP content (Figure 3.3b) of biserrula and bladder clover pastures consistently declined 

from -1 d until 35 d grazing as they progressed towards senescence (Table 3.5). However, 

at 42 d grazing, DOMD (and ME) (Figure 3.3a) and CP content (Figure 3.3b) of biserrula 

increased with the onset of re-flowering (Table 3.5). The DOMD (and ME) of bladder 

clover plateaued from 35 d to 42 d grazing and CP content plateaued from 28 d to 42 d 

grazing that coincided with pasture senescence (Table 3.5). The DOMD (and ME) of 

lucerne declined (P < 0.001) at 21 d and 28 d grazing, whilst the CP content increased (P 

< 0.001) at 8 d grazing before steadily decreasing (P < 0.001) to 35 d grazing. Both the 

DOMD (and ME) and CP content of lucerne increased substantially (P < 0.001) at 42 d 

Parameter Pasture  
AC B BC L LP P-value1 

DM (%)2 
S.E.3 = (0.04) 19.7 (2.98)a 20.2(3.00)ab 27.8 (3.33)c 19.7 (2.98)a 22.5 

(3.12)b < 0.001 

DOMD (%) 
S.E. = 0.50 76.9d 73.0c 67.8b 74.1c 65.4a < 0.001 

ME (MJ/kg 
DM) 
S.E. = 0.10 

12.6d 11.8c 10.8b 12.1c 10.3a < 0.001 

CP (%) 
S.E. = 0.49 30.4c 22.6b 18.7a 29.7c 17.3a < 0.001 

WSC (%) 
S.E. = 0.42 9.6b 6.8a 6.3a 6.2a 9.9b < 0.001 
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grazing (Figure 3.3a; b). The DOMD (and ME) and CP content of lucerne + phalaris 

progressively declined over the experimental period (Figure 3.3a; b). 

Figure 3.3 The (a) digestible organic matter digestibility and metabolisable energy, (b) 
crude protein content and (c) water soluble carbohydrate content of grazed arrowleaf 
clover (AC), biserrula (B), bladder clover (BC), lucerne (L) and lucerne + phalaris (LP) 
pastures in Experiment 2 (Spring 2015), at Wagga Wagga, NSW. Vertical lines represent 
S.E of the predicted means. 

The interaction between pasture and date was significant (P < 0.001) in the model for 

WSC content. At -1 d grazing the WSC contents of the arrowleaf clover and lucerne + 

phalaris pastures were higher (P < 0.001) than that of the biserrula and bladder clover 

pastures. However, from 8 d to 28 d grazing, the WSC content did not differ (P > 0.05) 

between the pastures. At 35 d grazing the WSC content of the lucerne + phalaris pasture 

was higher (P < 0.001) than the bladder clover and biserrula pastures; but did not differ 

(P > 0.05) to the other pastures.  The lucerne + phalaris maintained higher (P < 0.05) 

(c) 

(a) (b) 
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WSC content than the bladder clover and lucerne, but did not differ (P > 0.05) to the 

arrowleaf clover and biserrula pastures thereafter (Figure 3.3c). 

The effect of pasture was significant (P < 0.001) in the model for DOMD, ME, CP and 

WSC content (Table 3.9); as was the effect of date (P < 0.001) for these parameters (data 

not presented). 

3.3.4 Total sheep grazing days/ha and carrying capacity of pastures 

3.3.4.1 Experiment 1: Late winter-early spring 2015  

Total grazing days/ha varied (Table 3.10) depending on FOO which impacted the time 

animals could be maintained on the respective pasture types. Further, the need to destock 

the biserrula treatments as a consequence of primary photosensitisation also influenced 

results (Table 3.2; Section 3.2.3.1). The incidence of primary photosensitisation of 

animals grazing biserrula pasture (n = 36; 100% experimental animals showing some 

signs of photosensitisation ranging from mild to severe) necessitated removal of all lambs 

from the biserrula plots on the basis of animal welfare. This resulted in lower (P < 0.001) 

total grazing days/ha for biserrula pasture compared to all other pastures. Total grazing 

days/ha of arrowleaf clover was lower (P < 0.001) than bladder clover, lucerne and 

lucerne + phalaris pastures, due to the limiting total FOO resulting in the removal of lambs 

from these plots at 28 d grazing (Section 3.2.3.1). Total grazing days/ha was lower (P < 

0.001) for bladder clover, compared to lucerne and lucerne + phalaris due to the removal 

of lambs (from bladder clover pastures) at 34 d grazing. The total number of grazing 

days/ha did not differ (P > 0.05) between the lucerne and lucerne + phalaris pastures. 

3.3.4.2 Experiment 2: Spring 2015 

The interaction of pasture and date was significant (P < 0.001) in the model for stocking 

density, as was the effect of pasture (Table 3.10). All lambs were stocked at the same 

carrying capacity (30 lambs/ha) at the start of the experiment (29 Sep) as there was no 

difference (P > 0.05) in total FOO between the pasture types at this point in time (Table 

3.4). However, from 9 d grazing until 36 d grazing the number of lambs grazing the 

pastures was altered based on the total FOO (Table 3.4) and/or stage of plant maturity 

(Table 3.5) to allow adequate seed set. The stocking density of both the biserrula and 

bladder clover pastures decreased (P < 0.001) over the experimental period and as 

pastures matured (Table 3.5). At 9 d grazing, the stocking density of the arrowleaf clover 
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pasture was decreased (P < 0.001) (18.3 lambs/ha) and did not differ (P > 0.05) thereafter, 

despite the number of lambs/ha being increased at 23 d grazing to 23.3 lambs/ha (Table 

3.10). The stocking density of the lucerne + phalaris pasture was higher (P < 0.001) than 

all the annual legume pastures at 15 d grazing and 23 d grazing. However, the stocking 

density of the lucerne + phalaris pastures was decreased (P < 0.001) at 30 d grazing and 

did not change (P > 0.05) thereafter. At 30 d grazing, the number of lambs/ha was also 

decreased in the lucerne pasture, although the difference was not significant (P > 0.05) 

(Table 3.10). 

Total grazing days/ha was higher (P < 0.001) for the lucerne + phalaris pasture than the 

arrowleaf clover, biserrula and bladder clover pastures but was similar (P > 0.05) to the 

lucerne pasture (Table 3.10). The total grazing days/ha did not differ (P > 0.05) between 

the arrowleaf clover, biserrula and bladder clover pastures; or the arrowleaf clover and 

lucerne pastures. The total grazing days/ha achieved on biserrula was affected by both 

increasing pasture maturity (Table 3.5) and the incidence of primary photosensitisation. 

Primary photosensitisation occurred predominately in the first two weeks of the 

experiment (from 02-16 Oct). All lambs grazing biserrula showed signs of primary 

photosensitisation ranging from moderate to severe. Of the lambs affected, 10 lambs were 

removed in Week 1 and two lambs were removed in Week 2 due to the severe incidence 

of primary photosensitisation. During the first two-weeks of grazing a further 14 lambs 

displayed moderate signs of photosensitisation; and 10 lambs displayed mild signs of 

photosensitisation. From this point on, no lambs were removed due to severe 

photosensitisation, and lambs with moderate to mild signs self-resolved (score 0-0.5 by 

36 d grazing; with scabbing on ears from previous lesions scored as 0.5) while still 

grazing the pasture. 
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Table 3.10 Predicted mean (± S.E.) total grazing days/ha and stocking density of arrowleaf clover (AC), biserrula (B), bladder clover (BC), lucerne (L) 
and lucerne + phalaris (LP) pastures in Experiment 1 (Late winter-early spring 2015) and Experiment 2 (Spring 2015) at Wagga Wagga, NSW.  

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 0.05) between pastures.  
Different superscripts within rows and columns for stocking density (weekly) indicates that there is a significant difference (P ≤ 0.05) between pastures and/or across the different 
weeks. 
1Level of significance for the interaction between pasture (P) and date (D). 

Parameter 
Days 
from 
start 

Pasture P -value 

AC B BC L LP Pasture Date P:D1 

Experiment 1  
(Late winter-early spring 2015)          

Total grazing days/ha  840.0 ± 1.70b 810.8 ± 1.70a 990.0 ± 1.70c 1170.0 ± 1.70d 1170.0 ± 1.70d < 0.001 - - 
Experiment 2  
(Spring 2015)           

Total grazing days/ha  1914.2 ± 
163.15ab 1432.5 ± 196.92a 1570.4 ± 163.15a 2280.0 ± 

163.15bc 
2726.7 ±  
163.15c < 0.001 - - 

Stocking density (lambs/ha)       < 0.001 < 0.001 < 0.001 
Average  22.8 ± 1.14b 17.2 ± 1.19a 19.0 ± 1.14a 27.2 ± 1.14c 30.8 ± 1.14d    
Weekly          
   29 Sept (Week 1)  30.0 ± 2.05cd 30.0 ± 2.05cd 30.0 ± 2.05cd 30.0 ± 2.05cd 30.0 ± 2.05cd    
   07 Oct (Week 2) 9 18.3 ± 2.05ab 21.7 ± 2.05abc 21.7 ± 2.05abc 30.0 ± 2.05cd 31.7 ± 2.05cd    
   13 Oct (Week 3) 15 18.3 ± 2.05ab 15.8 ± 2.05ab 21.7 ± 2.05abc 30.0 ± 2.05cd 38.3 ± 2.05d    
   21 Oct (Week 4) 23 23.3 ± 2.05bc 14.2 ± 2.05ab 17.5 ± 2.05ab 30.0 ± 2.05cd 38.3 ± 2.05d    
   28 Oct (Week 5) 30 23.3 ± 2.05bc 10.9 ± 2.45a 11.7 ± 2.05a 21.7 ± 2.05abc 23.3 ± 2.05bc    
   03 Nov (Week 6) 36 23.3 ± 2.05bc 10.9 ± 2.45a 11.7 ± 2.05a 21.7 ± 2.05abc 23.3 ± 2.05bc    
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3.3.5 Liveweight, body condition score and total animal production/ha 

3.3.5.1 Experiment 1: Late winter-early spring 2015 

The LW (P < 0.001) and ADG was lower (P = 0.04) in Merino (33.0 ± 0.62 kg and 174.9 

± 11.91 g/d, respectively) than XB lambs (36.9 ± 0.66 kg and 210.4 ± 11.91 g/d, 

respectively). There was no interaction (P > 0.05) between pasture and breed in the model 

for ADG, but the interaction between date and breed was significant (P = 0.01). Average 

daily LW change did not differ (P > 0.05) between the breeds or dates throughout the 

experiment, except XB lambs at 33 d grazing (249.6 ± 21.16 g/d) was higher (P = 0.01) 

than Merino lambs at both 33 d (164.7 ± 21.36 g/d) and 28 d grazing (163.4 ± 17.06 g/d) 

(other data not presented). 

The interaction between pasture and date was significant (P < 0.001) in the model for LW 

and ADG (Table 3.11). Lambs on all pastures gained LW (P < 0.001) at each respective 

weighing interval, with the exception of those grazing lucerne + phalaris that did not 

change (P > 0.05) between 28 d and 33 d grazing; and 33 d and 39 d grazing. Those 

grazing lucerne also did not change (P > 0.05) in LW between 28 d and 33 d grazing 

(Table 3.11). Lambs grazing the various pastures maintained consistent (P > 0.05) ADG 

at each respective weighing time. However, at 39 d grazing ADG of lambs grazing 

lucerne + phalaris was lower (P < 0.001) than the other weighing times and lower (P < 

0.001) than those grazing lucerne (Table 3.11). Overall, lambs grazing arrowleaf clover, 

biserrula or lucerne + phalaris pastures had lower (P < 0.001) ADG than those grazing 

lucerne or bladder clover pastures, which had similar (P > 0.05) ADG. 

Average BCS was higher (P < 0.001) in XB (4.2 ± 0.03) than Merino lambs (2.8 ± 0.02). 

The interaction between date and breed was significant (P < 0.001) in the model for BCS. 

The BCS of the XB lambs increased sequentially (P < 0.05) over the experimental period, 

whilst BCS of the Merino lambs was similar for the first 28 d grazing before increasing 

at 33 d grazing and plateauing. The interaction between pasture and date was significant 

(P < 0.001) in the model for BCS (Table 3.11). The BCS of lambs grazing either biserrula, 

bladder clover or lucerne pastures increased (P < 0.001) at 28 d grazing, whilst those 

grazing either arrowleaf clover or lucerne + phalaris did not change (P > 0.05). At 33 d 

grazing, the BCS of lambs grazing all respective pastures did not change (P > 0.05). The 

BCS of lambs grazing either lucerne or lucerne + phalaris pastures increased (P < 0.001) 

at 39 d grazing (Table 3.11). 
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Total animal production/ha of the lucerne and bladder clover pastures were higher (P < 

0.001) than all other pastures, whilst arrowleaf clover and biserrula pasture had the lowest 

(P < 0.001) total animal production/ha (Table 3.11). 

3.3.5.2 Experiment 2: Spring 2015 

The LW (P < 0.001) and ADG (P = 0.01) was higher in XB (50.3 ± 0.76 kg and 168.3 ± 

9.39 g/d, respectively) than Merino lambs (41.8 ± 0.74 kg and 140.9 ± 9.54 g/d, 

respectively). There was no interaction (P > 0.05) between pasture and breed for average 

daily LW change. 

The interaction between pasture and date was significant (P < 0.001) in the model for LW 

and ADG, as was the effect of pasture (P < 0.001) (Table 3.12) (average LW data not 

presented). At 9 d grazing, ADG of lambs grazing lucerne + phalaris was higher (P < 

0.001) than those grazing the other pastures, which did not differ (P > 0.05) to one 

another. Average daily LW change of lambs grazing lucerne + phalaris progressively 

declined thereafter with a significant decline (P < 0.001) occurring at 30 d grazing, and 

again at 44 d grazing resulting in LW loss (Table 3.12). 

At 15 d grazing, ADG of lambs grazing bladder clover was higher (P < 0.001) than those 

grazing either arrowleaf clover or lucerne + phalaris pastures, whilst the ADG was similar 

(P > 0.05) for all other pastures. Average daily LW change of lambs grazing biserrula, 

bladder clover or lucerne remained consistent (P > 0.05) thereafter with the exception of 

bladder clover and lucerne pastures at 36 d grazing when ADG of the lambs declined (P 

< 0.001). The ADG of the lambs grazing biserrula declined (P < 0.001) at 44 d grazing 

resulting in LW loss. The ADG of lambs grazing arrowleaf clover tended to increase from 

15 d to 30 d grazing but the change was not significant (P > 0.05). At 44 d grazing, ADG 

of lambs grazing arrowleaf clover declined (P < 0.001) but was higher (P < 0.001) than 

those grazing either biserrula or lucerne + phalaris pastures (Table 3.12). 

For all pastures, ADG was highest (P < 0.001) during Week 2 of grazing (07-13 Oct) and 

lowest during the last week of grazing (03-11 Nov). Average daily LW change did not 

vary (P > 0.05) for the other experimental weeks (data not presented). 
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Table 3.11 Predicted mean (± S.E.) average daily liveweight (LW) change, liveweight, body condition score and total animal production/ha of Merino 
and cross-bred (XB) lambs grazing arrowleaf clover (AC), bladder clover (BC), biserrula (B), lucerne (L) and lucerne + phalaris (LP) pastures in 
Experiment 1 (Late winter-early spring 2015) at Wagga Wagga, NSW.  

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 0.05) between pastures. 
Different superscripts within rows and columns for each parameter indicates that there is a significant difference (P ≤ 0.05) between pastures and/or across the different dates. 
1Average daily liveweight change (g/d) was calculated as the change between measurement dates. 
2Level of significance for the interaction between pasture (P) and date (D). 

 Parameter Days from 
start 

Pasture P-value 
AC B BC L LP Pasture Date P:D2 

Average daily LW change 
(g/d)1       < 0.001 0.76 < 0.001 

   07 Sep 28 128.3 ± 27.73ab 132.2 ± 29.73ab 258.2 ± 25.67bc 209.0 ± 26.04bc 197.1 ± 25.67bc    
   12 Sep 33 - - 260.5 ± 26.04bc 196.5 ± 26.42bc 164.4 ± 25.67ab    
   18 Sep 39 - - - 317.3 ± 27.67c 62.5 ± 25.67a    
Liveweight (kg)       < 0.001 < 0.001 < 0.001 
   10 Aug Start 30.7 ± 0.74a 30.9 ± 0.74a 30.7 ± 0.74a 30.8 ±0.74a 30.6 ± 0.74a    
    07 Sep 28 34.4 ± 0.74b 34.6 ± 0.76bc 37.9 ± 0.74deg 36.7 ± 0.74bcd 36.2 ± 0.74bce    
   12 Sep 33 - - 39.2 ± 0.74fh 37.6 ± 0.74def 37.0 ± 0.74cdf    
   18 Sep 39 - - - 39.5 ± 0.74gh 37.4 ± 0.74dfg    
Body condition score        < 0.001 < 0.001 < 0.001 
   10 Aug Start 3.3 ± 0.05abc 3.2 ± 0.05a 3.3 ± 0.05abc 3.2 ± 0.05ab 3.3 ± 0.05abcd    
   07 Sep 28 3.4 ± 0.05abcde 3.5 ± 0.05bcde 3.8 ± 0.05gh 3.5 ± 0.05def 3.5 ± 0.05cde    
   12 Sep 33 - - 3.9 ± 0.05h 3.6 ± 0.05efg 3.6 ± 0.05eg    
   18 Sep 39 - - - 3.8 ± 0.05h 3.8 ± 0.05fh    
Total animal production/ha  
(kg LW gain/ha)  83.2 ± 11.03a 78.4 ± 11.03a 203.3 ± 11.03bc 210.2 ± 11.03c 158.2 ± 11.03b < 0.001 - - 
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The interaction between date and breed was significant (P < 0.01) in the model for LW. 

Both Merino and XB lambs increased (P < 0.01) in LW at each weighing time until 23 d 

grazing. From 23 d to 44 d grazing the change in LW plateaued for both breeds (data not 

presented). 

The BCS of the XB lambs (4.5 ± 0.04) was higher (P < 0.001) than that of the Merino 

lambs (3.4 ± 0.03). The interaction between pasture, date and breed was significant (P = 

0.01) in the model for BCS (Figure 3.4), as was the effect of pasture (P < 0.001) (Table 

3.12). The BCS of Merino lambs grazing bladder clover increased (P = 0.01) at 9 d 

grazing compared to lambs from both breeds grazing the other pastures. Thereafter the 

BCS of the Merino lambs grazing bladder clover did not change (P > 0.05) and the trend 

was similar to XB lambs grazing bladder clover. The BCS of both Merino and XB lambs 

grazing either arrowleaf clover or lucerne pastures increased (P = 0.01) from the start to 

21 d grazing but plateaued (P > 0.05) thereafter. The BCS of Merino lambs grazing 

biserrula consistently increased up to 30 d grazing before declining thereafter, whilst the 

BCS of XB lambs grazing biserrula did not vary (P > 0.05) throughout the experiment. 

The BCS of Merino lambs grazing lucerne + phalaris increased at 15 d grazing but 

gradually declined thereafter. The BCS of XB lambs grazing lucerne + phalaris was more 

variable between the start and 23 d grazing but gradually declined thereafter (Figure 3.4). 

Figure 3.4 Body condition score of (a) Merino and (b) XB lambs grazing arrowleaf clover 
(AC), biserrula (B), bladder clover (BC), lucerne (L) or lucerne + phalaris (LP) pastures 
in Experiment 2 (Spring 2015), at Wagga Wagga, NSW. Vertical lines represent S.E of 
the predicted means. 

The interaction between pasture and date was significant (P < 0.001) in the model for 

total animal production/ha (Table 3.12). Total animal production/ha was highest (P < 

0.001) in the lucerne + phalaris pasture at 9 d grazing and remained higher until 30 d 

(a) (b) 
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grazing. However, at 36 d grazing there was no difference (P > 0.05) between the 

arrowleaf clover, lucerne and lucerne + phalaris pastures. 

Total animal production/ha of the arrowleaf clover pasture was lower (P < 0.001) than 

the bladder clover pasture at 15 d grazing. However, at 23 d and 30 d grazing there was 

no difference between any of the legume pastures. From 30 d to 44 d grazing total animal 

production/ha of the bladder clover pasture plateaued (P > 0.05), as did the lucerne 

pasture from 36 d to 44 d grazing. Both the biserrula and lucerne + phalaris pastures 

declined in total animal production/ha at 44 d grazing, although the change was not 

significant (P > 0.05). At 44 d grazing, total animal production/ha of the arrowleaf clover 

was higher (P < 0.05) than the biserrula and bladder clover pastures. 

3.3.6 Faecal worm egg count 

Faecal worm egg counts from Experiment 2 did not indicate worm burdens that would 

result in significant LW losses, with egg numbers ranging from 0 to 40 epg (“low” < 500 

epg faeces; McKenna 1981). 
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Table 3.12 Predicted mean (± S.E.) average daily liveweight (LW) change, liveweight, body condition score and total animal production/ha of Merino 
and cross-bred (XB) lambs grazing arrowleaf clover (AC), bladder clover (BC), biserrula (B), lucerne (L) and lucerne + phalaris (LP) pastures in 
Experiment 2 (Spring 2015) at Wagga Wagga, NSW.  

Parameter Days  
from start 

Pasture P-value 
AC B BC L LP Pasture Date P:D1 

Average daily LW change (g/d)2       < 0.001 < 0.001 < 0.001 
Average  186.9 ± 14.76b 158.1 ± 19.96ab 175.5 ± 16.65b 146.4 ± 12.65ab 103.2 ± 12.52a    
Weekly          
   07 Oct (Week 1) 9 48.6 ± 41.02 132.7 ± 35.27 91.5 ± 33.83 -47.7 ± 31.41 315.2 ± 29.90    
   13 Oct (Week 2) 15 214.5 ± 41.02 354.2 ± 42.28 452.1 ± 34.52 311.2 ± 311.19 271.0 ± 30.89    
   21 Oct (Week 3) 23 244.3 ± 36.06 248.5 ± 41.02 235.1 ± 36.90 226.0 ± 28.19 165.0 ± 29.00    
   28 Oct (Week 4) 30 322.5 ± 31.96 244.4 ± 53.50 200.0 ± 45.20 280.2 ± 28.19 48.0 ± 28.19    
   03 Nov (Week 5) 36 249.5 ± 32.55 134.1 ± 59.81 62.6 ± 46.91 110.9 ± 33.17 6.1 ± 32.55    
   11 Nov (Week 6) 44 58.1 ± 33.17 -165.4 ± 56.38 12.0 ± 45.20 -1.9 ± 33.17 -186.0 ± 33.17    
Liveweight (kg)       < 0.001 < 0.001 < 0.001 
Weekly          
   29 Sep Start 42.0 ± 0.79 42.0 ± 0.79 42.2 ± 0.79 42.3 ± 0.79 42.0 ± 0.79    
   7 Oct (Week 1) 9 42.5 ± 0.81 43.0 ± 0.80 43.0 ± 0.80 41.9 ± 0.79 44.5 ± 0.79    
   13 Oct (Week 2) 15 43.8 ± 0.80 45.0 ± 0.81 45.8 ± 0.80 44.0 ± 0.79 46.2 ± 0.79    
   21 Oct (Week 3) 23 45.8 ± 0.79 47.0 ± 0.82 47.7 ± 0.80 45.8 ± 0.79 47.5 ± 0.79    
   28 Oct (Week 4) 30 48.0 ± 0.79 48.6 ± 0.84 49.1 ± 0.82 47.7 ± 0.79 47.8 ± 0.79    
   3 Nov (Week 5) 36 49.6 ± 0.80 49.6 ± 0.86 49.1 ± 0.82 48.2 ± 0.79 47.9 ± 0.79    
   11 Nov (Week 6) 44 50.0 ± 0.80 48.2 ± 0.86 49.6 ± 0.82 48.2 ± 0.79 46.4 ± 0.79    
Body condition score  4.1 ± 0.04b 4.0 ± 0.05b 4.0 ± 0.05b 3.9 ± 0.04b 3.8 ± 0.04a < 0.001 < 0.001 < 0.001 
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Table 3.12 (continued)  

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 0.05) between pastures. 
Superscripts for comparisons of the interaction between pasture and date for average daily LW change, liveweight and total animal production/ha are not presented due to the complexity 
of the Tukey’s pairwise comparisons. 
1Level of significance for the interaction between pasture (P) and date (D). 
2Average daily liveweight change (g/d; weekly) was calculated as the change between measurement dates. 
3Total animal production (kg LW gain/ha) over the experimental period.  

Parameter 
Days 
from 
start 

Pasture P-value 

AC B BC L LP Pasture Date P:D1 

Total animal production/ha3 (kg LW gain/ha)       < 0.001 < 0.001 < 0.001 
Weekly          
   7 Oct (Week 1) 9 8.6 ± 13.33 20.5 ± 13.33 13.9 ± 13.33 -17.7 ± 13.33 67.9 ± 13.33    
   13 Oct (Week 2) 15 30.2 ± 13.33 53.5 ± 13.33 72.7 ± 13.33 50.8 ± 13.33 140.0 ± 13.33    
   21 Oct (Week 3) 23 75.9 ± 13.33 81.7 ± 13.33 105.7 ± 13.33 105.0 ± 13.33 191.1 ± 13.33    
   28 Oct (Week 4) 30 128.6 ± 13.33 111.8 ± 15.91 122.0 ± 13.33 146.9 ± 13.33 198.8 ± 13.33    
   3 Nov (Week 5) 36 163.8 ± 13.33 121.8 ± 15.91 127.1 ± 13.33 161.3 ± 13.33 199.9 ± 13.33    
   11 Nov (Week 6) 44 176.3 ± 13.33 105.2 ± 15.91 128.4 ± 13.33 160.9 ± 13.33 160.6 ± 13.33    
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3.3.7 Ruminal parameters  

There was no effect of breed or interaction between breed and pasture (P > 0.05) for any 

of the ruminal parameters tested. Prior to the commencement of Experiment 2 (day 0), 

there was no difference (P > 0.05) in any of the ruminal parameters tested between the 

lambs allocated to the various pastures.  Thus this sampling interval was not included in 

the final analysis. At day 0, the average ruminal NH3-N concentrations, total VFA 

concentrations, A:P ratio, P:(A + 2x B) ratio, and molar proportions of acetic, propionic 

and butyric acids of the lambs allocated to the various pastures were 84.4 ± 4.02 mg NH3-

N/L, 48.4 ± 2.01 mmol/L, 3.4 ± 0.07, 0.24 ± 0.005, 67.0 ± 0.31%, 20.3 ± 0.31% and 8.3 

± 0.16%, respectively. 

3.3.7.1 Ruminal ammonia concentrations 

Ruminal NH3-N concentrations were analysed using a weighted analysis due to the 

heteroscedasticity of the residuals. The interaction for pasture and days grazing was 

significant (P < 0.001) for ruminal NH3-N concentrations (Table 3.13). Ruminal NH3-N 

concentrations in lambs grazing either arrowleaf clover or bladder clover pastures did not 

change (P > 0.05) between the two sampling times. In contrast, ruminal NH3-N 

concentrations in lambs fed biserrula, lucerne and lucerne + phalaris pastures increased 

(P < 0.001) from 16 d to 37 d grazing. Lambs grazing biserrula had lower (P < 0.001) 

ruminal NH3-N concentrations than those fed the other pastures at all sampling times, 

with the exception of the bladder clover pasture at 37 d grazing that it did not differ to (P 

> 0.05). The effect of pasture was also significant (P < 0.001) in the model (Table 3.13). 

3.3.7.2 VFA concentrations and molar proportions 

A weighted analysis was undertaken for acetic, butyric, iso-butyric, valeric and iso-

valeric acids molar proportions due to heteroscedasticity of the residuals. 

The interaction between pasture and days grazing was significant (P < 0.01) in the model 

for total VFA concentrations (Table 3.13). Total VFA concentrations of lambs grazing 

lucerne declined (P < 0.01) from 16 d to 37 d grazing, whilst all other pastures did not 

vary (P > 0.05). The effect of pasture was also significant (P < 0.01) in the model for total 

VFA concentrations (Table 3.13). 
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The interaction between pasture and days grazing was not significant (P > 0.05) in the 

model for the ratios of A:P and P:(A + 2x B); however, the effect of pasture was 

significant (P < 0.001) in the model for both these ratios (Table 3.13). Lambs grazing 

bladder clover had lower (P < 0.001) average A:P ratio than those fed the other pastures, 

with the exception of those grazing lucerne + phalaris that was similar (P > 0.05) (Table 

3.13). Conversely, the average P:(A + 2x B) ratio of lambs grazing bladder clover was 

lower (P < 0.001) than those grazing the other pastures, except those grazing arrowleaf 

clover (P > 0.05). Average A:P ratio was lowest (P < 0.001) in lambs grazing either 

biserrula or lucerne pastures. However, average P:(A + 2x B) ratio of those grazing 

biserrula was higher (P < 0.001) than those grazing the other pastures, whilst those 

grazing lucerne were higher (P < 0.001) than all other pastures. The effect of days grazing 

was significant (P < 0.01) in the model for the ratio of P:(A + 2x B). The ratio of P:(A + 

2x B) was higher (0.24 ± 0.005) at 16 d grazing than at 37 d grazing (0.23 ± 0.006). 

The interaction between pasture and days grazing was not significant (P > 0.05) in the 

model for molar proportions of acetic and propionic acids; however, the effect of pasture 

was significant (P < 0.001) in the model for the molar proportions of both these VFA 

(Table 3.13). Average acetic acid molar proportions were higher (P < 0.001) in lambs fed 

lucerne + phalaris than those fed all other pastures, except bladder clover, which had 

similar (P > 0.05) molar proportions to those grazing lucerne + phalaris. Lambs grazing 

lucerne had lower (P < 0.001) average acetic acid molar proportions than those grazing 

all other pastures, except arrowleaf clover, which had similar (P > 0.05) molar proportions 

to those grazing lucerne. Lambs grazing arrowleaf clover, bladder clover and lucerne + 

phalaris pastures had lower average propionic acid molar proportions than those grazing 

biserrula or lucerne pastures; neither of which differed (P > 0.05) to one another (Table 

3.13). The effect of days grazing was significant in the model for both acetic (P < 0.01) 

and propionic acid (P = 0.02). At 16 d grazing, molar proportions of acetic acid were 

higher than at 37 d grazing (66.9 ± 0.48 % vs 65.3 ± 0.48%), as were the molar proportions 

of propionic acid (20.5 ± 0.37% vs 19.7 ± 0.38%). 

The interaction between pasture and days grazing was significant (P < 0.01) in the model 

for molar proportions of butyric acid (Table 3.13). Molar proportions of butyric acid 

increased (P < 0.01) in lambs grazing arrowleaf clover and lucerne pastures from 16 d to 

37 d grazing, whilst all other pastures remained consistent between the two sampling 

times (Table 3.13). The effect of pasture was significant (P < 0.001) in the model for 

molar proportions of butyric acid (Table 3.13). 
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The interaction between pasture and days grazing was significant (P < 0.05) in the model 

for iso-butyric, valeric, iso-valeric and hexanoic acid molar proportions (Table 3.13). The 

effect of days after grazing was also significant (P < 0.05) for all ruminal parameters 

where the interaction was significant, with the exception of molar proportions of hexanoic 

(data not presented). There was no main effect (Table 3.13) or interaction effect for molar 

proportions of heptanoic acid.
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Table 3.13 Predicted mean (± S.E.) ruminal ammonia (NH3-N) concentrations, total VFA concentrations, and VFA molar proportions of Merino and 
XB lambs grazing arrowleaf clover (AC), biserrula (B), bladder clover (BC), lucerne (L) and lucerne + phalaris (LP) pastures in Experiment 2 (Spring 
2015) at Wagga Wagga NSW.  

Parameter Pasture P-value 
AC B BC L LP Pasture Day P:D1 

Ruminal ammonia (mg NH3-N/L) 232.7 ± 11.29c 105.2 ± 9.76a 111.2 ± 9.62a 271.6 ± 15.13c 178.4 ± 12.65b < 0.001 < 0.001 < 0.001 
Days grazing         
   16  218.3 ± 14.62d 69.1 ± 11.07a 114.9 ± 11.77b 212.3 ± 20.41cd 143.0 ± 16.71bc    
   37  247.1 ± 14.62d 141.3 ± 13.30bc 107.6± 12.25ab 331.0 ± 20.41e 213.7 ± 16.71d    
Total VFA concentration (mmol/L) 95.1 ± 3.52b 89.9 ± 3.94ab 81.2 ± 3.60a 86.3 ± 3.52ab 78.6 ± 3.52a < 0.01 < 0.01 < 0.01 
Days grazing         
   16  99.9 ± 4.98b 88.5 ± 4.98ab 82.8 ± 4.98ab 101.9 ± 4.98b 80.2 ± 4.98ab    
   37  90.3 ± 4.98ab 91.3 ± 6.10ab 79.6 ± 5.20ab 70.6 ± 4.98a 77.0 ± 4.98a    
Ratios         
A:P 3.4 ± 0.10b 2.9 ± 0.11a 3.8 ± 0.10c 3.0 ± 0.10a 3.6 ± 0.10bc < 0.001 0.68 > 0.05 
P:(A + 2x B) 0.22 ± 0.01ab 0.28 ± 0.01d 0.20 ± 0.01a 0.25 ± 0.01c 0.23 ± 0.01b < 0.001 < 0.01 > 0.05 
VFA molar proportions (%)         
Acetic acid 65.2 ± 0.76ab 66.1 ± 0.61bc 67.7 ± 0.53cd 63.2 ± 0.69a 68.3 ± 0.51d < 0.001 < 0.01 > 0.05 
Propionic acid 19.4 ± 0.48a 22.6 ± 0.51b 18.1 ± 0.49a 21.0 ± 0.48b 19.3 ± 0.48a < 0.001 0.02 > 0.05 
Butyric acid 11.2 ± 0.46b 8.3 ± 0.33a 10.9 ± 0.25b 10.4 ± 0.29b 8.5 ± 0.23a < 0.001 < 0.001 < 0.01 
Days grazing         
   16 9.6 ± 0.64abcde 7.5 ± 0.41a 10.8 ± 0.33cdef 9.1 ± 0.40abc 8.0 ± 0.31ab    
   37  12.8 ± 0.64f 9.2 ± 0.50abcd 10.9 ± 0.35def 11.7 ± 0.40ef 9.1 ± 0.31b    
Iso-butyric acid 1.5 ± 0.09c 1.1 ± 0.07a 1.2 ± 0.08ab 2.0 ± 0.09d 1.5 ± 0.08bc < 0.001 < 0.001 < 0.001 
Days grazing         
   16  1.4 ± 0.10bc 1.0 ± 0.08a 1.3 ± 0.09abc 1.5 ± 0.11bc 1.4 ± 0.09bc    
   37  1.6 ± 0.10c 1.3 ± 0.09bc 1.1 ± 0.09ab 2.4 ± 0.11d 1.5 ± 0.09bc    
Iso-valeric acid 1.3 ± 0.09b 0.9 ± 0.07a 0.9 ± 0.07a 1.9 ± 0.09c 1.3 ± 0.08b < 0.001 < 0.001 < 0.001 
Days grazing         
   16  1.3 ± 0.11bcde 0.7 ± 0.08a 1.0 ± 0.08abc 1.4 ± 0.12cde 1.2 ± 0.10bcde    
   37 1.4 ± 0.11de 1.0 ± 0.09abcd 0.9 ± 0.08ab 2.4 ± 0.12f 1.5 ± 1.10e    
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Table 3.13 (continued) 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 0.05) between pastures.  
Different superscripts within rows and columns (days after grazing) for each parameter indicates that there is a significant difference (P ≤ 0.05) between pastures and grazing days (16 
d grazing or 37 d grazing). 
1Level of significance for the interaction between pasture (P) and days grazing (D) (16 d grazing or 37 d grazing). 

Parameter 
Pasture P-value 

AC B BC L LP Pasture Day P:D1 
Valeric acid 1.19 ± 0.07b 0.89 ± 0.09a 0.90 ± 0.06a 1.31 ± 0.07b 0.87 ± 0.06a < 0.001 < 0.01 0.03 
Days grazing         
   16 1.1 ± 0.07bcd 0.9 ± 0.10abc 0.9 ± 0.06ab 1.2 ± 0.09cde 0.8 ± 0.06a    
   37 1.3 ± 0.08de 0.9 ± 0.12abc 0.9 ± 0.07ab 1.5 ± 0.09e 0.9 ± 0.06ab    
Hexanoic acid 0.16 ± 0.02ab 0.15 ± 0.02a 0.24 ± 0.02c 0.23 ± 0.02bc 0.17 ± 0.02abc < 0.001 0.74 < 0.001 
Days grazing         
   16 0.10 ± 0.03a 0.15 ± 0.03ab 0.33 ± 0.03c 0.20 ± 0.03ab 0.16 ± 0.03ab    
   37 0.22 ± 0.03bc 0.14 ± 0.03ab  0.15 ± 0.03ab 0.26 ± 0.03bc 0.17 ± 0.03ab    
Heptanoic 0.014 ± 0.004 0.012 ± 0.004 0.016 ± 0.004 0.014 ± 0.004 0.011 ± 0.004 0.89 0.76 > 0.05 
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3.4 Discussion 

3.4.1 Forage availability 

3.4.1.1 Experiment 1: Late winter-early spring 2015 

The early autumn break (5 Apr), warm temperatures in April and May (22ºC and 17ºC 

average, respectively) and rainfall throughout April to end of July (201 mm total) would 

have favoured germination and early growth of the annual pastures (Puckridge and French 

1983). However, in June and July, cooler temperatures (average 12-14ºC) and shorter day 

length would have reduced pasture growth rates. At the start of grazing in Experiment 1, 

all pastures had sufficient herbage biomass (ranging from 1993-3499 kg DM/ha) which 

was not expected to limit the growth rates of lambs. However, at 20 d grazing, total FOO 

of arrowleaf clover declined to 671 kg DM/ha. Limiting FOO (< 1500 kg DM/ha) would 

have precluded lambs from maintaining sufficient intake necessary for high (≥ 200-250 

g/d) growth rates (Willoughby 1958). The other pastures had adequate herbage biomass 

at this point in time (ranging from 1972-3226 kg DM/ha). As a result, lambs were 

removed from arrowleaf clover pasture at 28 d grazing. Winter herbage biomass of 

arrowleaf clover is known to be lower compared to other Trifolium species (Caradus 

1995; Evers 1999; Evans 2001), particularly following a late seasonal break (Zhang et al. 

2004). Despite overall slower winter growth, the late maturity of arrowleaf clover (cv. 

Arrotas, in particular) enables it to extend the pasture growing season in late-spring to 

early summer (Smith and Rawstron 1998; Zhang et al. 2004). The slower pasture growth 

rate in winter in combination with a reduced leaf area index as a result of defoliation from 

overgrazing, may have also limited its subsequent growth (Davidson and McDonald 

1957). Additionally, at the start of grazing, total FOO of arrowleaf clover was similar to 

bladder clover and lucerne pastures; however, the proportion of sown legume species was 

lower (53 vs 80-84%) and the proportion of annual grasses (notably barley grass) was 

higher (approximately 31%) compared to the other monoculture pastures. Grasses can 

have competitive advantage over legumes resulting in their dominance within grass-

legume pastures (Haynes 1980). Increased competition from annual grasses in the 

arrowleaf clover pasture may have also contributed to the lower total FOO due to a lower 

density of legume. The application of grass selective herbicide prior to the start of 

Experiment 1 resulted in a significant decline in total FOO of the arrowleaf clover pasture 

in the first 4 weeks, as barley grass died off. Spraying out of the barley grass may have 

also increased the selectivity of lambs for arrowleaf clover, further contributing to the 
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decline in both total and green FOO. At 34 d grazing, the green FOO of the bladder clover 

declined to 1840 kg DM/ha. Continued grazing would have compromised its capacity to 

support further pasture growth for animal production (Experiment 2) and so the lambs 

were removed from the pasture at this point. No published studies have reported herbage 

biomass production of grazed arrowleaf clover (cv. Arrotas), bladder clover or biserrula 

(cv. Casbah) pastures in late winter (August) or their capacity to recover from grazing 

during this period, which makes it difficult to make valid comparisons. Hackney et al. 

(2013b) reported winter herbage production of ungrazed regenerating biserrula and 

bladder clover of approximately 1380 kg DM/ha and 1050 kg DM/ha, respectively in a 

1:1 crop-pasture rotation. Norman et al. (2013) reported FOO of bladder clover pasture 

in early spring (September) to reach approximately 1500 kg DM/ha that was comparable 

to the green FOO of bladder clover (1841 kg DM/ha) at 34 d grazing (12 Sep). 

Based on soil tests (Table 3.1), soil available P was 70-100% of the calculated critical P, 

whilst soil available S was lower than the critical level (8 mg/kg) for all pasture types. 

This may have had some minor limitations on early pasture growth; however, S tends to 

be highly mobile in the soil and associated accumulation tends to occur deeper in the 

profile (Edwards 1998) and thus limitations to growth were unlikely. Available P and S 

were similar or higher, respectively, than the average of paddocks reported by Hackney 

et al. (2017) in the same region. Other factors including climatic conditions and soil 

physical properties may also impact pasture growth. Undertaking experiments across 

varying agroecological zones is important to better understand the contribution of these 

legumes to the feedbase. 

Herbage biomass of biserrula at 20 d grazing was not limiting (1972 kg DM/ha); however, 

due to the animal welfare concern associated with primary photosensitisation (100% 

incidence rate; 30% severe), all lambs were removed from this pasture at this time. Quinn 

et al. (2018) reported an acute outbreak of primary photosensitisation in lambs grazing 

biserrula (cv. Casbah and cv. Mauro) in mid-winter during vegetative growth. An 

outbreak was also reported by Kessell et al. (2015) (cv. Casbah) in late August-early 

September (similar time as this study) although the stage of growth was not specified. In 

the first 2 weeks of Experiment 2, all lambs grazing biserrula during flowering stage 

showed signs of primary photosensitisation. Anecdotal cases of primary 

photosensitisation in sheep grazing biserrula have been generally isolated to late winter 

or spring and were thought to be related to more active plant growth and the onset of 

flowering (Swinny et al. 2015). However, all these reports indicate that primary 
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photosensitisation in grazing livestock may occur at various stages of biserrula growth, 

yet no studies have identified effective management or mitigation strategies to limit the 

occurrence. Further research is required to help develop strategies for producers to reduce 

the risk to livestock grazing biserrula pastures. Enhancing forage diversity of biserrula 

pastures rather than grazing as a monoculture may allow livestock to select a nutritious 

diet for growth and regulate their intake of toxins (Provenza et al. 2003). The causal 

compound(s) in biserrula are yet to be formally identified (Swinny et al. 2015). 

3.4.1.2 Experiment 2: Spring 2015 

In Experiment 2, herbage biomass of all pastures remained above 1500 kg DM/ha 

throughout the grazing period. However, total FOO and green FOO varied significantly 

between the pastures. At the start of grazing all pastures were stocked at 30 sheep/ha as 

total FOO was similar. However, by 8 d grazing the green FOO of the arrowleaf clover 

pasture was not increasing at the same rate and was lower than for the other pastures and 

so stocking density was reduced to prolong the grazing for the planned 6-week 

experiment. At the conclusion of grazing (42 d), there was no green FOO remaining in 

the bladder clover pasture. The green FOO of lucerne + phalaris pasture may have also 

limited animal production at 947 kg DM/ha (35% green). Conversely, green FOO of 

biserrula was 2851 kg DM/ha (49% green) and therefore it is unlikely that animal 

production was limited by availability of green feed (Willoughby 1958). The arrowleaf 

and lucerne pastures were 100% and 96% green, respectively, at the conclusion of the 

experiment but there was a significant difference in the absolute quantity available (4020 

kg DM/ha and 1748 kg DM/ha green FOO, respectively). 

The difference in green FOO between the pastures was largely driven by differences in 

maturity time of the annual legumes, plant lifecycle (annual legumes vs perennial legume 

lucerne), rooting depth and/or the presence of companion species (perennial grass 

phalaris). The early maturing, determinate growing bladder clover (110 d to flower at 

Wagga Wagga; Lattimore and McCormick 2012) had significantly lower green FOO than 

the early-mid maturing, indeterminate growing biserrula cv. Casbah (115-120 d to flower 

at Wagga Wagga; Hackney et al. 2007). The deep root system of the biserrula (up to 2 m; 

Loi et al. 2005) would also have facilitated greater capacity to harvest moisture stored in 

the profile from the higher than average winter rainfall to maintain growth in September 

and October when rainfall was approximately one-third and one-fifth the LTA, 

respectively. Maintenance of high green FOO of arrowleaf and lucerne pastures would 
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have also been assisted by their deep root systems (Loi et al. 2005; Ward et al. 2002, 

respectively) and in the case of arrowleaf clover, the late maturity of the cultivar (Arrotas) 

used. Green herbage biomass of lucerne + phalaris pasture was much lower than the 

lucerne pasture. This may be attributable to greater competition for moisture between the 

two deep-rooted species (Watson et al. 2000; McKenzie et al. 1990) under dry conditions 

during the grazing period coupled with the preferential grazing of the lucerne in the mixed 

pasture. Further, during reproductive stem growth the growing points of the phalaris may 

have been damaged from grazing, which under dry conditions would have reduced the 

rate of emergence of new leaves and triggered early dormancy (Kemp and Culvenor 

1994). 

The reproductive stage of development of the biserrula and bladder clover pasture in 

spring resulted in higher total FOO of these pastures as they were flowering and 

producing seeds/and or pods, which greatly contributed to total DM. Both bladder clover 

and biserrula are known to have very high seed yields of up to 1500 kg/ha (Loi 2018) and 

2000 kg/ha (Loi 2009), respectively. Arrowleaf clover also increased in total FOO from 

35 d grazing with the onset of flowering. Few studies have compared the total FOO of 

these second generation legumes under grazed conditions. Under limited rainfall 

conditions, Norman et al. (2013) reported bladder clover to peak at 2200 kg DM/ha at the 

start of October when grazed at 12 sheep/ha. Conversely, in this study, under above 

average rainfall conditions (that occurred prior to the experiment) total FOO peaked at 

5342 kg DM/ha by 12 Oct under a stocking density of 22 lambs/ha. High total FOO of 

arrowleaf clover (4982 kg DM/ha; 23 sheep/ha) and biserrula (6373 kg DM/ha; 11 

sheep/ha) pastures may have also been influenced by these ideal growing conditions. 

Thompson et al. (2010) reported herbage biomass of grazed arrowleaf clover at 3000 kg 

DM/ha at the start of November when grazed at 24 sheep/ha; however, growing 

conditions were not specified. 

In both Experiments 1 and 2, the herbage biomass and contribution of lucerne to the 

lucerne + phalaris pastures was limited. In Experiment 1, the herbage biomass of lucerne 

in the mixed pasture ranged from 407-665 kg DM/ha (17-28% of the pasture mix), whilst 

in Experiment 2 it ranged from 361-1317 kg DM/ha (< 20% of the pasture mix). In both 

cases this would preclude lambs from obtaining a high proportion of lucerne in their diet. 

Sheep readily eat lucerne, particularly leaf material, at all stages of plant maturity (Arnold 

1960). Conversely, phalaris (cv. Australian) has been found to be the least preferred 

forage by sheep compared to a range of temperate forages, including subterranean clover 
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(Dunlop 1986). High preference of lucerne by sheep would have resulted in greater 

selection of this species, contributing to its depletion in the mixed pasture, as supported 

by the botanal data. Watson et al. (2000) recommends frequent spelling of mixed lucerne 

and phalaris pastures every 2-3 weeks with a period of rest of up to 5 weeks to maintain 

a balanced composition of lucerne in the mixed pasture.  This was not practiced in either 

of the experiments reported in this paper and led to the low proportion of lucerne in this 

mixed pasture. 

3.4.2 Nutritive value 

In late winter-early spring of Experiment 1, the DOMD of the lucerne + phalaris pasture 

was more variable than the other pastures. The DOMD (and ME) of lucerne + phalaris 

declined rapidly between -1 d and 20 d grazing (79.6 vs 67.3%) whilst the other pastures 

did not change as much (ranging from 78.0-71.3%) during the same period. In spring of 

Experiment 2, the DOMD of the lucerne + phalaris pasture was also much more variable 

(and lower on average) than the other pastures, varying by 21%, whilst the biserrula, 

bladder clover and lucerne pastures varied by 11-15% and the arrowleaf clover pasture 

(highest average DOMD) varied by 6%. In both Experiments 1 and 2, the decline in 

DOMD of lucerne + phalaris pasture reflected the increased herbage biomass of phalaris 

with lower digestibility relative to lucerne (Freer and Jones 1984; McGrath et al. 2015a). 

However, in Experiment 2, reduced emergence of new leaves and the early dormancy 

from dry conditions, may have also contributed to the decline in quality. In Experiment 

2, all pastures showed a decline in DOMD at 14 d grazing, which for the biserrula and 

bladder clover pastures was correlated with the onset of full flower and the formation of 

pods and/or seeds. The DOMD of biserrula and bladder clover continued to decline 

thereafter with increasing maturity, whilst the decline in DOMD of arrowleaf clover and 

lucerne pastures was likely due to the removal of the more digestible leaf fractions from 

grazing and increase in stem relative to leaf (Mowat et al. 1965; Albrecht et al. 1986). At 

42 d grazing, DOMD and CP content of the biserrula, lucerne and lucerne + phalaris 

pastures increased which coincided with a significant rainfall event (51.6 mm). This 

resulted in the re-flowering of biserrula (Table 3.5) and also the reshooting of new foliage 

in the lucerne and lucerne + phalaris pastures; although the degree of increase in DOMD 

was more significant for lucerne due to its enhanced response to rainfall (Humphries 

2012). 
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For growing lambs dietary CP content greater than 15% is considered optimal (Dabiri and 

Thonney 2004). In Experiment 1, the CP content (at all sampling periods) of the pastures 

ranged from 20.4-35.5%, with the exception of the lucerne + phalaris pasture that fell to 

15% at 20 d grazing (29 Aug). The CP content of the pastures in Experiment 2 was much 

more variable (ranging from 10.2-37.5%). In Experiment 2, the CP content of the bladder 

clover and the lucerne + phalaris pastures fell below 15% from 28 to 42 d grazing (with 

the exception of bladder clover at 42 d grazing; CP 16%), which could restrict animal 

growth rates. The CP content of bladder clover at 34 d grazing (12 Sep) in Experiment 1 

(31%) was similar to that reported by Norman et al. (2013) in early spring (approximately 

28%). No published studies have measured the nutritive value of these second generation 

annual legumes during the late winter period, which limits the capacity to make 

comparisons to Experiment 1. Both a grazing study (McGrath et al. 2015a) and an 

ungrazed pasture study (Hackney et al. 2013d) reported the CP content of bladder clover 

to decline from approximately 20% to 15% in mid-late spring. The CP content of the 

arrowleaf clover in Experiment 2 was consistent with that reported by Thompson et al. 

(2010) under spring grazing conditions. The CP content of the biserrula pasture in 

Experiment 2 was higher (decline from 28% to 18%) than that reported in an ungrazed 

pasture study (18% to 8%) by Hackney et al. (2013d). This was likely due to production 

of new, high quality leaves under grazing compared to deterioration and loss of quality 

of leaf material under full canopy conditions in ungrazed pasture. Further, the 

indeterminate nature of biserrula (Hackney et al. 2013a) resulted in regrowth after rainfall 

and slower decline in quality. 

In Experiment 2, average ruminal NH3-N concentrations in lambs grazing lucerne + 

phalaris were higher than those grazing either biserrula or bladder clover, despite average 

CP content being lower than all other pastures. Lambs grazing arrowleaf clover or lucerne 

pasture had the highest average ruminal NH3-N concentrations, which concurred with the 

higher average CP content (Roffler and Satter 1975) of these pastures. Ruminal NH3-N 

concentrations of all the pastures were also above the lower threshold for microbial 

protein synthesis (50-80 mg NH3-N/L; Satter and Slyter 1974) and feed fermentation. 

3.4.3 Liveweight and body condition score 

In both Experiments 1 and 2, XB lambs had higher ADG than Merino lambs and were 

also heavier animals at the start of each experimental period. Merinos tend to have lower 

VFI (Langlands 1972), and lower growth rates compared to XB breeds (Langlands 1972; 
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Wynn and Thwaites 1981). The Merino and XB lambs were sourced separately and their 

former management was unknown. There was no interaction between breed and pasture 

for ADG in either experiment with both the Merino and XB lambs growing similarly 

(although at different rates) on each pasture. 

3.4.3.1 Experiment 1: Late winter-early spring 2015 

In Experiment 1, lambs grazing arrowleaf clover or biserrula had lower overall ADG than 

those grazing bladder clover or lucerne pastures, despite having similar DOMD at each 

corresponding sampling time. The limiting total FOO of the arrowleaf clover would have 

limited feed intake despite the high DOMD of the pasture and limited subsequent ADG 

of lambs on the pasture. In comparison, unrestricting total FOO of the bladder clover or 

lucerne pastures (of similar DOMD to arrowleaf clover) resulted in significantly higher 

lamb growth rates over a longer period. In a grazing situation where herbage availability 

does not limit feed intake, it would be reasonable to expect similar or higher growth rates 

over a longer period in lambs grazing arrowleaf clover pasture, although this may differ 

between cultivars used. 

The intake of lambs grazing biserrula was not limited by pasture availability or quality. 

It is possible that the lambs may not have liked the taste and/or smell of the biserrula as 

sheep may discriminate between sweet, sour, and bitter tasting plants (Krueger et al. 

1974). A dislike for the taste of biserrula may have influenced their short-term preference 

of the plant, but food preference is a complex interaction between the sensory processes 

(i.e., taste and smell) and post-ingestive feedback responses, which enables animals to 

select a diet that meets their nutritional requirement and avoid toxin overloads (Provenza 

1995). It is likely that lambs developed an aversion to biserrula (Thomas et al. 2014) to 

reduce the amount of ingested toxic compound(s) (Burritt and Provenza 2000) that caused 

primary photosensitisation. This may have resulted in lower overall intakes and/or a 

higher preference (and therefore intake) of weed species (of assumed lower nutritional 

value), resulting in lower overall growth rates compared to the bladder clover and lucerne 

pastures. This is supported by the significant decline in herbage biomass of broadleaf 

weeds at 20 d grazing (414 kg DM/ha to 60 kg DM/ha), whilst the herbage biomass of 

biserrula did not change during this time (Table 3.6). Discomfort and shade-seeking 

behaviours associated with primary photosensitisation may have also contributed to lower 

feed intake of the lambs, but aversion of lambs to the plant is most likely. 
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3.4.3.2 Experiment 2: Spring 2015 

The overall ADG of lambs grazing arrowleaf clover, biserrula, bladder clover and lucerne 

were similar in spring, despite differences in pasture quality, particularly DOMD. 

Predicted ADG were calculated using the GrazFeed® model (Freer et al. 1997) from 

pasture DM, ME and CP content, and average LW of Medium Merino Polwarth and 

Border Leicester x Merino lambs of 11 months and 8 months of age, respectively, to 

represent the lambs used in this study. This allowed for comparisons to be made between 

predicted and actual experimental values. The ADG of lambs grazing bladder clover was 

similar to predicted (176 g/d vs 170 g/d, respectively), whilst the ADG of lambs fed the 

other pastures were lower (103-190 g/d vs 134-317 g/d, respectively). This was largely 

due to the rapid decline in ADG for the other pastures at the end of grazing (44 d), 

particularly those grazing biserrula or lucerne + phalaris that lost weight. The significant 

rainfall event (79 mm) over the final 10 d of the experiment may have impacted grazing 

behaviours, resulting in lower intake, but it is unclear why the same rapid decline was not 

observed in lambs grazing bladder clover. 

At 15 d grazing in mid-October, lambs grazing bladder clover pasture (full flowering 

stage of growth) grew at 452 g/d, when predicted was 266 g/d. The growth rate of lambs 

grazing arrowleaf clover (vegetative stage of growth) was much lower than predicted (215 

g/d vs 357 g/d, respectively), whilst the others performed similarly to predicted. At 30 d 

grazing, ADG of lambs grazing arrowleaf clover, bladder clover and lucerne were similar 

to predicted values, whilst actual growth of lambs grazing biserrula (244 g/d) or lucerne 

+ phalaris (48 g/d) were lower (331 g/d and 139 g/d, respectively). Although bladder 

clover was senesced at 36 d grazing, lambs were still gaining weight at a similar rate to 

those grazing lucerne (63g/d and 111 g/d, respectively) and at 44 d grazing lambs grazing 

bladder clover (12 g/d) continued to grow and at a similar rate to those grazing arrowleaf 

clover (58 g/d) that had commenced flowering. Although growth rates were low at the 

end of grazing, late maturity and high quality (particularly DOMD) of Arrotas arrowleaf 

clover facilitated higher lamb growth rates later in the grazing period and maintained both 

quality and green FOO, which became limiting in early maturing bladder clover, and 

lucerne + phalaris pastures. 

Norman et al. (2013) reported higher growth in lambs grazing bladder clover than that 

predicted from GrazFeed®. This was particularly evident in early September where actual 

growth of 500 g/d far exceeded the predicted 212 g/d but lambs grazing subterranean 
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clover also had higher than predicted growth rates and may have been confounded by an 

extended fasting period pre-experiment. Over the following 24 d, lambs grazing bladder 

clover continued to grow at a higher rate than predicted. McGrath et al. (2015a) reported 

lambs grazing bladder clover to range in ADG from 357 g/d to 150 g/d before plateauing 

in mid-October to late-November, which was higher than expected from DOMD. Based 

on this study, it is unclear why the growth rates of lambs grazing bladder clover were 

higher than predicted at 15 d grazing and relative to the other legume pastures, especially 

as average DOMD was lower than the other legume pastures and significantly lower than 

arrowleaf clover from 8 d grazing. The semi-erect growth of bladder clover (Hackney et 

al. 2013b) and generally high proportion of leaf to stem may enhance the ability of lambs 

to select plant fractions of higher digestibility (leaves and immature seed heads vs stems), 

promoting higher growth rates, particularly compared to arrowleaf clover of thick long 

(up to 1 m in length) stems (Thompson 2005). 

Although all lambs grazing biserrula (flowering stage) showed signs of photosensitisation 

in the first 2 weeks of Experiment 2, there were no negative effects on lamb growth rates, 

which were similar to the other pastures during this time. From 17 d grazing onwards, no 

lambs developed severe photosensitisation, and those that had mild to moderate signs 

previously, self-resolved on pasture. Sundermann (2014) also reported lambs to self-

resolve on late flowering biserrula pastures; however, incidence rates were low and cases 

were mild (no scoring reported). There are no other published reports of sheep self-

resolving on biserrula pastures. Other studies that have directly measured the incidence 

of primary photosensitisation have removed affected animals within 6 d after introduction 

to biserrula pasture (Quinn et al. 2018). Based on the results from this study it is 

unconfirmed whether animals self-resolved due to a decline in toxic compound(s) 

(amount or potency) as the pasture progressed toward maturity or whether the sheep 

and/or their rumen microbes developed the capacity to detoxify the compound(s), as 

reported in ruminants following prolonged or increased exposure to plant toxins (Smith 

1992). Gradual introduction of livestock to toxic biserrula pastures may enhance the 

capacity of rumen microbes to detoxify these compound(s) but requires further 

investigation. 

Despite high dietary CP content, at 16 d grazing, ruminal NH3-N concentrations of lambs 

grazing biserrula were 69 mg NH3-N /L which approached lower threshold concentrations 

(<50-80 mg NH3-N/L) for microbial growth (Satter and Slyter 1974). The high growth 

rates of the lambs at 15 d grazing (354 g/d) indicated that the lower ruminal NH3-N 
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concentration was unlikely impacting feed fermentation and microbial protein synthesis 

in the rumen (Leng and Nolan 1984; Leng 1993). Total VFA concentrations were also 

similar to lambs grazing the other pastures at all sampling times indicating feed 

fermentation and intake were also unlikely to be suppressed. At 37 d grazing the 

concentration of ruminal NH3-N of lambs grazing biserrula increased to 141 mg NH3-

N/L, whilst the CP content decreased to 17% (and DOMD decreased to 65%). The 

corresponding lamb growth rates also decreased from 354 g/d to 134 g/d. 

Average molar proportions of propionic acid and P:(A + 2 x B) ratio were higher and 

average A:P ratio and butyric acid molar proportions lower in lambs grazing biserrula, 

with the exception of lucerne that had similar propionic acid molar proportions and A:P 

ratio. Using in vitro techniques, Banik et al. (2013a) reported a lower ratio of A:P (and 

up to 7 times less CH4 production) from biserrula compared to lucerne, bladder clover or 

subterranean clover pastures. Corlett et al. (2016) also reported lower A:P ratio (and CH4 

production on an ME intake and gross energy intake basis) in sheep fed biserrula and 

mixed biserrula + annual ryegrass chaffs compared to annual ryegrass chaff, which was 

heightened as the proportion of biserrula in the diet increased. 

Extracted bioactive fractions of biserrula have been found to have significant anti-

methanogenic effects both in batch fermentation and on key rumen methanogen species, 

significantly reducing CH4 production (Banik et al. 2016). No studies have investigated 

whether these fractions may also impede other rumen microbial groups such as protozoa 

that methanogens rely on for their own growth (Newbold et al. 1995) or non-methane 

producing species. Protozoa produce large quantities of hydrogen (H2) as a fermentation 

by-product (Morgavi et al. 2010), which is utilised as a substrate by rumen methanogens 

to reduce CO2 to CH4 (Krumholz et al. 1983). Microorganisms that favour the production 

of H2 also favour the production of acetic and butyric acids in the rumen, whereas 

propionic acid serves as a competitive pathway for H2 use (Hegarty 1999; Moss et al. 

2000). Decreases in CH4 production (Hegarty 1999), either by the inhibition of 

methanogens and/or removal of protozoa (Jouany et al. 1988), reduce acetic acid and 

butyric acid production and their proportions in ruminal fluid and favour the propionic 

acid pathway. 

The increase in ruminal NH3-N concentrations in the absence of photosensitisation 

(irrespective of decreased dietary CP content), suggest that the toxic compound(s) 

responsible for photosensitisation may also be responsible for changes in ruminal NH3-N 
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concentrations in lambs grazing biserrula pasture, that is likely from changes in microbial 

populations in the rumen. Protozoa extensively predate on fibrolytic bacteria (Coleman 

1975; Bonhomme 1990; Firkins 1996) and so a reduction in protozoa would increase 

bacterial populations, which may increase the utilisation of ruminal NH3-N for microbial 

protein synthesis. A reduction in protozoa populations (and methanogens as confirmed 

by Banik et al. 2016) would also explain the higher proportion of propionic acid and P: 

(A + 2x B) ratio and lower molar proportions of butyric acid and the A:P ratio in lambs 

grazing biserrula. Further in vivo studies are warranted to explain these findings. 

Average A:P ratio was higher in lambs grazing bladder clover compared to the other 

monocultures. The molar proportions of acetic acid were also higher than those grazing 

arrowleaf clover or lucerne, and propionic acid molar proportions were lower. Such 

fermentation patterns are indicative of a diet with higher structural carbohydrates (Ørskov 

1975; Dijkstra 1994), as expected with increased pasture maturity (Kamstra et al. 1958) 

and decreased DOMD. High acetic acid molar proportions and A:P ratio were also 

reported in those grazing lucerne + phalaris that coincided with the lower DOMD. 

Generally, diets containing higher proportions of structural carbohydrates would 

negatively impede on feed intake due to reduced rate of passage of feed from the rumen 

(Weston 2002), reducing growth rates. However, ruminal NH3-N concentrations of lambs 

grazing bladder clover were similar between 16 d (115 mg NH3-N/L; pasture in full-

flowering stage) and 37 d (108 mg NH3-N/L; fully senesced) when the CP content had 

decreased by approximately 14% indicating that the intakes of the lambs unlikely varied 

substantially between these sampling times. Furthermore, an adequate substrate supply 

for rumen microbes was maintained as supported by the total VFA concentrations in 

lambs grazing bladder clover that did not differ between 16 d and 37 d grazing. 

Low ruminal NH3-N concentrations and molar proportions of propionic acid in 

conjunction with high lamb growth rates indicates that bladder clover may contain a 

significant amount of dietary bypass protein, which avoids degradation in the rumen for 

absorption in the small intestine (Leng and Nolan 1984). However, the potential presence 

or level of bypass protein cannot be confirmed without undertaking detailed experiments 

to identify protein digestion in the rumen and protein deposition in wool (Barry et al. 

1982). 

The growth rates of lambs grazing lucerne + phalaris pasture at 9 d grazing (end of Week 

1) were higher than those grazing the other pastures, yet pasture DOMD was lower than 
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arrowleaf clover and biserrula pastures. Pasture pluck sampling at -1 d grazing may not 

have represented the diet selected by the lambs, which is often difficult to simulate in a 

mixed pasture due to the high selectivity of sheep (Grant et al. 1985). Although, from this 

week onwards, as pasture quality declined so did the growth rate of lambs relative to the 

other pastures. Despite the lucerne + phalaris pasture responding to the rainfall event in 

the final week of the grazing period, the marginal increase in pasture quality (both DOMD 

and CP) did not positively influence lamb growth rates, with the lambs continuing to lose 

weight. In Experiment 1, the rapid decline in pasture quality also resulted in a progressive 

decline in lamb growth rates. 

3.4.4 Total animal production/hectare 

3.4.4.1 Experiment 1: Late winter-early spring 2015 

In Experiment 1, arrowleaf clover and biserrula pastures had the lowest total animal 

production/ha. This was a consequence of limiting FOO and the incidence of primary 

photosensitisation, respectively, that ceased grazing at 28 d grazing. Total animal 

production/ha of lambs grazing bladder clover was similar to lucerne and higher than 

lucerne + phalaris, despite being grazed for a shorter period (33 d). This was due to the 

higher growth rates of lambs grazing bladder clover compared to those grazing lucerne + 

phalaris. Earlier maturing bladder clover and winter active lucerne are more suitable for 

early season grazing by livestock than later maturing arrowleaf clover. Biserrula may not 

be suitable for long-term grazing as a monoculture pasture due to the issues of primary 

photosensitisation. 

3.4.4.2 Experiment 2: Spring 2015 

In Experiment 2, all pastures were grazed for 6 weeks. Differences in the stocking density 

of the pastures and ADG of the lambs impacted total animal production/ha. Based on 

results from Experiments 1 and 2, grazing perennial grass + legume pastures for extended 

periods (up to 6 weeks) may not be appropriate in a commercial system due to its more 

rapid decline in quality. However, the unbalanced biomass of species in the pasture mix 

may have compromised its potential. From Week 1 to 3 in Experiment 2, the lucerne + 

phalaris pasture was able to maintain higher total animal production/ha than the other 

pastures due to higher lamb growth rates at 9 d grazing and similar growth rates as those 

grazing the other pastures up to 23 d grazing. The lucerne + phalaris pasture was also 

stocked at a higher density due to greater total FOO from the contribution of phalaris. At 
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36 d grazing, total animal production/ha of lucerne + phalaris was similar to the arrowleaf 

clover and lucerne pastures due to the decline in lamb growth rates and stocking density. 

By 44 d grazing, the loss of LW of lambs grazing lucerne + phalaris reduced total animal 

production/ha over the 6-week period. As a result, total animal production/ha was similar 

to all other pastures. Despite the high FOO of the biserrula and bladder clover pastures 

toward the end of the experiment, the management for seed-set resulted in a decrease in 

stocking density and total grazing days/ha. As a result, total animal production/ha at 44 d 

grazing was lower in these pastures compared to arrowleaf clover pasture. Where an 

adequate seed bank already exists for subsequent year regeneration (Ewing 1999; Loi et 

al. 2005; Nichols et al. 2007) it may be possible to stock annual pastures at higher 

densities to increase total animal production/ha, without compromising intake of animals. 

Furthermore, in a normal commercial grazing system, lucerne is likely to be grazed until 

later in the season provided FOO is not limiting, that may result in greater total animal 

production/ha on the pasture than that achieved in this study. 

3.5 Conclusion 

Based on the results from Experiment 1, lambs grazing pastures of bladder clover or 

lucerne had greater LW gain and total animal production/ha than those grazing either 

arrowleaf clover or biserrula pastures. In Experiment 2, the arrowleaf clover pasture 

supported greater total animal production/ha than biserrula and bladder clover pastures 

due to its longer growing season. Bladder clover may contain bypass proteins that may 

have production benefits to grazing livestock as indicated by low ruminal NH3-N 

concentrations with non-limiting dietary CP, but further investigation is required. 

Differences in days to flowering, and seasonal FOO and quality between these second 

generation legumes and traditionally used lucerne and/or legume + grass pastures offers 

opportunity for livestock producers to strategically utilise these species to meet livestock 

feed quantity and quality demands and systems. This would reduce supplementary 

feeding with economic benefits. Further research is warranted to better understand how 

these species would complement other existing feedbases on-farm throughout differing 

agroecological zones. 

As a monoculture pasture, biserrula cannot be recommended for grazing long-term until 

the issues with primary photosensitisation can be resolved or managed to reduce the risks 
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to animal welfare and productivity. Enhancing forage diversity of biserrula pastures may 

allow livestock to self-mitigate primary photosensitisation.
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CHAPTER 4: Growth rates and diet composition of lambs 

grazing second generation, hardseeded, annual pasture 

legumes and the perennial legume lucerne when oversown with 

oats in winter 

4.1 Introduction 

Pasture legumes are often grown in mixes with other species (grasses or cereal forages) 

to increase seasonal and/or annual herbage production and forage quality (Harris et al. 

2008; Lithourgidis et al. 2011). Pasture legumes can be advantageous in a mixed sward 

system due to their generally higher digestibility and CP content compared to winter 

cereal forages and grasses. Legumes promote higher intake and growth rates (Kasier et 

al. 2007; Eskandari et al. 2009), particularly when combined with the carbohydrate 

supply of forage cereal or pasture grass species (Anwar et al. 2010). Where an annual 

legume seed bank already exists, oversowing with species that differs in time of peak 

forage growth and quality provides the opportunity to graze for extended periods on the 

same sward. In temperate Mediterranean-type regions, the growth of pasture legumes and 

cereals peaks in the spring resulting in high biomass production. However, in winter, the 

growth of legumes is much slower than for winter cereals, which limits the capacity to 

maintain high animal productivity (per head and per ha) on legume pastures alone during 

this period. 

In southern Australia, dryland lucerne is often oversown with annual cereal forages to 

increase herbage production for grazing and/or fodder conservation (Egan and Ransom 

1996; Humphries et al. 2004). Annual pasture legumes (Ross et al. 2004), including 

subterranean clover may also be grown in combination with annual winter cereals for 

either fodder conservation and/or grazing (Kaiser et al. 2007). 

Arrowleaf clover, bladder clover, biserrula and French serradella have significant 

agronomic advantage compared to the commonly used species lucerne and subterranean 

clover (Ewing 1999; Loi et al. 2005; Nichols et al. 2007). As reported in Chapter 3, lambs 

grazing arrowleaf clover, biserrula and bladder clover pastures grew at similar rates in 

spring as those grazing commonly used lucerne pasture (Experiment 2). However, the 

growth rates of lambs grazing arrowleaf clover pasture in the late winter-early spring 

(Experiment 1) was lower than bladder clover, lucerne and lucerne + phalaris pastures 
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due to a shortage in feed during this time. Incorporating annual legumes with companion 

species, such as winter cereals that grow at a higher rate in the cooler months, may 

improve overall sward production and compensate for lower biomass production of later 

maturing annuals (e.g., arrowleaf clover cv. Arrotas) and subsequently enhance animal 

production during winter and early spring. 

Incidences of primary photosensitisation have been reported in sheep grazing biserrula 

dominant pasture (Chapter 3; Revell and Revell 2007; Quinn et al. 2014; Kessell et al. 

2015; Quinn et al. 2018), although the incidence and the severity appears to decline as 

the plant progresses towards maturity, with less severely affected animals capable of self-

resolving on pasture (Chapter 3, Experiment 2). Few studies have investigated mitigation 

strategies to reduce the incidence and/or severity of photosensitisation in grazing 

livestock.  

The ability of hardseeded annual legumes to form large and persistent seed banks means 

that there is considerable potential to oversow other forage species into an existing 

monoculture pasture to alter both the quantity of herbage available, while allowing 

grazing livestock to practice some preferential grazing. Forage diversity when grazing 

biserrula pastures may enhance animal production or extend the period animals can be 

grazed on biserrula, without compromising animal welfare. Providing animals with the 

opportunity to selectively graze between toxic and non-toxic plant species may allow 

them to self-manage their diet and reduce negative experiences (Provenza 1995).  

No studies have investigated the feasibility of oversowing winter cereals into existing 

seed banks of second generation annual legume species or the implication of such a 

practice on sheep production. Further, no studies have examined the selective behaviour 

of sheep when offered a mixed diet containing these legumes in combination with a winter 

cereal. Understanding animal performance and the effect of selective grazing behavior 

when these legumes are grown in mixed swards with cereal forages may enable Australian 

livestock producers to achieve improved livestock productivity when including such 

legumes in their farming systems. 

This experiment was designed to test the hypothesis that lambs grazing legume + oat 

swards of either arrowleaf clover (ACO), bladder clover (BCO), biserrula (BO) or French 

serradella (FSO), where the oats (Avena sativa L.) was oversown into regenerating 

pastures, would have improved winter growth rates relative to lambs grazing lucerne (LO) 
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oversown with oats. In addition, it was hypothesised that lambs grazing the BO sward 

would have low incidence of primary photosensitisation. The relative preference for each 

of the pasture legumes when grown in combination with oats was also determined. 

4.2 Materials and Methods 

The grazing experiment was undertaken at the CSU Farm, Wagga Wagga, NSW under 

the CSU ACEC Protocol Number 15/053. 

4.2.1 Experimental plots 

The grazing site comprised of 30 plots (n = 3 replicates of 10 treatment combinations) 0.2 

ha in size. These plots contained regenerating annual legume pastures of either arrowleaf 

clover (cv. Arrotas), biserrula (cv. Casbah), bladder clover (cv. Bartolo) or simulated 

regenerating French serradella (cv. Margurita), along with established stands of lucerne 

(cv. SARDI 10) arranged in a complete randomised block design (Figure 4.1). The time 

of establishment of these pastures along with their sowing rates at establishment are 

shown in Table 4.1. Both the biserrula (sown with biserrula special inoculant strain 

WSM1497) and French serradella (sown with group G/S inoculant strain WSM471) were 

sown at high rates to simulate a regenerating seed bank (Loi et al. 1999).  
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Figure 4.1 Layout of the 2016 grazing trial site at the Charles Sturt University farm, 
Wagga Wagga NSW.  

Table 4.1 Sowing dates and sowing rates for regenerating arrowleaf clover, biserrula and 
bladder clover, first year sown French serradella pasture and established lucerne pastures 
at Charles Sturt University farm, Wagga Wagga NSW. 

1Following a 1 year grazing experiment undertaken in spring 2014 (McGrath et al. 2015a). 
2Following a 1 year grazing experiment undertaken in late winter-early spring and spring 2015 (Chapter 3). 
All annual pastures (except French serradella) were managed for seed-set in 2015.  

The 30 plots originated from 15 plots arranged in a randomised complete block design, 

which had been subdivided. Each half of the subdivided plot was randomly allocated to 

either a legume + oat mixed sward or monoculture pasture of each respective legume 

(Figure 4.1). Only the legume + oat swards were grazed in the winter period (n = 15 plots). 

 Arrowleaf 
clover Biserrula Bladder 

clover French serradella Lucerne 

Sowing date 8-10 April 
20141 

9 April 20152 8-10 April 
20141 

21 March 2016 8-10 April 
20141 

Regenerating/ 
pre-established 

Yes  Yes  Yes  No Yes 

Sowing rate  35 kg/ha 70 kg/ha 35 kg/ha 70 kg/ha 35 kg/ha 
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The monoculture pastures were to be used for a spring grazing experiment but was 

terminated due to severe waterlogging of the site over the spring period. Lucerne plots 

were mown (Iseki SF Front Mower, AGCO Australia) on the 18 and 19 March 2016 to 

100 mm height. This was done to mimic a grazing cycle that would have occurred in a 

commercial system. The plots allocated to legume + oat swards were oversown with oats 

(cv. Yiddah) at 30 kg/ha (plus 150 kg/ha superphosphate) on 21 March 2016 following a 

23.4 mm rainfall event. A further 3.2 ha around the grazing trial site included laneways 

on the eastern and western aspect and centrally that allowed sheep to be moved to and 

from yards (Figure 4.1). 

All pastures were sprayed (14 June 2016) for red legged earth mite (Halotydeus 

destructor) using chlorpyrifos (400g/L) and bifenthrin (20 g/L). The LTA monthly 

rainfall and temperature range recorded in North Wagga Wagga (Agricultural Institute 

weather station, number 73127) located 1.5 km from the trial site are presented in Figure 

4.2. 

Figure 4.2 Long-term average (LTA) monthly climatic data (years 1975-2016) for North 
Wagga Wagga, NSW (35.10ºS, 147.38ºE) together with average rainfall and maximum 
and minimum temperature recorded over 2016 (adapted from Bureau of Meteorology, 
Australian Government). 

Grazing commenced on 10 July and concluded on 22 August 2016. Over the experimental 

period, the total rainfall was 80.3 mm and average temperature was 14.4˚C. Total rainfall 

in July and August was above the LTA. In the 2 months prior to the commencement of 

the experiment (May and June) rainfall was up to two times higher than LTA. Minimum 

temperature from May to August was above the LTA (Figure 4.2). 
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4.2.2 Animal management 

Animals were drenched with an anthelmintic (Q-Drench: Abamectin 1 g/L, Albendazole 

25 g/L, Closantel 37.5 g/L and Levamisole hydrochloride 40 g/L, Jurox Pty Ltd, 

Rutherford, Australia) and vaccinated against clostridial diseases (Glanvac 6 vaccine, 

Zoetis Australia, Silverwater, Australia) a day prior to the commencement of the 

experiment. 

Six ‘core’ lambs (maintained on plots at all times) were randomly allocated to each of the 

plots. These core animals were used to compare LW and BCS for each respective mixed 

sward at each weighing interval. Additional animals were added to plots to manage 

herbage biomass and avoid loss in sward quality, particularly of the forage oats. For the 

first 4 weeks of the experiment, when herbage mass of oats was between 1500 and 3000 

kg DM/ha, four additional lambs were added (equating to 50 lambs/ha). From week five 

onwards, when herbage mass of oats on individual plots was between 2500 and 3500 kg 

DM/ha, between 6 and 10 additional lambs were added depending on herbage availability 

(total 60-80 lambs/ha). All additional lambs came from the same flock as the ‘core’ 

animals and were the same age and LW. However, during this period, the number of 

lambs added to plots was also influenced by the legume content. Those containing legume 

biomass of < 400 kg DM/ha were allocated fewer additional lambs (n = 6/plot; 60 

lambs/ha) to avoid overgrazing of the legumes. 

From the core group, four lambs per plot were randomly selected during the initial 

randomisation for faecal grab sampling to determine gastrointestinal worm burden (epg) 

and for analysis of diet composition via faecal n-alkanes (Dove and Mayes 2006). Faecal 

worm egg counts were determined at the start and end of the experiment using the method 

described in Chapter 3.2.2. 

4.2.3 Animal and pasture data 

Border Leicester x Merino XB wether lambs aged 8 months with an average starting LW 

of 40.5 ± 0.18 kg and BCS of 3.8 ± 0.02 were used in this experiment. As for the grazing 

trials reported in Chapter 3.2.3, the day prior to the commencement of grazing experiment 

lambs were weighed (manual 3-way drafting weigh crate, Prattley Industries Ltd.; 

Ruddweigh 700, Gallagher Australia) following over an overnight fasting period (1500 

to 0800 h) and their BCS assessed. All lambs were allocated to the mixed-sward plots 

using the method described in Chapter 3.2.3. During the experiment, the lambs were 
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weighed and their BCS assessed on a fasted LW at weekly intervals and again at the end 

of the experimental period, as described in Chapter 3.2.3. 

Animals grazing BO pastures were assessed every 2-3 d for signs of primary 

photosensitisation with assessments on the ears, eyes, nose, face and body of individual 

animals, as described in Chapter 3.2.3. 

Faecal grab samples for faecal n-alkanes were taken from the four pre-allocated core 

animals on each plot at 28 d grazing (7 August) and 42 d grazing (21 August). 

Approximately 3 g of faeces was taken per sheep within 4 h of yarding for overnight 

fasting. 

The faecal n-alkane analyses were based on bulked faecal samples (0.5 g dried and ground 

faecal sample/animal/plot; n = 15 faecal samples/sampling period) and thus do not 

provide an estimate of individual animal variability. Pasture pluck samples (Langlands 

1974) of both the legume and oat species (n = 30/plot of each species; kept separate for 

analysis) were taken on the same day as faecal sampling. Pluck samples were taken every 

6-6.5 m (eight strides) along three fixed transects in each plot. Plant n-alkane analysis 

was undertaken on the legume and the oat for each plot (n = 15 legume pastures/sampling 

period; n = 15 oat samples/sampling period), to provide an estimate of the variability 

between replicates for each respective pasture species. The plant samples were bulked 

from each plot for either oats or legume and thus do not provide an estimate of individual 

plant variability or components (stem and leaf fractions). Both faecal and pastures 

samples were placed immediately on ice before being stored at -18˚C. 

Plots were managed according to total FOO which was maintained above 2000 kg DM/ha 

so as to not limit intakes and to maintain pasture quality throughout the grazing period. 

However, the LO mixed sward declined below this threshold (by 150-380 kg DM/ha) on 

three occasions. All legume + oat mixed swards were stocked at a carrying capacity of 50 

sheep/ha (n = 10 sheep/plot) at the commencement of the experiment, except for the LO 

plots, which were stocked at a carrying capacity of 30 sheep/ha (n = 6 sheep/plot) due to 

lower oat biomass (< 500 kg DM/ha). The lower oat biomass may have been due to the 

competitiveness of the established lucerne stand and presence of barley grass impacting 

establishment and growth of the oats. 
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Feed on offer, botanical composition, and nutritive assessments via pasture pluck 

sampling were measured each week for each replicate of each mixed sward type and 

analysed using the methods described in Chapter 3.2.3. 

4.2.4 n-alkane analysis 

The faecal and pasture samples were thawed and freeze-dried (Christ Alpha 2-4 LD Plus 

Freeze Dryer; Martin Christ) until at constant dry weight, before being ground in a coffee 

mill and stored in an airtight container. 

Extraction of faecal and plant n-alkanes for GC analysis and n-alkane calculations were 

undertaken using the procedures described by Dove and Mayes (2006). Alkane 

concentrations in extracted faecal and plant samples were determined using a Varian 3800 

GC, fitted with an 8400 autosampler in a split injection system (20:1). The method used 

a capillary column (VF-1ms column; 15 m x 0.25 m in length, FactorFOUR, Varian Inc.). 

The carrier gas was helium with a constant column flow rate of 1.2 mL/min. A 1 L 

injection sample was taken for analyses at time zero. The oven temperature was set at 

180ºC for 1.5 min, increasing 16ºC/min to 220ºC where it was held for 2 min. The 

temperature was further increased to 235ºC at a rate of 6ºC/min, followed by an increase 

to 275ºC at 8ºC/min, and a final increase of 12ºC/min to 340ºC at which it was maintained 

for 2.5 min to give a total run time of approximately 50 min. The flame ionisation detector 

temperature was set at 320˚C with the following gas flow rates: hydrogen, 30 mL/min; 

instrument air, 300 mL/min; and N make-up gas, 28 mL/min. A cleaning cycle occurred 

every eight samples using n-heptane solvent. 

4.2.5 Calculations 

Total grazing days/ha and total animal production/ha (kg LW gain/ha) were calculated as 

described in Chapter 3.2.4.  

4.2.6 Statistical analyses 

Principal components analysis (PCA; R Core Team, 2016) was used to summarise the 

information from the GC results on the occurrence of plant n-alkanes within the data set 

or combinations of n-alkanes. The n-alkane chains C22 and C38 were excluded from the 

PCA analyses because the estimated concentrations of these two alkane chains for each 

pasture sample was equal to 0 or an estimated concentration level only occurred once for 
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a single sample within the data set; thus it was likely a source of error. The best n-alkanes 

or n-alkane combinations were selected using the PCA procedure to discriminate between 

the pasture species. 

Prior to the statistical analysis, the data was log transformed on a natural logarithmic scale 

to enhance the normality of the residuals. The first five principal components explained 

87.95% and 87.62% of the variance in n-alkane concentrations for Period 1 and Period 2, 

respectively. The first two principal components were selected with a cumulative 

proportion of variance of 59.11% and 60.83% for 28 d grazing (7 August) sampling 

period and 42 d grazing (21 August) sampling period, respectively. The selected n-

alkanes for each pasture species were compared to the n-alkane profile of the faecal 

samples using the least squares procedure with EatWhat (CSIRO, Australia; Dove and 

Moore 1995), to determine the proportion of the diet consisting of legume species and 

oat. In the final statistical analysis, only the relative proportion of legume in the diet was 

analysed to satisfy the experimental aim to determine the relative preference of lambs for 

the various pasture legumes, when grown with oats. 

All analyses were carried out using ASReml-R version 3.0/64 (Butler 2009; VSN 

International Ltd., United Kingdom; Butler et al. 2007). In preliminary analyses, the 

model assumptions were tested for normal distribution of the residuals. A natural 

logarithmic scale was applied to the calculated total grazing days/ha data that did not meet 

model assumptions using the following transformation: 

Response = ln (response) 

A back-transformation was applied to the predicted values of these data, which was 

presented (in the results) as the predicted means. The S.E. values of log transformed data 

were not back-transformed. The back-transformed data can thus only be considered as 

approximate values and should be interpreted accordingly. The model assumption of 

constant variance of the residuals was also tested. A weighted analysis was applied to all 

species herbage biomass data that displayed heteroscedasticity, as specified in the results 

section. 

A linear mixed model using REML was used to test all response variables. The 

significance level for all analyses was set at P < 0.05. All results were reported as 

predicted means ± S.E of the predicted mean, when appropriate. Tukey’s pairwise 

comparison with a confidence level of 5% was used to differentiate between the swards 
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for each of the parameters tested, including log transformed data. Botanal data were 

analysed using the cubic smoothing spline technique of Verbyla et al. (1999) that was 

fitted on the date. 

The models used to analyse the data including main effects, covariates, and random 

effects are shown in Table 4.2. The terms ‘replicate’ refers to the plot replicate, ‘sheep 

block’ refers to the blocking factor when sheep were allocated to plots based on a 

stratified LW range, and ‘sampling time’ refers to the day that faecal samples were taken 

(28 or 42 d grazing) for dietary composition estimates.  

Table 4.2 Statistical models used to analyse data from the experiment. 
Response variable Model 
Total FOO 

Response = sward + date + sward:date, random = replicate + plot 

Stocking density 
Nutritive value 
   DOMD% 
   ME (MJ/kg DM) 
   CP% 
   WSC% 
   DM% Response = sward + date, random = replicate + plot Total animal production/ha 
Botanical composition  
   Sown legume species Response = sward + spline (date) + sward:spline(date), random = 

replicate + plot    Oats 
   Broadleaf weeds 
   Annual grasses Response = sward + spline (date), random = replicate + plot 
Total grazing days/ha1 Response = sward, random = replicate 
Liveweight Response = start weight + sward + date + sward:date, random = sheep 

ID + sheep block + replicate + plot 
Average daily LW change Response = sward + date + sward:date, random = sheep ID + sheep 

block + replicate + plot BCS 
Estimated diet composition Response = sward + sampling time + sward:sampling time, random = 

replicate + plot 
1Total grazing days/ha analysis undertaken on natural logarithmic (ln) scale. 

4.3 Results 

4.3.1 Forage availability 

Over the experiment, the average total FOO (kg DM/ha) was lower (P < 0.01) in the LO 

sward (2097 ± 281.6 kg DM/ha) than the BO (3518 ± 281.6 kg DM/ha) and FSO (3368 

± 281.6 kg DM/ha) swards. The average FOO of the ACO (3014 ± 281.6 kg DM/ha) and 

BCO (2555 ± 281.6 kg DM/ha) swards did not differ (P > 0.05) to any of the other legume 

+ oat swards. The interaction between legume + oat sward type and date was significant 

(P < 0.001) for total FOO (Table 4.3). Total FOO of the BCO sward was consistent (P > 

0.05) over the experiment and was similar (P > 0.05) to the LO sward, with the exception 

of 28 d grazing where it was higher (P > 0.001). Total FOO of the ACO sward was 
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consistent (P > 0.05) from -1 d grazing to 21 d grazing; however, it became more variable 

thereafter and from 21 d grazing onwards was higher (P < 0.001) than the LO sward. 

Total FOO was much more variable for the FSO and BO swards over the experiment 

compared to the other swards, particularly for the BO sward that increased significantly 

(P < 0.001) at 35 d grazing, whilst total FOO of the FSO sward increased gradually. From 

7 d grazing onwards, total FOO of the BCO and FSO swards was greater (P < 0.001) than 

the LO sward. Total FOO of LO sward declined below 2000 kg DM/ha at 28 d grazing 

and gradually increased above 2000 kg DM/ha by the end of the experiment (42 d grazing) 

(Table 4.3).
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Table 4.3 Predicted mean (± S.E.) total feed on offer (FOO) of arrowleaf clover + oat (ACO), bladder clover + oat (BCO), biserrula + oat (BO), French 
serradella + oat (FSO) and lucerne + oat (LO) swards grazed in their vegetative state in winter 2016 at Wagga Wagga NSW. 

1 Level of significance for the interaction between sward (S) and date (D). 
2 Standard error of the predicted means. 
Superscripts for comparisons between swards are not presented due to the complexity of the Tukey’s pairwise comparisons.

 
Days from 

start 
Sward type P-value 

ACO BCO BO FSO LO Sward Date S:D1 

Total FOO (kg DM/ha)       < 0.01 < 0.001 < 0.001 
S.E.2 = 317.61          
   09 Jul -1 2674 2225 3292 2660 2546    
   17 Jul 7 2753 2704 3566 3485 2360    
   24 Jul 15 2819 2611 3581 3899 2424    
   31 Jul 21 2898 2508 2924 2880 1797    
   07 Aug 28 3351 2731 3759 3435 1621    
   14 Aug 35 3583 2333 4579 3886 1853    
   21 Aug 42 3018 2773 2928 3330 2075    
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4.3.2 Botanical composition 

Species herbage biomass was analysed using a weighted analysis due to the 

heteroscedasticity of the residuals. The species herbage biomass is presented in Figure 

4.3. 

The interaction of legume + oat sward type and date was significant (P < 0.05) in the 

model for herbage biomass of sown legume. The herbage biomass of sown legume in the 

ACO, BCO, BO and FSO swards did not vary significantly (P > 0.05) over the 

experimental period. The herbage biomass of sown legume in the LO sward showed a 

constant decline (P < 0.001) as grazing continued. The herbage biomass of sown legume 

in the FSO sward was below 500 kg DM/ha at all sampling intervals and 267 kg DM/ha 

by 42 d grazing. The other legume + oat swards maintained herbage biomass of sown 

legume above 500 kg DM/ha (ranging from 514-1435 kg DM/ha) with the exception of 

BO sward that was 474 kg DM/ha by 42 d grazing. 

Over the experiment, average herbage biomass of sown legume species was higher (P < 

0.001) in LO sward (1046 ± 99.3 kg DM/ha) compared to ACO (687 ± 91.8 kg DM/ha), 

BO (595 ± 90.0 kg DM/ha) and FSO (374 ± 89.1 kg DM/ha) swards, but did not differ (P 

> 0.05) to the BCO sward (831 ± 101.0 kg DM/ha). The average herbage biomass of sown 

legume species in the FSO sward was lower (P < 0.001) than ACO and BCO, but did not 

differ (P > 0.05) to the BO sward. The average herbage biomass of sown legume species 

in the BO sward did not differ (P > 0.05) to the ACO and BCO swards. 

The interaction of legume + oat sward type and date was significant (P < 0.05) in the 

model for herbage biomass of oats. The herbage biomass of oats increased (P < 0.05) in 

the ACO, BO and FSO swards over the experimental period, whilst there was little change 

(P > 0.05) in the herbage biomass of oats in either BCO or LO swards. However, the 

herbage biomass of oat in the LO sward was < 501 kg DM/ha throughout the experimental 

period and 169 kg DM/ha by 42 d grazing. The herbage biomass of oats in the other 

legume + oat swards ranged between 1440-3228 kg DM/ha. 

The average herbage biomass of oats was lower (P < 0.001) in LO (358 ± 348.5 kg 

DM/ha), compared to the ACO (2054 ± 349.5 kg DM/ha), BO (2682 ± 355.1 kg DM/ha) 

and FSO (2784 ± 354.2 kg DM/ha) swards, but did not differ (P > 0.05) to the BCO (1501 

± 356.1 kg DM/ha) sward. The average herbage biomass of oat was higher (P < 0.001) in 

FSO sward compared to BCO sward but was similar (P > 0.05) to the ACO and BO 
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swards. The average herbage biomass of the oats in the ACO, BCO and BO swards did 

not differ (P > 0.05). 

Figure 4.3 Species herbage biomass (kg DM/ha) of sown legume species (arrowleaf 
clover, bladder clover, biserrula, French serradella or lucerne), oat, annual grasses 
(Hordeum leporinum, Vulpia myuros, Poa annua) and broadleaf weeds (Rumex spp., 
Stellaria media, Arctotheca calendula, Silybum spp., Urtica urens, and Conyza 
bonariensis) in arrowleaf clover + oat (ACO), bladder clover + oat (BCO), biserrula + 
oat (BO), French serradella + oat (FSO) and lucerne + oat (LO) swards continuously 
grazed for a 6-week period in winter 2016, Wagga Wagga NSW. 

The average herbage biomass of annual grasses was higher (P < 0.001) in the LO sward 

(603 ± 87.5 kg DM/ha) compared to all other legume + oat swards, which had average 

herbage biomass values of annual grasses ranging between 119-167 kg DM/ha. 

4.3.3 Nutritive value 

Average nutritive values of the legume + oat swards are presented in Table 4.4. The DM 

content in the LO sward was consistently higher (P < 0.001) than all the other legume + 

oat swards. The DM content of all the legume + oat mixed swards increased (P < 0.001) 

from the initial sampling period (-1 d grazing) to the last sampling period at 42 d grazing. 

The average DOMD (and estimated ME) of the LO sward was lower (P < 0.001) than all 

the other sward types. With the exception of the FSO and LO swards, DOMD (and ME) 

was higher (P < 0.001) at -1 d grazing compared to 42 d grazing. In the model for DOMD 

(and ME) the interaction of legume + oat sward type and date was significant (P < 0.01) 
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(Figure 4.4a). The DOMD (and ME) was lower (P < 0.01) for the LO sward compared to 

all other mixed swards at 15, 21 and 28 d grazing. 

Table 4.4 Predicted mean (± S.E.) dry matter (DM), digestible organic matter digestibility 
(DOMD), metabolisable energy (ME), crude protein (CP) and water soluble carbohydrate 
(WSC) content (on a DM basis) of grazed arrowleaf clover + oat (ACO), bladder clover 
+ oat (BCO), biserrula + oat (BO), French serradella + oat (FSO) and lucerne + oat (LO) 
swards in winter 2016 at Wagga Wagga, NSW. 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the sward types. 
1Level of significance for the main effect of sward type. 
2Standard error of the predicted means. 

The average CP content varied (P < 0.001) between the legume + oat swards and 

throughout the experimental period was highest (P < 0.001) in the BCO sward. 

Regardless of the type of mixed sward, the CP content was highest (P < 0.001) at -1 d 

grazing and declined as grazing continued. In the model for CP content the interaction 

between legume + oat sward type and date was significant (P < 0.001) (Figure 4.4b). 

Throughout the grazing period the CP content declined (P < 0.001) at a similar (P > 0.05) 

rate in all legume + oat swards with the exception of the LO sward where CP content did 

not differ (P > 0.05) over the experimental period. 

The WSC content differed (P < 0.001) between the legume + oat swards and the time of 

sampling. Generally, regardless of the sward type, the WSC content increased from -1 d 

to 35 d grazing, before decreasing at the final sampling period at 42 d grazing. The 

interaction of legume + oat sward type and date was significant (P < 0.001) in the model 

for WSC content (Figure 4.4c). 

Parameter ACO BCO BO FSO LO P-value1 

DM (%) 
S.E. = 0.302 16.2a 15.8a 16.2a  15.8a 19.7b < 0.001 

DOMD (%) 
S.E. = 0.41 77.3b 76.1b 76.7b  77.3b 71.1a < 0.001 

ME (MJ/kg DM) 
S.E. = 0.08 12.7b 12.4b 12.6b  12.7b 11.4a < 0.001 

CP (%) 
S.E. = 0.55 28.1bc 29.0c 25.5a 25.3a 26.4ab < 0.001 

WSC (%) 
S.E. = 0.38 11.1b 8.9a  11.9b  12.6b 8.4a < 0.001 
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Figure 4.4 The (a) digestible organic matter digestibility and metabolisable energy, (b) 
crude protein and (c) water soluble carbohydrate contents of grazed arrowleaf clover + 
oat (ACO), bladder clover + oat (BCO), biserrula + oat (BO), French serradella + oat 
(FSO) and lucerne + oat (LO) swards in winter 2016, at Wagga Wagga, NSW.
 Vertical lines represent S.E of the predicted means. 

4.3.4 Sheep grazing days and carrying capacity of swards 

Total grazing days/ha and stocking density were lower (P < 0.001) in the LO sward 

compared to all other legume + oat swards, which were similar (P > 0.05) to one another 

(Table 4.5).   

(a) (b) 

(c) 
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Table 4.5 Predicted mean (± S.E.) total grazing days and stocking density of arrowleaf 
clover + oat (ACO), biserrula + oat (BO), bladder clover + oat (BCO), French serradella 
+ oat (FSO), lucerne + oat (LO) in winter 2016 at Wagga Wagga, NSW. Values (both 
predicted means and S.E.) in parentheses are log transformed (ln) data. 

Different superscripts within rows indicates that there is a significant difference (P ≤ 0.05) between the 
sward types.  
1Total grazing days analysis undertaken on natural logarithmic (ln) scale. 
2Standard error of the predicted means. 

4.3.5 Liveweight and body condition score 

All lambs grazing the legume + oat swards gained (P < 0.001) LW and increased (P < 

0.001) in BCS over the 43 d grazing period. The ADG of the lambs grazing the various 

legume + oat swards were similar (P > 0.05). The interaction between pasture and date 

was significant (P < 0.05) for ADG. For all legume + oat mixed swards, ADG was the 

lowest (P < 0.001) at 8 d grazing and highest (P < 0.001) at 16 d grazing. However, for 

all of the legume + oat swards there was no difference (P > 0.05) in change in LW of the 

lambs at 8 d and 36 d grazing (Table 4.6). 

For all mixed swards, the BCS of lambs increased over the first 29 d grazing. By 36 d 

grazing, the BCS of lambs decreased before increasing again by the final weighing period 

at 42 d grazing (Table 4.6). 

There was no difference (P > 0.05) in total animal production/ha between the legume + 

oat swards (Table 4.6). 

4.3.6 Faecal worm egg count 

Faecal worm egg counts did not indicate worm burdens that would result in significant 

LW losses, with egg numbers ranging from 0 to 27 epg (“low” < 500 epg faeces).   

Parameter 
Sward type P-value 

ACO BCO BO FSO LO Sward Date 
Total grazing days1 

S.E.2 = (0.12) 
1902.2 
(7.55)b 

1830.4 
(7.68)b 

2168.8 
(7.51)b 

1837.7 
(7.52)b 

1260.0 
(7.14)a < 0.001 - 

Stocking density 
(lambs/ha) 
S.E. = 5.76 

47.33b 46.00b 55.33b 49.33b 30.00a < 0.001 < 0.01 
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Table 4.6 Predicted mean (± S.E.) average daily LW change, average start and end LW and BCS, and total animal production/ha of XB lambs grazing 
arrowleaf clover + oat (ACO), bladder clover + oat (BCO), biserrula + oat (BO), French serradella + oat (FSO) and lucerne + oat (LO) swards in winter 
2016 at Wagga Wagga, NSW. 

Different superscripts within rows and columns for each parameter indicates that there is a significant difference (P ≤ 0.05) between the sward types and/or the sward types and dates. 
1Level of significance for the interaction between sward (P) and date (D). 
2Average daily liveweight change (g/d; weekly) was calculated as the change between measurement dates. 

Parameter Days 
from start 

Sward type  P-value 
ACO BCO BO FSO LO Sward Date S:D1 

Average daily LW change 
(g/d)2       0.51 < 0.001 0.04 

   18 Jul (Week 2) 8 -6.6 ± 37.93ab 47.2 ± 36.92abc -11.8 ± 37.93a -47.6 ± 37.93a 76.5 ± 41.64abc    
   26 Jul (Week 3) 16 375.7 ± 37.93e 306.9 ± 36.92de 379.0 ± 45.00e 310.5 ± 37.93de 211.6 ± 40.29cde    
   8 Aug (Week 4) 29 143.5 ± 39.04abcd 93.0 ± 37.93abc 107.7 ± 43.23abcd 151.6 ± 39.04abcd 188.6 ± 39.04abcd    
   15 Aug (Week 5) 36 87.7 ± 39.04abc 79.1 ± 39.04abc -7.9 ± 36.92a 25.9 ± 37.93abc 19.1 ± 36.92abc    
   22 Aug (Week 6) 43 95.6 ± 37.93abc 121.6 ± 37.93abcd 95.2 ± 36.92abc 104.8 ± 37.93abc 31.8 ± 36.92abc    
Average LW (kg)       0.77 < 0.001 > 0.05 
    Start LW  40.7 ± 0.33a 40.6 ± 0.33a 40.6 ± 0.33a 40.2 ± 0.34a 40.6 ± 0.33a    
    Final LW  46.1 ± 0.34b 45.9 ± 0.34b 45.9 ± 0.34b 45.6 ± 0.34b 45.9 ± 0.33b    
Average BCS (score)       0.68 < 0.001 > 0.05 
    Start BCS  3.8 ± 0.07a 3.8 ± 0.07a 3.8 ± 0.07a 3.8 ± 0.07a 3.8 ± 0.07a    
    Final BCS  4.2 ± 0.07b 4.1 ± 0.07b 4.2 ± 0.07b 4.2 ± 0.07b 4.2 ± 0.07b    
Total animal production/ha  
(kg LW gain/ha) 264.2 ± 38.68 236.8 ± 38.68 199.1 ± 38.68 234.4 ± 38.68 157.3 ± 38.68 0.27   
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4.3.7 Estimated diet composition and selection  

The average estimated proportion of legume species consumed was lower (P < 0.01) in 

lambs grazing FSO (22.2 ± 3.66%) compared to those grazing ACO (40.8 ± 3.66%), BCO 

(40.4 ± 3.66%) or LO (40.0 ± 3.66%) swards. However, it did not differ (P > 0.05) to 

lambs grazing BO sward (36.6 ± 3.66%). There was no difference (P > 0.05) in the 

average proportion of legume consumed by lambs grazing ACO, BCO, BO and LO 

swards. 

The interaction between legume + oat sward and sampling period was significant (P < 

0.001) (Table 4.7). At 28 d grazing lambs grazing BO sward consumed a lower (P < 

0.001) proportion of legume than lambs grazing ACO, BCO and LO swards, which did 

not differ (P > 0.05) to one another at this time. There was no difference (P > 0.05) in the 

proportion of legume consumed by lambs grazing FSO and that consumed by lambs 

grazing the other legume + oat swards. At 42 d grazing, lambs grazing BO sward 

consumed a higher (P < 0.001) proportion of the legume than at the previous sampling 

period and also consumed a greater (P < 0.001) proportion of legume than lambs grazing 

either the FSO or LO swards. At 42 d grazing, the lambs grazing FSO consumed a lower 

(P < 0.001) proportion of legume than those grazing either ACO or BCO swards. 

Table 4.7 Predicted mean (± S.E.) estimated diet composition of lambs after 28 d and 42 
d grazing either arrowleaf clover + oat (ACO), bladder clover + oat (BCO), biserrula + 
oat (BO), French serradella + oat (FSO) or lucerne + oat (LO) swards at Wagga Wagga, 
NSW based on faecal n-alkanes. 

Different superscripts within rows and columns indicate that there is a significant difference (P ≤ 0.05) 
between the mixed sward types.  
1Standard error of the predicted means. 
2Level of significance for the interaction between sward (S) and days grazing (D). 

 28 d grazing  (07 Aug) 42 d grazing (21 Aug)  
S.E. = 5.141 Legume Oat Legume Oat  
ACO 42.13cd 57.87 39.40cd 60.60  
BCO 43.07cd 56.93 37.67bcd 62.33  
BO 13.53ab 86.47 59.60d 40.40  
FSO 33.60abc 66.40 10.73a 89.27  
LO 47.43cd 52.57 32.53abc 67.47  
P-value      
   Sward     < 0.01 
   Days grazing     0.99 
   S:D2     < 0.001 
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4.4 Discussion 

4.4.1 Forage availability and sward composition 

Early sown cereal oats are utilised for winter grazing (Dove and Kelman 2015) due to 

higher growth in the cooler months compared to annual legume species. Total FOO of 

the legume + oats swards was higher than expected (1621 to 4579 kg DM/ha) over the 

study period as a result of the higher than average rainfall conditions. Swards with a 

higher biomass of oats than legume had higher total FOO. Unlike the other legume + oats 

swards, the BCO sward contained a similar herbage biomass of legume as the LO sward. 

Hackney et al. (2013b) reported bladder clover to have greater herbage biomass 

production than both biserrula and French serradella pastures when regenerating from a 

cover crop (where the establishing pasture is in direct competition with the cereal cover 

crop) in the previous year, inferring its competitive ability. 

The upright growth habit of the Yiddah oats combined with its active growth in the winter 

compared to annual legumes, may have compromised the germination and/or early 

establishment and also the regrowth of the shorter annual legumes (Ross et al. 2004) via 

shading; unlike the lucerne which was an established stand at time of sowing. 

Furthermore, the sowing rate of oats (30 kg/ha) may have been too high to achieve a well-

balanced sward of legume and oats, which may have compromised the ability of animals 

to selectively graze legumes. This was the case for lambs grazing the FSO sward where 

availability of French serradella was as low as 267 kg DM/ha (6.5% of the total FOO) 

which would have reduced the ability of lambs to selectively graze the legume. Kaiser et 

al. (2007) found sowing rates of oats (cv. Kalgan and cv. Cooba) at 40 kg/ha were too 

high when incorporating into mixtures with legumes in a single sowing, suggesting much 

lower rates < 15 kg/ha. However, the sowing rate of legumes in the Kaiser et al. (2007) 

study was 6.7-10 kg/ha, which would result in a lower density of legume within the sward 

than what would be expected from regenerating pastures in this study.  The use of other 

cereal forages such early maturing barley or semi-dwarf oats may be more a more suitable 

option to increase the component of legume within a sward (Ross et al. 2004). No studies 

have quantified the ideal sowing rates to achieve more balanced legume + oat swards, 

particularly when over-sowing into pre-existing annual and perennial legume pastures. 

Further research is warranted to ensure animal production is optimised on legume + oat 

swards and/or investigating other alternative legume + cereal/grass mixtures. 
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The high herbage biomass (and growth) of the oats in the annual legume + oat swards 

enabled total FOO to be maintained above 2000 kg DM/ha throughout the experimental 

period, whilst the LO sward declined to < 1860 kg DM/ha from 21 d to 35 d grazing. The 

slower winter growth of lucerne (compared to oats) and the impact lucerne may have had 

on initial establishment of oats may have reduced the total FOO in this sward. 

Oversowing oats into regenerating annual legume swards provides opportunity to 

increase total FOO in winter compared to legume monoculture pastures, with the herbage 

biomass of arrowleaf clover cv. Arrotas pastures reported 671 kg DM/ha under grazing 

(30 sheep/ha) conditions (after 20 d grazing) in the late winter-early spring period 

(Chapter 3, Experiment 1). However, differences in growing seasons may also influence 

pasture and/or sward herbage biomass. 

Oats and annual grasses constituted approximately 20% and 20-38%, respectively of the 

LO sward. The annual grass content was much higher than in the other legume + oat 

swards, as grass selective herbicides were not used to manage barley grass within the 

lucerne plots in the previous year (Chapter 3) increasing subsequent year germination of 

barley grass. The high herbage biomass of annual grasses (notably barley grass) would 

have increased competition with the oats (in combination with the lucerne) further 

contributing to the lower oat content within the LO sward. Oversowing oats into the pre-

existing lucerne stand precluded use of selective grass herbicides to remove barley grass. 

The herbage biomass of oats in the LO plots decreased from 468 kg DM/ha to 169 kg 

DM/ha by the end of grazing, whilst the herbage mass of annual grasses increased from 

478 kg DM/ha to 759 kg DM/ha. The high selectivity of lambs for lucerne (up to 47% of 

their diet composition) in conjunction with the lower overall oat content would account 

for the increased contribution (Matches 1992) of annual grasses to total FOO. 

4.4.2 Nutritive value 

The average CP content of the legume + oat swards was maintained above 15% 

throughout the experimental period and therefore would be considered non-limiting for 

lamb growth (Dabiri and Thonney 2004). Conversely, the DOMD (and ME) of the LO 

sward (average 71.1%) was significantly lower than all other legume + oat swards 

(average 76-77.2%), which could have reduced the DMI and subsequent growth rates of 

lambs grazing this sward (Blaxter et al. 1961; Thornton and Minson 1973). However, the 

lambs grazing the LO sward maintained a similar growth rate to those grazing the other 

legume + oat swards (as discussed in more detail below). Legumes tend to have higher 
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digestibility compared to cereal forages/grasses (Archer and Robinson 1988) because 

they have lower resistance to breakdown during ingestion and rumination (Weston 1985; 

McLeod et al. 1990) due to lower structural fibre components and greater content of 

soluble fractions (Noceck and Grant 1987; McDonald et al. 2002). 

In a grazing system, standard nutritive sampling techniques (pluck sampling) of swards 

consisting of a number of species may fail to represent the likely quality diet consumed 

as sheep are likely to be more selective in their grazing behavior than can be simulated 

by the sampling technique (Grant et al. 1985). In this experiment, it is likely that the 

pasture pluck samples were unsuccessful in simulating the actual diet of the lambs grazing 

the LO sward and in particular may have over represented the annual grass content, whilst 

underestimating the proportion of legume consumed by the lambs. This is supported by 

estimates of dietary composition at 28 d of grazing that indicated lambs grazing the LO 

sward consumed a higher proportion (47.4%) of lucerne, which was significantly higher 

than those grazing BO sward (13.5%). 

However, this was not reflected in estimated DOMD (and ME) during the same period as 

the DOMD of the LO sward was significantly lower than that of the BO sward. Sheep are 

known to preferentially graze lucerne leaf compared to stem (Arnold 1960; Raeside et al. 

2016). The more upright growth and branching structure of lucerne compared to the 

annual legumes in this study, may have also enabled the lambs to select a greater 

proportion of leaf rather than stem, with the latter having higher nutritive value 

(Woodman and Evans 1935). Individual nutritive analyses of the main sward species and 

their morphological components in conjunction with the diet composition estimates 

would have provided a more detailed representation of the nutritive value of the diet 

consumed by the lambs, as standard pluck samples unlikely reflected what the lambs were 

eating. Such factors should be considered when undertaking mixed sward experiments as 

it is a limitation to this study. 

The WSC content of the legume + oat swards varied over the experimental period, 

increasing at 28 d grazing. This was particularly evident in the BO sward which had 

increased from approximately 9% to 17% over a week. By 42 d grazing, the WSC content 

had decreased to approximately 11%. At 28 d grazing, biserrula comprised less than 14% 

of the diet which was significantly lower than the other legume treatments. However, by 

42 d grazing biserrula comprised nearly 60% of the diet, whilst those grazing the other 

legume + oat swards ranged between 11-39%. It cannot be confirmed if the increase in 
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WSC content of the BO sward was attributable to the biserrula, oats or a combination of 

both. While WSC may account for some of the response, especially if the WSC content 

of oats was much lower in comparison (Ciavarella et al. 2000), other compounds are also 

likely influencing the response as well, which warrants further investigation. 

Throughout the experiment there was no evidence of primary photosensitisation in the 

lambs grazing the BO sward. This contrasts with the findings of Chapter 3 (Experiments 

1 and 2), where lambs were grazing biserrula monocultures during the vegetative and 

reproductive stages of growth, respectively. Quinn et al. (2018) reported primary 

photosensitisation in sheep grazing biserrula in winter (vegetative), indicating that 

primary photosensitisation (and the causal compound(s)) may not be limited to a 

particular phenological stage of growth. The findings of this study suggest that lambs 

grazing biserrula with companion species in a sward may successfully mitigate primary 

photosensitisation by enabling diet selection. However, based on the results from this 

study it is unknown whether sufficient preferential grazing of oats to mitigate primary 

photosensitisation could still occur in the presence of higher composition of biserrula (> 

17%). Combining biserrula in mixed swards may sufficiently neutralise or dilute the 

concentration of toxic compound(s) (Thomas et al. 2014), whilst also meeting nutrient 

requirements for growth (Provenza et al. 2003). The lambs in this study were naïve to 

biserrula, so had not previously developed an aversion to the legume. The lower 

proportion of biserrula selected by lambs at 28 d grazing may have been due to the lambs 

disliking the taste of the biserrula relative to the oats with sheep reported to prefer sweet 

or sour tasting plants and avoid bitter tasting ones (Krueger et al. 1974). Alternatively, 

the lambs may have developed a temporary aversion to the plant early in the grazing 

period due to negative digestive effects encountered by the lambs in response to 

consuming biserrula, or a feedback response to the concentration of toxic compound(s) 

that limited their intake of the plant (Provenza 1995). This is also supported by Thomas 

et al. (2014) who also reported that the aversion of lambs to biserrula was attributable to 

more than the result of animals seeking variety in their biserrula-dominant diet. 

Conversely, Sundermann (2014) reported the intakes of lambs grazing biserrula to 

decrease as the digestibility of the biserrula decreased. However, in this study, biserrula 

was in the vegetative stage of growth and thus, the digestibility of the plant was unlikely 

to change significantly and influence subsequent dietary selection. The significant 

increase in the proportion of biserrula in the diet at 42 d grazing may have been due to 

changes in the concentration of toxic compound(s) of the plant itself and a change in 
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feedback response resulting in greater intake of the plant (Provenza 1995). Social 

interactions between lambs may have also influenced their selectivity as highly averted 

animals may have learned grazing behaviours from less averted animals, which in the 

absence of a negative experience may have increased lamb selection for biserrula (Ralphs 

and Provenza 1999). 

4.4.3 Liveweight gain and total animal production/ha 

Despite the significantly lower total FOO (< 2000 kg DM/ha at some sampling times) 

and DOMD (and ME) of the LO sward there was no difference in LW change (total or 

weekly) or BCS compared to lambs grazing other legume + oat swards. Overall ADG 

ranged from 105 g/d to 139 g/d across the legume + oat swards. Herbage biomass below 

1500 kg DM/ha may preclude lambs from obtaining sufficient feed for maximum growth 

(Willoughby 1958). However, excess FOO may be detrimental to pasture quality (Pratley 

and Virgona 2010). At various intervals throughout the experiment the FOO of the ACO, 

BO and the FSO swards were in excess of 3000 kg DM/ha, particularly during the period 

from 28 d to 42 d grazing. However, there did not appear to be any negative impacts on 

sward quality or LW gain of lambs. This is supported by the similar DOMD (and ME) of 

all three of these legume + oat swards (73-77%) compared to the BCO sward with lower 

FOO of 2333-2731 kg DM/ha (71-77% DOMD), during the same period. The presence 

of legumes in the sward may have enabled the lambs to select a diet of higher quality, as 

lambs grazing either the ACO, BCO, BO or LO swards consumed a similar proportion of 

legume in their diet, regardless of total herbage mass and composition of legume in the 

sward. However, this was not true for lambs grazing the FSO sward at 42 d grazing (as 

previously discussed) and cannot be explained by the results in this experiment. 

At 16 d grazing the ADG of the lambs across the legume + oats swards were significantly 

higher (212 to 379 g/d), especially compared to the first week of the experiment (ADG -

48 to 76 g/d).  Both quality values and total FOO were similar between these weeks which 

cannot account for the significant difference in ADG. Lower ADG of the lambs in the 

first week may have been attributable to a physiological and/or behavioural adaptation as 

the legume + oat swards were novel to the lambs (Villalba and Provenza 2000). Further, 

a 17 h fasting LW may not have allowed complete gut empting which may account for 

these differences given the short one-week measurement period. Issues with scale 

resolution (0.2 kg) may also effect measurements of LW. Care should be taken when 

interpreting short-term measures of LW. Dove and Kelman (2015) recorded an ADG of 
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286 g/d for lambs grazing forage oats in winter at stocking rates of 48-53 sheep/ha, which 

was similar to this study (with the exception of the LO sward that had lower stocking 

rates). This is also similar to other studies reporting lamb growth rates on forage oats in 

the winter of 282 g/d (Dove et al. 2002). These studies reported ADG over the entire 

grazing period, rather than weekly measurements. 

Pasture legumes have a high nutritive value (Waghorn and Clark 2004) and previous 

experiments have shown a greater preference of sheep for legumes in mixed swards 

(Rutter 2006). However, the growth rates of lambs were lower than those reported by 

Dove et al. (2002) and Dove and Kelman (2015). Predicted ADG for lambs in the study 

reported here was calculated using the GrazFeed® model (Freer et al. 1997) based on the 

DM, DMD, ME and CP content and average lamb LW per legume + oat sward type for 

Border Leicester x Merino, of 8 months of age. This allowed for comparisons to be made 

between predicted and actual experimental values. Actual ADG values were lower than 

those predicted (predicted values ranging from 243 g/d for LO sward and 332-356 g/d for 

the other legume + oat swards). A total of 80.3 mm of rain was recorded over the 

experimental period, occurring over 24 d with 4 d in excess of 10 mm of rain. This may 

have affected the grazing behaviour and intakes of lambs and thus reduced LW gain. The 

low DM content (thus high moisture content) of the pasture (< 16%) may have prevented 

lambs consuming sufficient DM for the level of growth (Paltridge 1955), despite high 

sward quality and FOO. 

The LO sward had lower stocking density (30 sheep/ha) and total grazing (1260 d) 

compared to all other legume + oat swards (46-55 sheep/ha and 1880-2207 d, 

respectively) due to the lower FOO. However, given all other legume + oat swards were 

above (or near) 3000 kg DM/ha at the end of the experimental period it would be possible 

to increase stocking densities further without negative effect on animal growth rates 

whilst increasing the number of grazing days. The stocking densities of the annual legume 

+ oat swards were higher than those reported in Chapter 3, Experiment 1 for monoculture 

pastures of arrowleaf clover, biserrula and bladder clover of 30 sheep/ha. However, the 

stocking density of the lucerne + oat mixed sward in this experiment was the same as the 

lucerne monoculture pasture in Chapter 3, Experiment 1 and the total FOO at the end of 

each grazing period was also comparable (2075 kg DM/ha and 2262 kg DM/ha, 

respectively). The poorer performance of oats sown into the existing lucerne stand may 

partially explain lower stocking density. Lucerne is very effective in drying the soil 

profile and as a perennial, it is capable of growth, and thus soil moisture utilisation at any 
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time of the year (Crawford and Mcfarlane 1995; Ward et al. 2002). Adequate levels of 

soil moisture are required to initiate even germination, emergence and growth of any plant 

species. It is probable that competition for moisture from the established lucerne 

following sowing of the oats resulted in reduced oat growth in the lucerne compared to 

annual legume + oat swards and therefore reduced carrying capacity. Further, the 

presence of barley grass, a relatively low productivity species, may have further impeded 

early germination and growth of oats contributing to lower potential carrying capacity 

than the other mixes. 

The ADG of lambs grazing bladder clover pasture (260 g/d) over a 33 d grazing period 

reported in Chapter 3 was higher than that reported in this experiment (129 g/d) over 42 

d grazing period. Similarly, the ADG of lambs grazing lucerne pasture in Chapter 3, 

Experiment 1 over a 39 d grazing period were higher (242 g/d) than that reported in this 

study (105 g/d), and resulted in greater total animal production/ha. The high rainfall 

experienced throughout this experiment presumably affected grazing behavior and/or 

intake of the lambs and subsequently LW gain. However, in the current experiment, the 

higher stocking density resulting from higher FOO and greater number of days spent 

grazing supported higher total animal production/ha compared to the results reported in 

Chapter 3. 

Firm conclusions cannot be made regarding the oversowing of forage oats into 

regenerating annual pasture legumes pasture and its impact on livestock production (per 

head and per ha), compared to monoculture pastures as reported in Chapter 3, Experiment 

1. Studies which directly compare total animal production/ha from legume + oat swards 

and monoculture pastures over the late winter and spring periods would assist in 

determining their impact of different grazing systems on livestock production. 

Furthermore, research on these second generation legume pastures under varying climatic 

conditions and/or across agroecological zones is warranted to elucidate the impact on 

livestock production. Although the LO sward was lower in stocking density, the total 

animal production/ha of this sward was similar to the other mixed swards. Despite no 

significant difference, actual differences in total animal production/ha are likely to be of 

commercial significance to producers in terms of economic value. 
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4.5 Conclusion 

Over-sowing oats into regenerating pastures of second generation legumes increases 

herbage available to grazing livestock in the winter period when annual legume growth 

is slower, resulting in greater total animal production/ha with positive economic 

implications. 

Increasing forage diversity allows lambs to practice selective grazing behaviours whilst 

meeting their nutrient requirements for growth. For problematic species such as biserrula, 

forage diversity also allows lambs to self-mitigate primary photosensitisation. This 

finding is the first known strategy to allow long-term grazing of livestock on biserrula 

pastures. 

Individual sampling of key sward species in conjunction with diet composition estimates 

would provide a more accurate representation of the quality of a diet selected by lambs 

when grazing mixed swards and the subsequent effect on animal growth rates. Further 

studies are warranted to investigate other complementary forages as companion species 

with these second generation legumes under varying growing conditions and across 

agroecological zones.
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CHAPTER 5: Nutrient digestibility and ruminal parameters of 

wethers fed arrowleaf clover, biserrula and French serradella 

pastures harvested in the late spring-early summer period 

5.1 Introduction 

Second generation annual pasture legumes arrowleaf clover, biserrula and French 

serradella have been commercially available in Australia for the last two decades (Nichols 

et al. 2006). They are advantageous in their quality, biomass and seed production, 

particularly in adverse climatic conditions (e.g., drought) compared to commonly used 

annual legumes (e.g., Hackney et al. 2013a; 2013c; 2013d), although few studies have 

investigated their application in livestock production. The indeterminate growth of both 

biserrula and French serradella may enable them to maintain and continue producing 

green foliage, flowers and pods up to 4 weeks longer than subterranean clover (Howieson 

et al. 1995; Carr et al. 1999; Hackney et al. 2013a; 2013c) in the late-spring and summer 

period. The late maturity of the arrowleaf clover (cv. Arrotas) enables maintenance of a 

high quality feed into the late spring-summer period (Smith and Rawstron 1998; 

Thompson et al. 2010). Such pastures are likely to be highly valued by producers, 

particularly in meat-based livestock systems, due to their capacity to maintain high animal 

growth rates during periods known for feed shortages. 

There are always risks associated with the introduction of new pastures, including the 

presence of PSC that may have negative implications on animal health and productivity 

(Norman et al. 2005). To date, no negative incidences on animal health have been 

reported (in scientific publications) in livestock grazing either arrowleaf clover or French 

serradella pastures. Arrowleaf clover has been considered as a “bloat-free” legume due 

to the presence of condensed tannins in its leaves (Thompson 2005), although Wang et 

al. (2012) still considered it to be a moderate bloat risk pasture. Biserrula; as previously 

reported (Chapters 2 and 3) may present negative impacts (primary photosensitisation) 

on animal health, welfare and production. Sheep are also known to develop an aversion 

to biserrula during its green growing phase (Thomas et al. 2014), which is likely to be 

associated with the presence of PSC that cause primary photosensitisation. However, 

studies have also highlighted the potential benefits of biserrula to animal production and 

the environment through reduced CH4 production (Banik et al. 2013a). Bioactive 

compounds extracted from the plant have an inhibitory effect on methanogens in the 
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rumen (Banik et al. 2016) and the subsequent effects on rumen fermentation patterns 

which appear to favour the propionic acid pathway (Chapter 3, Experiment 2; Banik et 

al. 2013a). 

The hypotheses tested in the research reported in this Chapter were as follows: 

1. Changes in ruminal pH, DMI and behaviour (feeding, ruminating and other 

activities) during the adaptation period (up to 14 d) will be similar in sheep fed 

arrowleaf and French serradella pastures. These parameters in sheep fed biserrula 

will differ to the other two pastures due to known presence of PSC and their 

aversive feedback effect, irrespective of pasture nutritive value.  

2. Apparent in vivo DOMD, DMD, OMD and crude protein digestibility (CPD) and 

N balance is similar in sheep fed these arrowleaf clover, biserrula and French 

serradella pastures (when at a similar ME and CP content).  

3. Following dietary adaptation, temporal changes in ruminal parameters including 

pH, NH3-N concentrations, VFA concentrations and molar proportions and fluid 

outflow rates are similar in sheep fed arrowleaf clover and French serradella 

pastures. These parameters in sheep fed biserrula will differ to the other two 

pastures due to the anti-methanogenic effect of the plant and subsequent effect on 

fermentation patterns. 

5.2 Materials and Methods 

5.2.1 Experiment site and animal housing 

The study was carried out at the NSW Department of Primary Industries (DPI) Animal 

Nutrition Unit, Wagga Wagga, NSW (35º0’S, 147º3’E) from 5 November to 17 

December 2016 under the CSU ACEC Protocol Number 15/110. 

The study included two periods that were designed as two separate randomised complete 

block designs, but analysed as a single experiment (Table 5.1). As shown in Figure 5.1, 

each experimental period included a 12 d adaptation period to the pastures where animals 

were housed in individual pens (1.2 m x 1.2 m) for 11 d and in special purpose metabolism 

crates (0.5 m x 1.15 m) for 1 d. This was followed by a further 10 d spent in metabolism 

crates (Figure 5.2) and involved ruminal fluid collection at regular intervals over 24 h 

followed by a metabolism study involving daily collection of urine and faeces for 7 d, 
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including a 24 h lag phase after the 7 d feeding period to account for feed eaten and urine 

and faeces excreted during that period. 

Table 5.1 Experimental design for Period 1 and Period 2 for wethers fed either arrowleaf 
clover (AC), biserrula (B) or French serradella (FS) pastures. 

Experimental period AC B FS 
1 (n = 12 wethers) 6 3 3 
2 (n = 6 wethers) - 3 3 

Figure 5.1 Timeline of events in Period 1 and Period 2 of the experiment. 

When housed in their individual pens, the wethers were able to perform full movements 

including turning, walking and laying down as well as having social contact with 

neighbouring animals. The floor of the pens was a woven wire mesh (Melwire) designed 

for long-term housing of livestock, with non-slip properties, and flexibility to provide 

‘give’ to the animal’s feet and exercise for the legs. All pens were fitted with an automatic 

watering system. All metabolism crates were fitted with a watering point that was cleaned 

and filled daily. A small foam pad (0.5 m x 0.3 m) was fixed to the mesh floor at the front 

of the metabolism crate to provide comfort to the animal’s feet, particularly during 

feeding. In both the individual pens and in metabolism crates, a feed box was attached at 

the front, which was modified to reduce feed wastage by preventing the animal from 

pulling backwards (with feed in its mouth) during feeding.  

Metabolism study 
 

 Adaptation period – individual pens 
 

Daily ruminal pH measurement  
(3 h post-feeding) 

Period 1 
 1 d 12 d   21 d   

13 d: 24 h ruminal fluid 
collection 

2 d – 4 d: Rumination/feeding behaviour  

1 d 12 d   21 d   
Period 2 
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Figure 5.2 Metabolism crate set up for the separate collection of faeces and urine of 
individual animals. 

5.2.2 Experimental animals and diets 

Twelve ruminally-fistulised Merino wethers aged 16 months with an average LW of 

42.45 ± 2.52 kg and BCS of 3.6 ± 0.2 were used. All wethers were well adapted to the 

animal house facilities and frequent handling by humans. The rumen cannulas used had 

an internal diameter of 31 mm with an insertion length of 62 mm and the point of entry 

into the rumen was secured by a rubber stopper and hose clamp (32 mm). The wethers 

were vaccinated (Glanvac 6-in-1; Zoetis Australia, Silverwater, Australia) against 

clostridial diseases and drenched (Q-drench: Abamectin 1 g/L, Albendazole 25 g/L, 

Closantel 37.5 g/L and Levamisole hydrochloride 40 g/L; Jurox Pty Ltd, Rutherford, 

Australia) 2 d prior to the commencement of the experiment. 

During this time, sheep were fed either fresh arrowleaf clover cv. Arrotas, biserrula cv. 

Casbah or French serradella cv. Margurita pastures that were cut daily using a sickle bar 

mower (Solo 532, Solo NZ) from the same site at the CSU Farm at Wagga Wagga. The 

pastures had previously been grazed from 10 September to 3 October 2016 and were 

allowed 32 d to recover prior to being harvested for the experiment. From May (early 

pasture emergence) to November the pastures had received 540 mm of rain with 257 mm 

falling within 66 d prior to the commencement of the experiment. Due to the restricted 

number of ruminally-fistulised wethers, and the indeterminate growth of the biserrula and 

Metabolism crate 

Urine collection 
bucket 

Faeces collection 
bag 

Attachment (including 
a sieve) for separate 

collection of urine and 
faeces  
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French serradella pastures both these pastures were fed across two periods (Period 1 and 

Period 2). Arrowleaf clover was only fed in Period 1 due to its determinate growth that 

heightened its risk of complete pasture senescence before the end of Period 2. This 

resulted in a total of 12 sheep used in Period 1 and 6 sheep used in Period 2 (Table 5.1). 

However, despite the design, both the biserrula and French serradella pastures matured at 

a much faster rate than expected. The effect of experimental period was tested in the 

statistical analyses to account for this effect, as outlined in Section 5.2.9. 

Prior to the commencement of the experiment, the sheep were weighed using electronic 

scales (manual 3-way drafting weigh crate, Prattley Industries Ltd.; Ruddweigh 700) that 

were calibrated with a known weight every four animals. The BCS was recorded at the 

same including half-scores for animals between BCS. For each experimental period, the 

wethers were stratified and allocated to blocks based on LW, and randomly assigned to 

one of the three pastures for Period 1 or one of the two pastures for Period 2 (Table 5.1) 

in a randomised complete block design structure using the Agricolae package (de 

Mendiburu 2016) in R statistical software (R Core Team 2016). Once allocated to the 

pastures, the wethers were randomised to the individual pens. To avoid issues with 

carryover effect associated with the previous diet, the wethers fed arrowleaf clover in 

Period 1 (n = 6) were allocated to either the biserrula or French serradella pastures in 

Period 2. 

5.2.3 Pasture feeding and sampling 

The wethers were fed ad libitum at approximately 08:30 h and 16:30 h each day to manage 

the bulk of fresh-cut pasture given daily. A target level of orts of 10 to 15% ensured that 

ad libitum feeding was maintained. When orts were lower than 10%, feed on offer was 

increased to 110% of previous feeding level and when orts were greater than 15%, FOO 

was decreased to 90% of the previous feeding level. Orts were collected daily at 

approximately 08:00 h. When the wethers were housed in individual pens, samples (500 

g) of the feed offered and orts were taken three times a week (Tuesday, Thursday and 

Saturday). All samples were stored at -18°C until subsequent preparation and laboratory 

analysis. 

5.2.4 Rumination and feeding behaviour during dietary adaptation 

Rumination time and feeding behaviour was measured in a 3 d block from 2 d to 4 d 

(Figure 5.1) during dietary adaptation in each experimental period. A video camera 
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(SONY Handycam HDR-CX240E HD camcorder) was used to record the ruminating and 

feeding behaviours of the wethers (n = maximum 4 sheep/camera) from 09:00 h to 11:00 

h and again from 15:00 h to 17:00 h on each sampling day, equating to a total of 4 h video 

footage/d. Video footage was downloaded at the end of each 2 h recording interval. 

Video footage was later analysed for each animal by watching and categorising 

behaviours using a tri-behavioural classification of either eating, ruminating or other 

activity. Other activity was defined as any activity not occurring in conjunction with 

either eating or ruminating including drinking, scratching, sleeping, and standing. For 

each 2 h recording interval (7200 seconds/interval), the total number of seconds an 

individual animal spent performing each behaviour was recorded. For individual animals, 

the time in seconds was then converted to minutes (120 min/recording interval) for each 

classified behaviour. This rigorous assessment provided a more accurate measure of each 

behaviour over the 2 h interval. 

5.2.5 Metabolism study sample collections 

From day 13 to day 21 of each experimental period, the sheep were housed in metabolism 

crates that were fitted with attachments for the separate collection of faeces and urine 

(Figure 5.2) to determine in vivo apparent DOMD (and ME), DMD, OMD and CPD and 

N balance. Samples of feed offered, orts, faeces and urine were collected daily from 

approximately 09:00-10:00 h. For each pasture type, a 500 g sample of feed offered was 

taken each day for each pasture type, whilst all orts were collected on a per animal basis. 

Urine was collected in a 10 L bucket containing 100 mL of 10% H2SO4. The collection 

bucket was situated at the base of the metabolism crate, and the urine passed through a 

10 mm sieve to prevent faecal contamination. Faeces were collected in a plastic bag 

attached to the base of the metabolism crate (Figure 5.1). Urine and faecal outputs of each 

animal were weighed an electronic balance and a 10% and 15% sub samples of urine and 

faeces were taken, respectively. All feed, orts, urine and faecal samples were stored at -

18°C pending subsequent bulking (per animal basis), preparation and laboratory analysis. 
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5.2.6 Ruminal fluid collections and analyses 

All ruminal fluid samples were collected using a ruminal core suction probe inserted into 

the central sac of the rumen after the removal of the cannula plug.  The suction probe 

consisted of a metal frame (50 x 10 x 10 mm) that was covered with a double thickness 

layer of stocking material and was attached to a stainless steel metal tube (approximately 

250 mm in length) (Figure 5.3). Capillary tubing attached to the end (approximately 30 

mm in length) enabled the attachment of a 20 mL sterile disposable syringe for suctioning 

ruminal fluid. 

Figure 5.3 Rumen sampling probe for collection of ruminal fluid. 

From day 1 to day 14 (dietary adaptation period) of each experimental period 

approximately 20 mL of ruminal fluid was collected from individual animals 3 h post 

morning feed. The ruminal fluid was collected by removing the cannula plug, inserting 

the sampling probe into the rumen cavity and suctioning up fluid via a syringe before 

dispensing into a 70 mL plastic container. The pH of the ruminal fluid was measured 

immediately using an electronic pH meter (ACTIVON Model 210, pH/mV/ATC/temp 

meter; Probe TPS serial number 1204-097217) that had been calibrated using pH buffers 

4 and 7. 

On day 13 of each experimental period ruminal fluid was collected at regular intervals 

over 24 h to measure temporal changes in ruminal parameters including pH, NH3-N 

concentrations, VFA concentrations and molar proportions and ruminal fluid outflow rate 

(using chromium ethylene-diamine tetra-acetic (Cr-EDTA) as a marker). During the 

collection period the sampling probe was fixed into position in the rumen cannula by a 

solid rubber stopper that was secured with a stainless steel hose clamp (32 mm). Between 

collections a stainless steel nail (which had been filed down) was placed into the capillary 

tubing to prevent leakage of ruminal fluid between samplings. 

Rubber stopper 

Probe end covered in stocking material 

Capillary tubing 
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On the day of the 24 h collection and prior to feeding, each sheep was administered 

approximately 20 g (known weight) of Cr-EDTA solution (Binnerts et al. 1968) via the 

sampling probe. Immediately after, the probe was flushed with approximately 5 mL of 

distilled water to ensure all of the Cr-EDTA entered the rumen. The time was recorded 

and thereafter approximately 20 mL of ruminal fluid was collected at 3 h intervals (3, 6, 

9, 12, 15, 18, 21 and 24 h after dosing – actual times recorded). 

The pH of the ruminal fluid was measured immediately after each collection and then the 

sample was split into two subsamples, one (to which was added three drops of 32% HCl) 

for determination of NH3-N concentrations, and one for VFA analyses and determination 

of Cr concentrations. All samples were stored directly on ice before being stored at -18ºC. 

5.2.7 Sample preparation and laboratory analyses 

All of the feed offered, orts and faecal samples that had been stored frozen were thawed 

at room temperature. After thawing, the feed offered and ort samples (per pasture type) 

from the dietary adaptation period were bulked on a weekly basis and two subsamples of 

similar size (known weight) were taken and then dried in a fan forced oven at 80ºC for 

24 h to determine DM content. Samples for feed offered (per pasture type) and orts of 

individual animals from the metabolism study were bulked and processed as per samples 

for the dietary adaptation period. The DM content of the feed offered (from both the 

dietary adaptation and metabolism study) was used for the subsequent calculation of DMI 

of the wethers. After thawing, the faecal samples for individual animals were bulked, 

thoroughly mixed and two subsamples (approximately 250 g; known weight) were dried 

in a fan forced oven at 80ºC for 48 h to determine DM content. 

All of the dried feed samples (offered and orts) were ground using a 1 mm screen (Perten, 

3100 Laboratory Mill). The dried faeces were ground using a coffee grinder. All of the 

samples were then stored in airtight containers at room temperature pending analyses of 

nutritive value. 

The dried feed samples (offered and orts) collected during both the dietary adaptation 

period the metabolism study were analysed for OM, CP (N x 6.25), ME, ADF, NDF and 

WSC using both wet chemistry techniques (feed offered) as described by AFIA (2014), 

and NIRS (feed offered and orts). The OM and CP content of feed offered and faeces 

were determined using the OM content (from ashing) method (NSW Department of 

Primary Industries 2004) and the Dumas method (AFIA 2014), respectively. 
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After thawing (at room temperature), the urine samples for individual animals were 

bulked and mixed. A subsample was dispensed into a 1.5 mL Eppendorf tube and 

centrifuged at 10 000 rpm for 5 min. A 1:50 dilution of urine to 0.1 M HCl was prepared 

in a 10 mL vial for subsequent determination of NH3 concentration using a Flow Injection 

Analyser Spectroscopy (Lachat 8000 series FIA). All results were reported in mg NH3-

N/L. 

The ruminal fluid samples were thawed to room temperature and then centrifuged at 3000 

rpm for 10 min. For Cr concentration analysis, samples were prepared in a 1:10 dilution 

of ruminal fluid to 1% nitric acid. The Cr concentration of the diluted samples was 

determined using an Inductively Coupled Plasma-Optical Emission Spectrophotometer 

(ICP-OES; Varian, model 710ES) using a chromium wavelength of 267.716 nm and 

standards 0-2 mg/L. 

For VFA analyses, 100 L of the supernatant was transferred to a 1.5 mL Eppendorf tube 

containing 900 L of VFA reagent (1% formic acid, 1% orthophosphoric acid and 184 

ppm of the internal standard 4-methylvaleric acid). The sample mixture was then 

centrifuged at 10 000 rpm for 5 min. For each sample, 800 L was taken and dispensed 

into a GC vial for subsequent analyses. The VFA concentrations and molar proportions 

were determined as outlined in Chapter 3.2.3.2. 

Ruminal NH3 concentrations were determined as per urine NH3 and as previously 

described in Chapter 3.2.3.2. 

5.2.8 Calculations 

5.2.8.1 Nutrient digestibility  

Apparent digestibility of DM, OM and CP (expressed on a DM basis) were calculated 

using the following formula: 

Digestibility (%) = [(dietary intake – faecal output)/dietary intake] x 100 

Apparent DOMD and estimated ME were calculated using the following (AFIA 2014): 

DOMD (%) = [(OM intake – faecal OM output)/DM intake] x 100 

ME (MJ/kg DM) = 0.203 x DOMD (%) – 3.001 
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5.2.8.2 Nitrogen balance 

Nitrogen balance (DM basis) was calculated as follows: 

N balance (g/d) = N intake (g/d) – [total faecal N output (g/d) + total urinary N output 

(g/d)] 

5.2.8.3 Ruminal fluid volume and outflow rate 

The Cr concentration (Y) of the ruminal fluid samples was first described as an 

exponential function of time (t) (Duric et al. 1994): 

Y = Ae-kt 

where: Y = Cr concentration 

 A = Cr concentration at time zero (g/L) 

k = outflow rate of the rumen  

Ruminal fluid volume and outflow rate were thus calculated as: 

Ruminal fluid volume (L) = Weight of Cr injected (g)/A 

Ruminal fluid outflow rate (L/d) = ruminal fluid volume (L) x k 

5.2.9 Statistical analyses 

All analyses were carried out using ASReml-R version 3.0/64 (Butler 2009; VSN 

International Ltd., United Kingdom; Butler et al. 2007). In preliminary analyses, the 

model assumptions were tested for normal distribution of the residuals. The model 

assumption of constant variance of the residuals was also tested. A weighted analysis was 

applied to data that displayed heteroscedasticity, as specified in the results section. 

A linear mixed model using REML was used to test all response variables. The 

significance level for all analyses was set at P < 0.05. All results were reported as 

predicted means ± S.E. of the predicted mean, when appropriate. Tukey’s pairwise 

comparison with a confidence level of 5% was used to differentiate between the pasture 

types for each of the parameters tested. The fixed effects pasture and period were fitted 

in all the models; however, if period was not significant, it was dropped from the model 

and included as a random effect. Thus, in all instances where period was not significant, 
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comparisons between the arrowleaf clover pasture (fed only in Period 1) and the other 

pastures (fed in both Periods 1 and 2) were justified. 

The models used to analyse the data including main effects, and random effects are shown 

in Table 5.2. The terms ‘period’ referred to whether it was Period 1 or 2, ‘block’ referred 

to the blocking factor when sheep were allocated to pastures based on a stratified LW 

range, ‘ampm’ referred to whether it was morning or afternoon, and ‘time’ referred to the 

time in 3 h intervals for 24 h ruminal fluid sampling. 

Table 5.2 Statistical models used to analyse data from the experiment. 
Response variable Model  
Nutritive value  

   DM % Response = pasture + period + pasture:period, random = 
experiment week 

   OM % 
   CP% 
   ME (MJ/kg DM) 
   ADF% 
   NDF% 
   WSC% 

Response = pasture + period, random = experiment week 
 

Dry matter intake 
Response = pasture + period + experiment day + pasture: 
period + period:experiment day, random = sheep ID + 
block 

Adaptation to the pastures  

   Ruminal pH (14 d adaptation) Response = experiment day + pasture, random = sheep ID 
+ block + period 

   Eating 
   Other activities 

Response = period + diet + time + period:time + 
pasture:time, random = sheep ID + block 

   Ruminating Response = pasture + period + time + pasture:period + 
pasture:time, random = sheep ID + block 

Apparent nutrient digestibility  
   DOMD % 
   calculated ME (MJ/kg DM) 
   CPD % 

Response = pasture + period + pasture:period, random = 
sheep ID + block 

   DMD % 
   OMD % Response = pasture + period, random = sheep ID + block 

N Balance  
   N intake 
   Faecal N 
   Urinary N 
   N balance 

Response = pasture, random = sheep ID + block + period 

Temporal ruminal fluid parameters  
   pH 
   Total VFA concentrations 
   Acetic acid concentrations 
   Propionic acid concentrations 
   Butyric acid concentrations 
   Hexanoic acid concentrations 
   Heptanoic acid concentrations 
   Propionic acid % 
   Iso-butyric acid % 
   Iso-valeric acid % 
   Hexanoic acid % 
   Heptanoic acid % 

Response = time + pasture, random = sheep ID + block + 
period 
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Table 5.2 (continued) 

 

5.3 Results 

5.3.1 Nutritive value and stage of maturity of pastures 

The interaction between pasture type and period was significant (P = 0.03) in the model 

for pasture DM content. The DM content of the arrowleaf clover, biserrula and French 

serradella pastures were similar (P > 0.05) in Period 1 as were the biserrula and French 

serradella pastures in Period 2. The DM content of the biserrula pasture increased (P = 

0.03) in Period 2, but French serradella pasture remained the same (P > 0.05) (Table 5.3). 

Both the biserrula and French serradella pastures increased in maturity from Period 1 to 

Period 2 (flowering to senescing/senesced) (Table 5.4). 

Table 5.3 Predicted mean (± S.E.) nutritive value (on a DM basis) of arrowleaf clover 
(AC), biserrula (B) and French serradella (FS) pastures over Period 1 and Period 2 of the 
experimental period.  

Different superscripts within rows and/or columns for each parameter indicates that there is a significant 
difference (P ≤ 0.05) between the pastures. 
DM = dry matter; OM = organic matter; CP = crude protein; ME = metabolisable energy; ADF = acid 
detergent fibre; NDF = neutral detergent fibre; WSC = water soluble carbohydrates. 
1Level of significance for the interaction between pasture type (PT) and period (P). 

Response variable Model 
Temporal ruminal fluid parameters  
   NH3-N concentrations 
   Iso-butyric acid concentrations 
   Valeric acid concentrations 
   Iso-valeric acid concentrations 
   Butyric acid % 
   Valeric acid % 

Response = time + pasture + time:pasture, random = sheep ID 
+ block + period 

   Acetic acid % Response = time + pasture + period, random = sheep ID + 
block 

Ruminal fluid volume Response = diet + period, random = sheep ID + block 

Ruminal fluid outflow rates Response = diet, random = sheep ID + block + period 

Parameter Pasture P-value 
AC B FS Pasture Period PT:P1 

DM (%)    < 0.001 < 0.001 0.03 
Period 1 14.3 ± 5.04a 18.9 ± 5.04a 22.2 ± 5.04a    
Period 2 - 53.4 ± 5.04b 37.8 ± 5.04ab    
OM (%) 87.9 ± 0.34a 90.9 ± 0.27b 91.3 ± 0.27b < 0.001 < 0.001 > 0.05 
CP (%) 22.6 ± 1.48b 16.0 ± 1.36a 15.1 ± 1.36a < 0.001 < 0.001 > 0.05 
ME (MJ/kg DM) 11.2 ± 0.39b  8.4 ± 0.37a 8.7 ± 0.37a < 0.001 < 0.001 > 0.05 
ADF (%) 25.6 ± 1.54a 39.1 ± 1.40c 34.4 ± 1.40b < 0.001 < 0.001 > 0.05 
NDF (%) 45.3 ± 2.14a 52.8 ± 2.08c 48.9 ± 2.08b < 0.001 < 0.001 > 0.05 
WSC (%) 7.9 ± 0.51b 1.5 ± 0.42a 7.0 ± 0.42b < 0.001 < 0.001 > 0.05 
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The OM content of the arrowleaf clover pasture was lower (P < 0.001) than that of the 

biserrula and French serradella pastures, that did not differ (P > 0.05) from one another 

(Table 5.3). The OM content of both the biserrula and French serradella increased (P < 

0.001) in Period 2 (91.7 ± 0.27%) from Period 1 (89.6 ± 0.24%). 

The CP content and ME of the arrowleaf clover pasture was higher (P < 0.001) than that 

of the biserrula and French serradella pastures, which did not differ (P > 0.05) from one 

another (Table 5.3). Both CP content and ME of biserrula and French serradella pastures 

decreased (P < 0.001) in Period 2 (14.1 ± 1.36% and 7.7 ± 0.37 MJ/kg DM, respectively) 

compared to Period 1 (18.9 ± 1.32% and 10.0 ± 0.36 MJ/kg DM, respectively). 

The ADF and NDF contents of the arrowleaf clover pasture were lower (P < 0.001) than 

that of the other two pastures, whilst the ADF and NDF contents of the biserrula pasture 

were higher (P < 0.001) than the other two pastures (Table 5.3). The ADF and NDF 

contents of the biserrula and French serradella pastures were lower (P < 0.001) in Period 

1 (30.6 ± 1.35% and 46.4 ± 2.06%, respectively) than in Period 2 (40.4 ± 1.40% and 54.8 

± 2.08%, respectively). 

The WSC content of biserrula was lower (P < 0.001) than for the arrowleaf clover and 

French serradella pastures, that did not differ (P > 0.05) from one another (Table 5.3). 

The WSC content of the biserrula and French serradella pastures declined (P < 0.001) 

from Period 1 (6.7 ± 0.39%) to Period 2 (2.3 ± 0.42%). 

Table 5.4 Stage of plant maturity of arrowleaf clover (AC), biserrula (B) and French 
serradella (FS) pastures fed to Merino wethers over the experiment. 

1Pod (P)/seed (S) development (biserrula and French serradella pods varying from green to brown as they 
mature towards senescence) 

Period/week 
     AC B FS 

Maturity P/S1 Maturity P/S Maturity P/S 
Period 1       

   Week 1 Vegetative - Flowering Green Flowering Green 
   Week 2 Vegetative - Full flower Green-brown Flowering Green 
   Week 3 Early flower - Late flower Green-brown Full flower Green-brown 
Period 2       
   Week 1 - - Senescing Brown Late flower Green-brown 
   Week 2 - - Senescing Brown Senescing Green-brown 
   Week 3 - - Senesced  Brown Senescing Green-brown 
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5.3.2 Dry matter intake 

The interaction between pasture type and period was significant (P < 0.01) in the model 

for DMI (Table 5.5); as was the interaction between experimental day and period (P < 

0.001) (Figure 5.4). 

In Period 1, DMI of wethers fed biserrula was lower (P < 0.001) than those fed either 

arrowleaf clover or French serradella pastures, that did not differ (P > 0.05) to one 

another. In Period 2, DMI of wethers fed biserrula increased (P < 0.01) and was similar 

(P > 0.05) to those fed French serradella (Table 5.5). 

Table 5.5 Predicted mean (± S.E.) dry matter intake (DMI; g/d) of Merino wethers fed 
either arrowleaf clover (AC), biserrula (B) or French serradella (FS) pastures over Period 
1 and Period 2. 

Different superscripts within rows and columns indicates that there is a significant difference (P ≤ 0.05) 
between the pastures. 
1Level of significance for the interaction between pasture type (PT) and period (P). 

Figure 5.4 Temporal changes in dry matter intake of Merino wethers fed second 
generation annual pasture legumes (arrowleaf clover, biserrula or French serradella in 
Period 1 and biserrula or French serradella pastures in Period 2). Vertical lines represent 
S.E. of the predicted means. 

Parameter Pasture  P-value  
AC B FS Pasture Period PT:P1 

DMI    < 0.001 < 0.001 < 0.01 
Period 1 957 ± 74.7b 556 ± 87.0a 1039 ± 121.4b    
Period 2 - 1048 ± 81.2b 1063 ± 77.4b    
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5.3.3 Adaptation to the pastures 

5.3.3.1 Ruminal pH 

There was no effect of period (Period 1 or Period 2) on ruminal pH during the 14 d dietary 

adaptation, thus period was included as a random effect in the model.  

The pH of ruminal fluid during the 14 d dietary adaptation was higher (P < 0.001) in 

wethers fed biserrula (pH 6.8 ± 0.07) than those fed either arrowleaf clover (pH 6.4 ± 

0.07) or French serradella (pH 6.5 ± 0.07) pastures, which did not differ (P > 0.05) to one 

another. The interaction between pasture type and experimental day was not significant 

(P > 0.05) in the model for ruminal pH over the 14 d dietary adaptation. 

Throughout the 14 d dietary adaptation, average ruminal pH varied across experimental 

days, being lowest (P < 0.001) on day 5 compared to days 2, 3 and 4, but was similar (P 

> 0.05) to all other experimental days (Figure 5.5). Ruminal pH of wethers fed the various 

pastures was lower on day 9 than days 4 but was similar (P > 0.05) to all other 

experimental days. From day 5 to day 14 there was no difference (P > 0.05) in ruminal 

pH of wethers fed the various pastures (Figure 5.5). 

Figure 5.5 Temporal changes in pH of ruminal fluid during dietary adaptation of Merino 
wethers fed second generation annual pasture legume pastures (arrowleaf clover, 
biserrula or French serradella). Vertical lines represent S.E of the predicted means. 
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5.3.3.2 Ruminating and feeding behaviours 

There was no difference (P = 0.56) in eating time for wethers fed the various pastures 

(Table 5.6). Wethers fed either biserrula or French serradella pastures spent less time 

eating (P < 0.001) in Period 1 (31.0 ± 4.80 min/120 min interval) than in Period 2 (43.7 

± 5.42 min/120 min interval). 

Table 5.6 Predicted mean (± S.E.) time spent (min/120 min interval) eating, ruminating 
and other activities of Merino wethers fed either arrowleaf clover (AC), biserrula (B) or 
French serradella (FS) pastures from day 2 to day 4 in Period 1 and Period 2. 

Different superscripts within rows and/or columns for each parameter indicates that there is a significant 
difference (P ≤ 0.05) between the pastures. 
1Level of significance for the interaction between pasture type (PT) and period (P). 
2All other activities not occurring in conjunction with either eating or ruminating (e.g., sleeping, drinking, 
scratching, standing). 

The interaction between pasture type and time of day (P = 0.02) was significant in the 

model for time spent eating (Figure 5.6). The wethers spent a similar (P > 0.05) amount 

of time eating in the morning and afternoon but those fed biserrula spent less time (P = 

0.02) eating in the morning than in the afternoon. Overall, wethers fed the various 

pastures spent more time eating (P = 0.001) in the afternoon (41.7 ± 4.90 min/120 min 

interval) than in the morning (30.5 ± 4.9 min/120 min interval). 

The interaction between time of day (am or pm) and period was significant (P = 0.01). 

Wethers fed either biserrula or French serradella pastures spent less (P = 0.01) time eating 

in the morning in Period 1 (21.5 ± 5.22 min/120 min interval) than in the morning of 

Period 2 (43.9 ± 6.09 min/120 min interval) and afternoon of Period 1 (40.4 ± 5.22 

min/120 min interval) and Period 2 (43.5 ± 6.09 min/120 min interval). 

 

Activity Pasture P-value 
AC B FS Pasture Period PT:P1 

Eating 30.1 ± 5.49 34.8 ± 5.37 40.3 ± 5.39 0.56 < 0.001 > 0.05 
Ruminating    < 0.001 0.01 < 0.001 
   Period 1 13.9 ± 2.60a 18.8 ± 3.67a 40.8 ± 3.68b    
   Period 2 - 21.7 ± 3.65a 17.5 ± 3.65a    
Other activity2 77.4 ± 5.53b 62.0 ± 5.21a 53.3 ± 5.27a < 0.001 0.94 > 0.05 
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Figure 5.6 Predicted mean time spent eating over a 2 h interval in the morning (am) and 
afternoon (pm) on days 2 to 4 of the dietary adaptation period by Merino wethers fed 
either arrowleaf clover (AC), biserrula (B) or French serradella (FS) pastures. Vertical 
lines represent S.E. of the predicted means. 

Ruminating activity was carried out using a weighted analysis due to the 

heteroscedasticity of the residuals. The interaction between pasture type and period was 

significant (P < 0.001) in the model for time spent ruminating (Table 5.6); as was the 

interaction between pasture type and time of day (P < 0.001) (Figure 5.7). 

Figure 5.7 Predicted mean time spent ruminating over a 2 h interval in the morning (am) 
and afternoon (pm) on days 2 to 4 of the dietary adaptation period by Merino wethers fed 
either arrowleaf clover (AC), biserrula (B) or French serradella (FS) pastures. Vertical 
lines represent S.E. of the predicted means. 
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In Period 1, wethers fed French serradella spent more time (P < 0.001) ruminating over 

the recording period than those fed either arrowleaf clover or biserrula pastures, which 

did not differ (P > 0.05) to one another. In Period 2, the amount of time wethers spent 

ruminating was similar (P > 0.05) for biserrula and French serradella pastures. In Period 

2, wethers fed French serradella spent less time (P < 0.001) ruminating, whilst those fed 

biserrula did not change the amount of time spent ruminating (P > 0.05) (Table 5.6). 

Overall, wethers fed the various pastures spent more time ruminating in the morning (32.3 

± 2.13 min/120 sec interval) than the afternoon (12.8 ± 2.13 min/120 sec interval).  

Wethers fed arrowleaf clover pasture spent more time doing other activities than wethers 

fed either biserrula or French serradella pastures, and this did not vary (P = 0.94) between 

Periods 1 and 2 (Table 5.6). The interaction between time of day and period was 

significant (P = 0.04) in the model for time spent doing other activities. Wethers fed either 

biserrula or French serradella pastures spent less (P = 0.04) time doing other activities in 

the morning of Period 2 (46.7 ± 6.30 min/120 min interval) than in the afternoon of both 

Period 1 (65.2 ± 4.91 min/120 min interval) and Period 2 (69.1 ± 6.30 min/120 min 

interval). The amount of time wethers fed either biserrula or French serradella pastures 

spent doing other activities in the morning of Period 1 (62.9 ± 4.91 min/120 min interval) 

was similar (P > 0.05) to all other recording times. 

The interaction between pasture type and time of day was significant (P = 0.01) in the 

model for time spent doing other activities (Figure 5.8). 

Wethers fed arrowleaf clover pasture spent more time (P = 0.01) doing other activities in 

the morning and afternoon than those fed French serradella pasture in the morning. 

Wethers fed biserrula pasture did not differ to either of these pastures at either the 

morning or afternoon. Wethers fed either arrowleaf clover or biserrula pastures did not 

vary (P > 0.05) in time spent doing other activities in both the morning and afternoon, 

but for those fed French serradella, they spent less time (P = 0.01) doing other activities 

in the morning than the afternoon (Figure 5.8). 
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Figure 5.8 Predicted mean time spent doing other activities over a 2 h interval in the 
morning (am) and afternoon (pm) on days 2 to 4 of the dietary adaptation period by 
Merino wethers fed either arrowleaf clover (AC), biserrula (B) or French serradella (FS) 
pastures. Vertical lines represent S.E. of the predicted means. 

5.3.3.3 Other animal observations 

All wethers fed arrowleaf clover displayed signs of frothy bloat on a daily basis, which 

caused extensive leaking of foamy ruminal fluid from the ruminal cavity (Figure 5.9). 

Figure 5.9 Signs of frothy bloat (stable foam formation) in a ruminally-fistulised 
wether fed arrowleaf clover pasture in the vegetative to early flowering stage of plant 
growth. 
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Extensive pressure release and ejection of a stable foamy digesta also occurred upon 

removal of the cannula plug when collecting ruminal fluid samples. In addition, three of 

the wethers fed arrowleaf clover had marked decreases in DMI during the dietary 

adaptation period with one animal in particular decreasing DMI from 932 g/d on day 6 to 

33 g/d on day 10; however, by day 14 DMI had increased to 712 g/d. 

Based on visual observations, wethers fed the biserrula pasture tended to consume a 

greater proportion of stem and leaves with orts consisting mostly of pods. One wether in 

particular had orts consisting entirely of pods. 

5.3.4 Apparent nutrient digestibility 

The interaction between pasture type and period was significant (P = 0.05) in the model 

for apparent DOMD (and calculated ME) (Table 5.7). Apparent DOMD (and calculated 

ME) of biserrula decreased (P = 0.05) in Period 2, whilst French serradella remained 

similar (P > 0.05). Apparent DOMD (and calculated ME) was similar for the arrowleaf 

clover, biserrula and French serradella pastures in Period 1, and biserrula and French 

serradella pastures in Period 2 (Table 5.7). 

The arrowleaf clover pasture had higher (P < 0.001) apparent DMD and OMD than either 

the biserrula or French serradella pastures (Table 5.7). Apparent DMD and OMD of the 

biserrula and French serradella pastures decreased (P < 0.01) in Period 2 (59.9 ± 2.82% 

and 61.0 ± 2.64%, respectively) compared to Period 1 (71.6 ± 2.29% and 73.4 ± 2.10%, 

respectively). 

Apparent CPD was analysed using a weighted analysis due to heteroscedasticity of the 

residuals. The interaction between pasture type and period was significant (P < 0.001) in 

the model for apparent CPD. In Period 1, apparent CPD of the arrowleaf clover, biserrula 

and French serradella pastures were similar (P > 0.05) but in Period 2 the apparent CPD 

of biserrula decreased (P < 0.001) and was lower (P < 0.001) than French serradella 

pasture (Table 5.7).
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Table 5.7 Predicted mean (± S.E.) apparent in vivo DOMD (and estimated ME), DMD, 
OMD and CPD of arrowleaf clover (AC), biserrula (B) and French serradella (FS) 
pastures fed to Merino wethers. 

Different superscripts within rows and/or columns for each parameter indicates that there is a significant 
difference (P ≤ 0.05) between the pastures. 
DOMD = digestible organic matter digestibility; ME = metabolisable energy; DMD = dry matter 
digestibility; OMD = organic matter digestibility; CPD = crude protein digestibility. 
1Level of significance for the interaction between pasture type (PT) and period (P). 

5.3.5 Nitrogen balance 

There was no effect of period (Period 1 or Period 2, as indicated for biserrula and French 

serradella) on N intake, faecal and urinary N and N balance, thus period was included as 

a random effect in the model for each of these parameters. In Period 1, the N intake of 

wethers fed arrowleaf clover was higher (P < 0.01) than those fed biserrula, whilst the N 

intake of those fed French serradella did not vary (P > 0.05) to either of these pastures. 

There was no difference (P > 0.05) in faecal N output and N balance of the wethers fed 

the various pastures. Urinary N output was higher (P < 0.001) in wethers fed arrowleaf 

clover than those fed either biserrula or French serradella pastures, which did not differ 

(P > 0.05) to one another (Table 5.8). 

Table 5.8 Predicted mean (± S.E.) N intake, N output (faecal and urinary) and N balance 
of Merino wethers fed either arrowleaf clover (AC), biserrula (B) or French serradella 
(FS) pastures.  

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the pastures. 
1Level of significance for the main effect of pasture. 

Parameter Pasture P-value 
AC B FS Pasture Period PT:P1 

DOMD (%)    < 0.01 < 0.001 0.05 
   Period 1 69.2 ± 2.40b 67.0 ± 3.12b 64.0 ± 3.12b    
   Period 2 - 51.4 ± 3.12a 59.30 ± 3.12ab    
ME (MJ/kg DM)    < 0.01 < 0.001 0.05 

   Period 1 11.0 ± 0.48b 10.6 ± 0.63b 10.0 ± 0.63ab    

   Period 2 - 7.5 ± 0.63a 9.1 ± 0.63ab    
DMD (%) 76.0 ± 2.83b 64.0 ± 2.82a 65.2 ± 2.82a < 0.001 < 0.01 > 0.05 
OMD (%) 77.8 ± 2.64b 65.2 ± 2.64a 67.0 ± 2.64a < 0.001 < 0.01 > 0.05 
CPD (%)    < 0.001 < 0.001 < 0.001 
   Period 1 81.7 ± 2.04b 80.0 ± 2.82b 75.0 ± 2.82b    
   Period 2 - 57.7 ± 2.82a 71.0 ± 2.82b    

Parameter AC B FS P-value1 

N intake (g/d) 33.3 ± 4.54b 19.0 ± 3.99a 23.7 ± 4.00ab < 0.01 
Faecal N (g/d) 6.2 ± 0.89 5.8 ± 0.90 6.5 ± 0.90 0.82 
Urinary N (g/d) 6.3 ± 1.17b 0.9 ± 1.08a 2.3 ± 1.08a < 0.001 
N balance (g/d)  19.5 ± 3.80 13.2 ± 3.53 14.4 ± 3.53 0.13 
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5.3.6 Temporal changes in ruminal parameters and ruminal fluid outflow rates  

5.3.6.1 Ruminal pH 

There was no effect of period (as indicated for biserrula and French serradella) on ruminal 

pH, thus period was included as a random effect in the model. The pH of ruminal fluid 

was analysed using a weighted analysis due to the heteroscedasticity of the residuals. 

Ruminal pH varied (P < 0.001) between each of the pastures. Ruminal pH was highest in 

those fed biserrula, followed by those fed French serradella and lowest in those fed 

arrowleaf clover pasture (Table 5.9). Overall, the average ruminal pH of wethers fed the 

various pastures was highest (P < 0.001) at 21 h (6.9 ± 0.12) and 24 h (7.0 ± 0.12) and 

lowest at 9 h (6.4 ± 0.12), 12 h (6.2 ± 0.12) and 15 h (6.5 ± 0.12) after feeding. Ruminal 

pH at 9 h and 15 h were similar (P > 0.05) to those at 3 h (6.6 ± 0.12). Ruminal pH at 3 

h, 6 h (6.7 ± 0.12), 15 h and 18 h (6.6 ± 0.12) after feeding were similar (P > 0.05) to one 

another. 

Table 5.9 Predicted mean (± S.E.) ruminal pH and ammonia concentrations of Merino 
wethers fed either arrowleaf clover (AC), biserrula (B) or French serradella pastures. 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the pastures. 
1Level of significance for the main effect of pasture. 

5.3.6.2 Ruminal ammonia concentrations 

There was no effect of period (as indicated for biserrula and French serradella) on ruminal 

ammonia concentrations, thus period was included as a random effect in the model. 

Ruminal ammonia concentration was analysed using a weighted analysis due to 

heteroscedasticity of the residuals. 

Ruminal NH3-N concentrations of wethers fed arrowleaf clover pasture were higher (P = 

0.05) than those fed either French serradella or biserrula pastures. Wethers fed French 

serradella pasture had higher (P = 0.05) ruminal NH3-N concentrations than those fed 

biserrula pasture (Table 5.9). The interaction between pasture and time after feeding (h) 

was significant (P < 0.001) in the model for ruminal NH3-N concentrations (Figure 5.10). 

Parameter AC B FS P-value1 

Ruminal pH 6.4 ± 0.11a 6.9 ± 0.11c 6.6 ± 0.11b < 0.001 
Ruminal ammonia  
(mg NH3-N/L) 325.1 ± 22.11c 75.7 ± 15.35a 123.3 ± 16.16b 0.05 
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Figure 5.10 Temporal changes in ruminal ammonia concentrations in Merino wethers 
fed either arrowleaf clover (AC), biserrula (B) or French serradella (FS) pastures. Vertical 
lines represent S.E of the predicted means. 

5.3.6.3 VFA concentrations and molar proportions 

5.3.6.3.1 Concentrations 

The results for VFA concentrations are reported in Table 5.10. There was no effect of 

period (as indicated for biserrula and French serradella) for VFA concentrations and the 

ratio of A:P or P:(A + 2x B), thus period was included as a random effect in the model 

for these parameters. The analyses for all VFA concentrations and A:P ratio and P:(A + 

2x B) ratio was undertaken using a weighted analysis due to heteroscedasticity of the 

residuals. The interaction between pasture type and time after feeding was significant (P 

< 0.001) in the model for concentrations of iso-butyric, valeric and iso-valeric acids (data 

not shown). The interaction between pasture type and time after feeding was not 

significant (P > 0.05) for the other VFA concentrations or the ratios of A:P and P:(A + 2 

x B). 

5.3.6.3.1.1 Total VFA  

Total VFA concentrations were higher (P < 0.001) in the wethers fed arrowleaf clover 

than those fed either biserrula or French serradella pastures. Wethers fed French 

serradella had higher (P < 0.001) total VFA concentration than those fed biserrula. 

Overall, the average total VFA concentrations of wethers fed the various pastures were 
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lower (P < 0.001) at 21 h (75.8 ± 11.17 mmol/L) and 24 h (64.6 ± 11.17 mmol/L) 

compared to all other sampling times except (P > 0.05) for to 3 h (87.0 ± 11.17 mmol/L) 

or 6 h (84.0 ± 11.17 mmol/L) after feeding. Total VFA concentrations were highest (P < 

0.001) at 12 h (130.6 ± 11.17 mmol/L) compared to all other sampling times except (P > 

0.05) for 9 h (108.2 ± 11.17 mmol/L) and 15 h (110.5 ± 11.17 mmol/L) after feeding. 

Total VFA concentrations were similar (P > 0.05) at 3 h, 6h and 18 h (103.4 ± 11.17 

mmol/L) after feeding. 

Table 5.10 Predicted mean (± S.E.) VFA concentrations (mmol/L) and ratios of Merino 
wethers fed either arrowleaf clover (AC), biserrula (B) or French serradella pastures. 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the pastures. 
1Level of significance for the interaction between pasture type (PT) and time after feeding (T). 

5.3.6.3.1.2 Acetic acid 

Acetic acid concentrations were lower (P < 0.001) in wethers fed biserrula than those fed 

either arrowleaf clover or French serradella, that did not differ (P > 0.05) to one another. 

Overall, the average acetic acid concentrations for wethers fed the various pastures were 

higher (P < 0.001) at 12 h (84.1 ± 6.93 mmol/L) compared to all other sampling times 

except (P > 0.05) for 9 h (70.3 ± 6.93 mmol/L) or 15 h (71.8 ± 6.93 mmol/L) after feeding. 

Acetic acid concentrations were lower (P < 0.001) at 24 h (42.2 ± 6.93 mmol/L) compared 

to all other sampling times except (P > 0.05) for 21 h (49.3 ± 6.93 mmol/L) and 6 h (55.2 

± 6.93 mmol/L) after feeding. Acetic acid molar proportions were similar (P > 0.05) at 3 

h (56.5 ± 6.93 mmol/L), 6 h (55.2 ± 6.93 mmol/L) and 21 h (49.3 ± 6.93 mmol/L) after 

feeding; 3 h, 6 h and 18 h (67.1 ± 6.93 mmol/L) after feeding; 3 h, 9 h, and 18 h after 

feeding; and 9 h and 15 h (71.8 ± 6.93 mmol/L) after feeding.

Parameter  Pasture   P-value 
AC B FS Pasture Time PT:T1 

Total VFA  118.8 ± 12.13c 73.6 ± 10.50a 94.2 ± 10.70b < 0.001 < 0.001 > 0.05 
Acetic acid  69.1 ± 6.71b 51.1 ± 6.60a 66.0 ± 6.75b < 0.001 < 0.001 > 0.05 
Propionic acid 25.9 ± 2.46b 15.8 ± 2.39a 17.8 ± 2.40a < 0.001 < 0.001 > 0.05 
Butyric acid  13.5 ± 1.09c 4.4 ± 1.00a 8.2 ± 0.98b < 0.001 < 0.001 > 0.05 
Iso-butyric  1.8 ± 0.07c 0.7 ± 0.06a 0.9 ± 0.06b < 0.001 0.003 < 0.001 
Valeric 2.3 ± 0.17c 0.6 ± 0.14a 0.9 ± 0.14b < 0.001 < 0.001 < 0.001 
Iso-valeric 2.2 ± 0.10b 0.7 ± 0.08a 0.8 ± 0.08a < 0.001 < 0.001 < 0.001 
Hexanoic 0.4 ± 0.06b 0.1 ± 0.05a 0.3 ± 0.05b < 0.001 < 0.001 > 0.05 
Heptanoic 0.04 ± 0.004b 0.01 ± 0.004a 0.02 ± 0.004a < 0.001 < 0.001 > 0.05 
Ratios       
A:P 3.2 ± 0.24a 3.4 ± 0.24a 4.2 ± 0.24b < 0.001 < 0.001 > 0.05 
P:(A + 2x B)  0.25 ± 0.01b 0.25 ± 0.01b 0.21 ± 0.01a < 0.001 < 0.001 > 0.05 
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5.3.6.3.1.3 Propionic acid 

Propionic acid concentrations were higher (P < 0.001) in wethers fed arrowleaf clover 

than those fed either biserrula or French serradella pastures, which did not differ (P > 

0.05) to one another. Overall, the average propionic acid concentrations of wethers fed 

the various pastures were lower (P < 0.001) at 24 h (11.4 ± 2.56 mmol/L), compared to 

all other sampling times except (P > 0.05) for 6 h (17.4 ± 2.56 mmol/L) or 21 h (14.0 ± 

2.56 mmol/L) after feeding. Propionic acid concentrations were highest (P < 0.001) at 12 

h (29.1 ± 2.56 mmol/L) after feeding compared to all other sampling times except (P > 

0.05) for 9 h (24.1 ± 2.56 mmol/L) and 15 h (23.0 ± 2.56 mmol/L) after feeding. Propionic 

acid concentrations were similar (P > 0.05) at 3 h (18.9 ± 2.56 mmol/L), 6 h and 21 h 

after feeding; 3 h, 6 h, 15 h and 18 h (20.7 ± 2.56 mmol/L) after feeding; and 3 h, 9 h, 15 

h and 18 h after feeding. 

5.3.6.3.1.4 Butyric acid 

Butyric acid concentrations varied (P < 0.001) between the pastures with the highest 

concentrations being in wethers fed arrowleaf clover and the lowest in those fed biserrula 

pastures. Overall, the average butyric acid concentrations of wethers fed the various 

pastures was highest (P < 0.001) at 12 h (11.5 ± 1.08 mmol/L) compared to all other 

sampling times except (P > 0.05) for 9 h (9.0 ± 1.08 mmol/L), 15 h (10.3 ± 1.08 mmol/L) 

and 18 h (10.0 ± 1.08 mmol/L) after feeding. Butyric acid concentrations were lower (P 

> 0.001) at 24 h (6.6 ± 1.08 mmol/L) than 12 h, 15 h and 18 h after feeding but similar (P 

> 0.05) to 3 h (7.1 ± 1.08 mmol/L), 6 h (7.3 ± 1.08 mmol/L), 9 h and 21 h (7.8 ± 1.08 

mmol/L) after feeding. Butyric acid concentrations were similar (P > 0.05) at 3 h, 6 h, 9 

h, 18 h and 21 h after feeding; and 6 h, 9 h, 15 h, 18 h and 21 h after feeding. 

5.3.6.3.1.5 Ratio of acetic: propionic acid concentrations 

The A:P ratio was higher (P < 0.001) in wethers fed French serradella compared to those 

fed either arrowleaf clover or biserrula, which did not differ (P > 0.05) to one another. 

Overall, the average the A:P ratio of the wethers fed the various pastures was highest (P 

< 0.001) at 24 h (4.3 ± 0.25) compared to all other sampling times except (P > 0.05) for 

21 h (3.9 ± 0.25) after feeding. The A:P ratio was similar (P > 0.05) at 3 h (3.4 ± 0.25), 9 

h (3.2 ± 0.25), 12 h (3.2 ± 0.25), 15 h (3.5 ± 0.25) and 18 h (3.5 ± 0.25) after feeding; 3 

h, 6 h (3.7 ± 0.25), 15 h and 18 h after feeding; and 6 h, 18 h and 21 h after feeding. 
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5.3.6.3.1.6 Ratio of propionic:(acetic + 2x butyric acid) concentrations 

The ratio of P:(A + 2x B) was lower (P < 0.001) in wethers fed French serradella than 

those fed either arrowleaf clover or biserrula, which did not differ (P > 0.05) to one 

another. Overall, the average P:(A + 2x B) ratio of wethers fed the various pastures was 

lowest (P < 0.001) at 21 h and 24 h (0.20 ± 0.01) after feeding than all other sampling 

times except 6 h, 15 h and 18 h (0.23 ± 0.01) after feeding. The P:(A + 2x B) ratio was 

highest (P < 0.001) at 12 h (0.28 ± 0.01), although did not differ (P > 0.05) to 3 h (0.25 

± 0.01) or 9 h (0.27 ± 0.01) after feeding. The P:(A + 2x B) ratio was similar (P > 0.05) 

at 3 h, 6 h, 15 h and 18 h after feeding; and 3 h, 9 h, 15 h and 18 h after feeding. 

5.3.6.3.2 Molar proportions 

The results for all the molar proportions of individual VFA are reported in Table 5.11. 

There was an effect of period (as indicated for biserrula and French serradella) for the 

VFA molar proportions of acetic and butyric acids, thus period was included in the model 

for each of these parameters. For all other VFA molar proportions, period had no effect 

and thus, was included as a random effect in the model for each of these parameters. The 

analyses for molar proportions of acetic acid, valeric acid, hexanoic acid and heptanoic 

acid were undertaken using a weighted analysis due to heteroscedasticity of the residuals. 

The interaction between pasture type and time after feeding was significant (P < 0.001) 

in the model for valeric acid (data not shown). 

5.3.6.3.2.1 Acetic acid 

In Period 1, the molar proportions of acetic acid were lower (P < 0.001) in wethers fed 

arrowleaf clover compared to those fed either biserrula or French serradella, which did 

not differ (P > 0.05) to one another. In Period 2, molar proportions of acetic acid were 

similar (P > 0.05) in wethers fed either biserrula or French serradella pasture, but the 

molar proportions of acetic acid increased (P < 0.001) for both these pastures compared 

to Period 1. 

5.3.6.3.2.2 Propionic acid 

The molar proportions of propionic acid were lower (P < 0.001) for wethers fed French 

serradella than those fed either arrowleaf clover or biserrula pastures, which did not differ 

(P > 0.05) to one another. Overall, the average molar proportions of propionic acid of 

wethers fed the various pastures were highest (P < 0.001) at 9 h (24.1 ± 0.90%) and 12 h 
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(24.1 ± 0.90%), although it was similar (P > 0.05) at 3 h (22.9 ± 0.90%) and 15 h (22.2 ± 

0.90%) after feeding. Conversely, molar proportions of propionic acid were lowest (P < 

0.001) at 24 h (18.1 ± 0.90%) compared to all other sampling times except (P > 0.05) for 

21 h (19.5 ± 0.90%) after feeding. Molar proportions of propionic acid were similar (P > 

0.05) at 3 h, 6 h (21.7 ± 0.90%), 15 h and 18 h (21.3 ± 0.90%) after feeding; and 18 h and 

21 h after feeding.
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Table 5.11 Predicted mean (± S.E.) VFA molar proportions (%) of Merino wethers fed either arrowleaf clover (AC), biserrula (B) or French serradella 
pastures. 

VFA  Pasture  P - value 
AC B FS Pasture Period Time PT:P1 PT:T2 

Acetic acid    < 0.001 < 0.001 0.29 > 0.05 > 0.05 
   Period 1 55.3 ± 0.79a 61.5 ± 0.72b 62.1 ± 0.90bc      
   Period 2 - 64.1 ± 0.86cd 64.7 ± 0.70d      
Propionic acid 22.3 ± 0.85b 23.4 ± 0.86b 19.6 ± 0.86a < 0.001 - < 0.001 - > 0.05 
Butyric acid    < 0.001 < 0.01 < 0.001 > 0.05 0.02 
   Period 1 13.2 ± 0.44c 9.8 ± 0.45b 12.6 ± 0.54c      
   Period 2 - 8.2 ± 0.52a 10.9 ± 0.44b      
Iso-butyric 2.8 ± 0.31b 1.6 ± 0.31a 1.4 ± 0.31a < 0.001 - < 0.001 - > 0.05 
Valeric 2.6 ± 0.08b 1.3 ± 0.06a 1.4 ± 0.05a < 0.001 - 0.02 - 0.05 
Iso-valeric 3.9 ± 0.44b 1.9 ± 0.44a 1.4 ± 0.44a < 0.001 - < 0.001 - > 0.05 
Hexanoic 0.5 ± 0.06 b 0.3 ± 0.06a 0.5 ± 0.05a < 0.001 - < 0.001 - > 0.05 
Heptanoic 0.053 ± 0.01b 0.038 ± 0.01a 0.051 ± 0.01ab 0.01 - < 0.001 - > 0.05 

Different superscripts within rows and/or columns for each parameter indicates that there is a significant difference (P ≤ 0.05) between the pastures. 
1Level of significance for the interaction between pasture type (PT) and period (P).  
2Level of significance for the interaction between pasture type (PT) and time after feeding (T). 
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5.3.6.3.2.3 Butyric acid 

In Period 1, the molar proportions of butyric acid were lowest (P < 0.001) in wethers fed 

biserrula (P < 0.001) whilst those fed either arrowleaf clover or French serradella did not 

differ (P > 0.05). In Period 2, wethers fed biserrula had lower molar proportions of butyric 

acid than those fed French serradella. For both pastures the molar proportions of butyric 

acid declined (P < 0.01) in Period 2. Overall, the average molar proportions of butyric 

acid of wethers fed the various pastures were highest (P < 0.001) at 21 h (12.2 ± 0.47%) 

and 24 h (12.0 ± 0.47%) after feeding compared to all other sampling times except for 15 

h (11.4 ± 0.47%) and 18 h (11.7 ± 0.47%) after feeding (P > 0.05). Conversely, butyric 

acid molar proportions were lowest (P < 0.001) at 9 h (9.6 ± 0.47%) than all other 

sampling times except (P > 0.05) 3 h (9.8 ± 0.47%), 6 h (10.3 ± 0.47%) and 12 h (10.4 ± 

0.47%) after feeding. There were no differences (P > 0.05) in butyric acid molar 

proportions at 3 h, 6 h, 12 h and 15 h after feeding; and 6 h, 12 h, 15 h and 18 h after 

feeding. The interaction between pasture and time after feeding was significant in the 

model for butyric acid molar proportions (Figure 5.11). 

Figure 5.11 Temporal changes in molar proportions of butyric acid in Merino wethers 
fed either arrowleaf clover (AC), biserrula (B) or French serradella (FS) pastures. Vertical 
lines represent S.E of the predicted means. 

5.3.6.4 Ruminal fluid volume and outflow rates 

Overall, wethers fed arrowleaf clover had lower (P < 0.001) ruminal fluid volume than 

those fed the other pastures, which did not differ (P > 0.05) to one another (Table 5.12). 
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Ruminal fluid volume of wethers fed biserrula and French serradella pastures increased 

(P < 0.001) from Period 1 (3.7 ± 0.25 L) to Period 2 (6.34 ± 0.33 L). 

Table 5.12 Predicted mean (± S.E.) ruminal fluid volume and ruminal fluid outflow rate 
of Merino wethers fed either arrowleaf clover (AC), biserrula (B) or French serradella 
(FS) pastures. 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the pastures. 

There was no effect of period (as indicated for biserrula and French serradella) on ruminal 

fluid outflow rate, thus period was included as a random effect in the model. Wethers fed 

the various pastures had similar (P > 0.05) ruminal fluid outflow rates (Table 5.12). 

5.4 Discussion 

5.4.1 Nutritive value and apparent digestibility 

Arrowleaf clover is determinate in growth (set flowering period), whilst both biserrula 

and French serradella are indeterminate species (Loi et al. 2001; Nutt et al. 2009; 

Hackney et al. 2013a; 2013c). Both biserrula and French serradella are known to maintain 

green foliage (and continue to set seed) into late December and even into late January-

early February under high rainfall conditions in regions throughout southern NSW 

(Hackney et al. 2013a; 2013c). The pastures cut for this experiment received 540 mm of 

rain from May (emergence) to November, which was well above the long term average 

(334 mm) for the same period. Further, 257 mm of that rain fell within 66 d prior to the 

commencement of the experiment. Thus, both of the biserrula and French serradella 

pastures were expected to remain in the green and flowering stage of growth throughout 

the course of the experiment; however, both pastures (particularly the biserrula) 

proceeded towards senescence at a much more accelerated rate than anticipated. As a 

consequence, both the biserrula and French serradella fed in Period 2 were at a much later 

stage of growth than that fed in Period 1, which resulted in significant changes in the 

nutritive profile of these pastures between these periods. 

The arrowleaf clover pasture had higher CP content (23%) and ME (11 MJ/kg DM; based 

on standard laboratory analyses) and lower ADF and NDF contents than the other 

pastures. These differences were driven by the change in maturity of the biserrula and 

Parameter Pasture P-value 
AC B FS Pasture Period 

Ruminal fluid volume (L) 3.0 ± 0.33a 5.1 ± 0.33b 5.2 ± 0.33b < 0.001 < 0.001 
Ruminal fluid outflow rate (L/d) 9.3 ± 2.15 10.4 ± 2.01 12.9 ± 2.01 0.27 > 0.05 
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French serradella pastures from Period 1 to Period 2. All pastures had similar apparent 

DOMD (and estimated ME) and CPD in Period 1, despite the arrowleaf clover pasture 

being at an earlier stage of maturity (in Period 1) compared to the other pastures, which 

should favour higher digestibility (and ME) and CPD values (Minson 1990; Balde et al. 

1993). In Period 2, only the biserrula pasture declined in apparent DOMD (and estimated 

ME), and CPD, whilst apparent DMD and OMD decreased for both the biserrula and 

French serradella pastures, including an increase in ADF and NDF contents. These results 

were expected given their increasing maturity (Kamstra et al. 1958; Balde et al. 1993) as 

they progressed towards senescence, which also resulted in a decrease in CP content 

(Balde et al. 1993). The rapid decline in apparent CPD of the biserrula pasture was due 

to its more mature stage of growth in comparison to the French serradella and the rapid 

decrease in CP content, which is linearly correlated to CPD (Dijkstra 1954; Glover et al. 

1957; Minson 1982). Few studies have compared the decline in DOMD of biserrula and 

French serradella pastures. McGrath et al. (2015a) reported the in vitro DOMD of French 

serradella cv. Margurita (under grazed and irrigated conditions) declined rapidly from 

mid-October to early-December (from 63 to 38%) compared to lucerne (from 74 to 64%) 

and bladder clover (from 62 to 49%) pastures due to the early pasture senescence. The 

decline in CP content of the French serradella pasture in the McGrath et al. (2015a) study 

was also more rapid than for the lucerne and bladder clover pastures. Hackney et al. 

(2013c; d) found in vitro DOMD of French serradella cv. Margurita under ungrazed 

dryland conditions to be higher than that reported by McGrath et al. (2015a) during a 

similar period and the decline in DOMD was also much slower than in the McGrath et al. 

study. However, the decline in DOMD of French serradella was still greater in both 

studies (approximately 12%) by Hackney et al. than in this study (approximately 4.7%) 

during a similar period (mid-November to early-December). Variations between seasons 

and agro-ecological zones in which they are grown may drive differences between these 

studies and further studies are warranted to clarify these findings as indeterminate growth 

is highly variable and affected by a number of seasonal and environmental factors. No 

other studies have measured apparent CPD of arrowleaf clover, biserrula or French 

serradella pastures which limits the ability to make comparisons. 

Few studies that have compared the nutritive value of these annual pasture legumes under 

similar grazing and/or environmental conditions; although, based on the limited data, the 

pastures used in this study did not vary greatly in nutritive to those previously reported. 

Thompson et al. (2010) reported CP contents of approximately 27% to 21% of arrowleaf 
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clover (cv. Arrotas) pastures grazed from early-November to early-December that was 

similar to this study. Hackney et al. (2013d) reported CP contents of 13-15%, for pasture 

cuts of arrowleaf clover (cv. Zulu) taken from mid-November to mid-December, which 

was much lower than for this study. This was expected given Zulu is a semi-late maturing 

cultivar and Arrotas is late-maturing (Ovalle et al. 2010). Evans and Mills (2008) reported 

an ME of 10.4 MJ/kg DM for arrowleaf clover (cv. Arrotas) in the late vegetative-early 

flowering stage (as in this study), which was only marginally lower than found in this 

study. 

The CP content and DOMD of the biserrula pasture was similar to that reported by 

McGrath et al. (2015b) for cv. Casbah in mid-December (15.5% and 61%, respectively). 

Hackney et al. (2013a) also assessed these parameters in pasture cuts of cv. Casbah from 

mid-November to early-December, with DOMD varying from 65% to 60%, CP content 

from 8 to 15.5% and ME from 9.8 to 9.2 MJ/kg DM, which was relatively similar to this 

study. Hackney et al. (2013c) reported lower CP content (12.5%), ME (7 to 8.5 MJ/kg 

DM) and DOMD (48% to 57%) of French serradella from mid-November to early 

December than found in this study. McGrath et al. (2015a) also found French serradella 

to have lower DOMD (58% to 38%) and CP content (15.3% to 9.7%) from early-

November till early-December. 

There was variation in ME based on the method by which it was estimated. In Period 1, 

the average ME calculated from in vivo apparent DOMD of the biserrula and French 

serradella pastures was 0.3 MJ/kg DM higher than estimated ME based on standard 

laboratory analyses. For arrowleaf clover pasture in Period 1, the in vivo calculated ME 

was 0.2 MJ/kg DM lower than ME based on standard laboratory analyses. In Period 2, in 

vivo calculated ME of the biserrula and French serradella pastures were 0.2 MJ/kg DM 

lower and 1.4 MJ/kg DM higher, respectively, than ME from standard laboratory 

analyses. These variable results indicate standard laboratory calibrations may be 

unsuitable for these second generation pastures and further research is warranted to 

develop more accurate calibrations to estimate the ME of these species using NIRS. 

5.4.2 Adaptation to the pastures  

In general, as the digestibility of feed increases the DMI of ruminants also increases. This 

is due to the reduced amount of time required for the extraction of digestible nutrients 

from feed in the gastro-intestinal tract (McDonald et al. 2002), increasing the rate of 
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clearance of digesta and subsequent intake (high positive correlation > 0.90; Weston 

2002). In Period 1, despite the biserrula pasture having similar apparent DOMD to the 

other two pastures, and similar apparent DMD and OMD to French serradella pasture, the 

DMI of those fed biserrula during this period was substantially lower than those fed the 

other two pastures. The predicted DMI of the wethers fed the various pastures was 

estimated using the GrazFeed® model (Freer et al. 1997) using in vivo DMD, ME and CP 

content and average individual animal LW. GrazFeed® predictions allowed for 

comparisons between predicted and actual experimental values. Basing calculations on 

the requirements for a medium Merino, Polwarth of 16 months of age, the measured DMI 

of those fed the French serradella was lower in both Period 1 (285 g/d less) and Period 2 

(150 g/d less) than that predicted. The measured DMI of wethers fed either arrowleaf 

clover or biserrula pastures in Period 1 was substantially lower than actual values, that is 

likely due to various causes. 

In Period 1, DMI of arrowleaf clover was 579 g/d lower than predicted, which is likely a 

consequence of frothy bloat evident in the wethers fed this pasture. For wethers fed 

arrowleaf clover, a rapid increase in ruminal NH3-N concentration may have resulted in 

an aversive feedback response, reducing their DMI (Provenza 1996). In addition, the 

accumulation of gases in the rumen and subsequent distention from bloat also reduces 

feed intake in sheep (Villalba et al. 2009) due to the stimulation of stretch and tension 

receptors in the rumen wall signaling a degree of ‘fullness’ to the brain of the animal 

(Grovum 1979; Allison 1985; Wilson and Kennedy 1996). Some animals may continue 

to eat when bloated depending on the severity of the distention (Colvin and Backus 1988), 

as was the case in this study. The incidence of frothy bloat was an unexpected finding as 

arrowleaf clover has been reported as a “bloat-free” legume, apparently due to the 

presence of condensed tannins (Thompson 2005). There have been no (published) studies 

quantifying the presence of tannins in these new cultivars of arrowleaf clover. 

In Period 1, the DMI of wethers fed biserrula was 912 g/d less than predicted based on 

the GrazFeed® model. In Period 2, the DMI of wethers fed biserrula increased and was 

96 g/d higher than that predicted, despite apparent DOMD declining substantially (from 

67% in Period 1 when the pasture was in the flowering-full flowering stage; to 51% in 

Period 2 when the pasture was senescing). In Period 1, the lower than expected DMI of 

the wethers fed the biserrula pasture based on GrazFeed® model predictions and 

compared to the other pastures of similar digestibility values may be linked to one or 

more PSC (responsible for primary photosensitisation under grazing condition where 
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there is UV exposure) in the plant, although this cannot be confirmed from the results in 

this study. Thomas et al. (2014) found that sheep may develop an aversion to biserrula in 

the vegetative stage of growth. It is plausible that a feedback response from increased 

concentrations of PSC in the actively growing plants reduced DMI of wethers during 

Period 1 (Provenza 1995), whilst a likely reduction in PSC in response to pasture 

senescence in Period 2 resulted in subsequent increase in DMI, despite the overall decline 

in digestibility (and CP content and ME) of the biserrula pasture. It should be 

acknowledged that the GrazFeed® model can only predict DMI based on nutritive value 

of the feed. It cannot account for individual animal selectivity of a feed or potential 

differences in digestive efficiencies between animals, or anti-nutritive factors (such as 

PSC) that may suppress intake. 

Despite the DMI of wethers fed biserrula being lower than that of those fed the other two 

pastures in Period 1, during the dietary adaptation period wethers fed the various pastures 

spent a similar amount of time eating. Ruminants have the innate desire to select a variety 

of plants that meet their nutritional requirements and reduce risk of toxicity (Provenza et 

al. 2003). Ruminants are constantly developing temporary aversions with all plants within 

their grazing landscape based on feedback from cells and organ systems, but plants 

containing compounds in deficit or excess far outside of body requirements strengthen 

the aversion (Provenza 1996). Provenza et al. (2003) noted sheep to be highly selective 

with their diet, particularly in the presence of PSC. When grazing monoculture pastures 

animals are unable to practice selectivity to regulate nutrient and PSC intake, potentially 

decreasing DMI (Villalba et al. 2010). It is possible that the animals fed the biserrula may 

have spent a considerable amount of time over the video-recorded period sorting through 

their food (recorded as time spent eating) in an attempt to exercise diet selection; thus 

limiting DMI during the “eating” period. This was further supported by the visual 

selection of stems and leaves in preference to pods by wethers fed the biserrula pasture. 

However, the behavioural data of this study was limited to only 2 h intervals on specific 

experimental days and should be interpreted accordingly. Further, despite being fed ad 

libitum, the differences between the morning and afternoon assessments for eating, 

ruminating and other activities were likely due to animals not being fed during the 

morning assessment but were fed during the afternoon assessment period. Feeding during 

the afternoon assessment period may have stimulated feeding (Done-Currie 1984), 

thereby confounding the results. 
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Establishing a stable rumen environment, particularly a stable ruminal pH, shortly after 

the introduction to a new diet is important in improving digestive and overall feeding 

efficiencies for better animal production. Generally, this is of greatest interest for 

ruminants being introduced to high-starch diets; however, animals may also be subjected 

to an unstable ruminal environment when introduced to legume-dominant pastures, 

resulting in animal health disorders (e.g., bloat and/or red gut) or even death (Colvin and 

Backus 1988; Humphries 2012). The ruminal pH of the wethers fed the various pastures 

followed a similar trend, irrespective of the period in which they were fed; and despite 

those fed arrowleaf clover in Period 1 showing signs of frothy bloat. From day 5 the 

ruminal pH reached a relatively steady state that tended to be maintained for the 

remainder of the 14 d adaptation period. Those fed biserrula had consistently higher 

average ruminal pH during the adaptation period than those fed either of the other 

pastures, as further explained later in the discussion. 

Generally, as the fibre content of the diet increases so too does time spent ruminating 

(Welch and Smith 1969). Despite the increased maturity of both the biserrula and French 

serradella pastures in Period 2 (as further supported by the increase in both ADF and NDF 

contents), the time spent ruminating over the recording period was lower for those fed the 

French serradella, whilst those fed the biserrula did not vary in their rumination time. 

Furthermore, the time wethers spent eating either biserrula or French serradella in Period 

2 increased, particularly in the afternoon recording period. It is likely that in response to 

the lower quality pastures, wethers spent more time eating in search for the most 

nutritious parts of the plants to meet their needs (Provenza 1995), and thus spent less time 

ruminating. Higher bouts of rumination may have also occurred outside the recording 

intervals after the consumption of the pasture, particularly after the afternoon recording 

period where animals fed the various pastures spent the most time eating. There are 

limitations to this aspect of the study as it cannot account for behaviours occurring outside 

these recording periods. However, it does provide some indication of how the wethers 

adapted to the respective pastures but requires further investigation in longer and more 

frequent recording periods to clarify these results. 

5.4.3 Temporal change in ruminal parameters and fluid kinetics 

Due to ad libitum feeding, it is assumed that the temporal changes in rumen parameters 

reflect likely changes in ruminal parameters of grazing animals with unlimited access to 

pasture. There was an effect of experimental period on molar proportions of both acetic 
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and butyric acids. Comparisons could only be made for the molar proportions of these 

two VFA between the three various pastures in Period 1, and the biserrula and French 

serradella pastures in Period 2 (as well as the comparisons for these two pastures across 

the two periods). The molar proportions of the other VFA did not vary between the 

periods. 

For all of the pastures fed, ruminal NH3-N concentrations varied but were above the lower 

threshold for microbial protein synthesis (> 50-80 mg NH3-N/L; Satter and Slyter 1974). 

The higher CP content of the arrowleaf clover pasture would have contributed to the much 

higher concentrations of ruminal NH3-N as fresh forages high in protein and soluble 

carbohydrates (as supported by higher WSC content) promote the growth of bacteria in 

the rumen and enhance proteolytic activity (Nolan and Dobos 2005). When fed arrowleaf 

clover pasture, ruminal NH3-N concentrations were 2.6 times higher than with French 

serradella and 4.3 times higher than with biserrula pasture, with the highest concentration 

(488 mg NH3-N/L) recorded at 15 h after the morning feed. Ruminal NH3-N 

concentrations did not vary over the 24 h period in wethers fed the biserrula and French 

serradella pastures. 

The mechanisms driving the higher ruminal NH3-N concentrations may also explain the 

incidence of frothy bloat in wethers fed the arrowleaf clover pasture. One of the main 

factors initiating the incidence of frothy bloat is the consumption of highly soluble plant 

proteins resulting in proliferation of microbial populations and rapid formation of 

fermentation gases (Wang et al. 2012) and exopolysaccharides (bacterial slime) (Cheng 

et al. 1998). Further, the high diet selectivity of sheep often results in animals consuming 

more leaf than stem of plants (Colvin and Backus 1988). The orts of those fed arrowleaf 

clover contained visually more stem. The relatively higher intake of leaves in comparison 

to stem would have also contributed to higher ruminal NH3-N concentrations due to the 

higher CP content of leaves than stems (Woodman and Evans 1935; Mowat et al. 1965). 

The extensive rupture and maceration of leaves promotes the coagulation of gas bubbles 

in ruminal fluid and prevents the release of fermentation gases (Colvin and Backus 1988), 

contributing to the frothy bloat that was evident in wethers fed arrowleaf clover pasture. 

Ruminal NH3-N concentrations increase at a rapid rate after feeding due to the enhanced 

activity of rumen microbes (McDonald 1952). Based on the interaction between pasture 

type and time after feeding, it is likely that the wethers fed the biserrula and French 

serradella pastures may have had a relatively consistent level of DMI over the 24 h period 
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(as expected with ad libitum feeding), resulting in relatively stable ruminal NH3-N 

concentrations over the 24 h period. In contrast, those fed the arrowleaf clover likely ate 

considerably higher amounts of feed shortly after the morning and afternoon feedings. 

This is supported by the increases in ruminal NH3-N concentrations that occurred 6 h and 

again at 15 h (approximately 6 h after the afternoon feed) followed by the significant 

decline in ruminal NH3-N concentrations by 21 (195 mg NH3-N/L) and 24 h (179 mg 

NH3-N/L), indicating that the wethers fed the arrowleaf clover did not maintain the same 

level of DMI over the 24 h period. The high solubility of plant proteins in the arrowleaf 

clover pasture (resulting in frothy bloat) would have also contributed to these rapid 

changes in ruminal NH3-N concentrations. 

These rapid transient declines in ruminal NH3-N concentrations for those fed arrowleaf 

clover cannot be explained by higher ruminal fluid outflow rates (Leng and Nolan 1984; 

Nolan and Dobos 2005) as they were similar for all of the pastures. Aversive feedback 

from a rapid increase in NH3-N concentrations and the presumed increase in rumen 

distention from the observed bloat (as previously discussed) may have varied their 

temporal DMI.  Excess NH3-N (above microbial requirements) is transported through the 

rumen wall to the liver via the bloodstream where it is converted to urea and either 

recycled back into the rumen via diffusion through ruminal or intestinal epithelia or via 

secretions (e.g., saliva) (Huntington and Archibeque 2000) to counteract a shortfall in 

degradable dietary CP for diets low in CP (Nolan and Dobos 2005); or it is excreted as 

urine, resulting in poor N utilisation (Lapierre and Lobley 2001). Thus, the excessively 

high concentrations of ruminal NH3-N in those wethers fed arrowleaf clover would have 

resulted in a net loss in CP rather than the efficient utilisation of dietary CP by rumen 

microbes for microbial protein synthesis (Minson 1990). This is supported by the 

significantly higher urinary N output of the wethers fed arrowleaf clover pasture. 

The deamination of AA from rumen microbes would also increase total VFA 

concentrations in conjunction with ruminal NH3-N (Leng and Nolan 1984; Leng 1993) 

as was the case with feeding arrowleaf clover that had significantly higher total VFA 

concentrations compared to those fed the other pastures. More importantly, the 

deamination of AA from proteins is known to increase the concentrations of isovaleric 

and isobutyric acids (France and Dijkstra 2005). This was reflected in both the higher 

concentrations and molar proportions of isovaleric acid (2.9 times and 2.4 times higher, 

respectively) and isobutyric acid (2.3 times and 1.9 times higher, respectively) in sheep 

fed arrowleaf clover compared to those fed the other pastures. The wethers fed arrowleaf 
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clover also had lower ruminal pH, which is indicative of the increased production of VFA 

in the rumen (Briggs et al. 1957; Russell and Wilson 1996; Dijkstra et al. 2012). 

Conversely, in wethers fed biserrula, the lower total VFA concentrations resulted in 

higher ruminal pH. 

In Period 1, the molar proportions of acetic acid were higher for wethers fed either the 

biserrula or French serradella pastures compared to those fed the arrowleaf clover pasture, 

that is likely due to the higher ADF and NDF contents (Dijkstra 1994; France and Dijkstra 

2005) of the pasture consumed by the wethers as a result of pasture selectivity. Those fed 

arrowleaf clover were observed to select a greater amount of leaves compared to stems 

that would have resulted in the selection of a diet with lower NDF content (Wilman and 

Rezvani Moghaddam 1998), contributing to a lower molar proportion of acetic acid. The 

concentrations of butyric acid were lower in wethers fed biserrula compared to the other 

two pastures. Molar proportions of butyric acid were also lower in wethers fed biserrula 

in Period 1 compared to the other two pastures, and lower than those fed French serradella 

in Period 2. This was unexpected as it would be assumed that the higher ADF and NDF 

contents in the pasture consumed (that favour higher molar proportions of acetic acid) 

would also favour the butyric acid pathway (Dijkstra et al. 1994). Molar proportions of 

propionic acid were also high in those fed biserrula (although similar to those fed 

arrowleaf clover pasture). Defaunation of the rumen favours propionic acid at the expense 

of butyric acid (Jouany et al. 1988). The higher propionic acid and lower butyric acid 

molar proportions are also consistent to results reported in Chapter 3 (Experiment 2). 

Further research is recommended to determine if PSC contained in biserrula have 

defaunation properties. 

No other studies have reported VFA production and/or molar proportions in sheep fed 

these second generation annual legumes and until this study, no research had investigated 

the temporal changes in rumen parameters in sheep fed these legumes. The stage of 

maturity of the pastures in this study and Chapter 3 (Experiment 2) were relatively 

similar. The molar proportions of propionic acid in this study were similar for wethers 

fed either arrowleaf clover or biserrula pasture, which is dissimilar to results from Chapter 

3 (Experiment 2) where lambs fed biserrula had higher molar proportions in comparison. 

The molar proportions of propionic acid were also higher (approximately 1.7 and 2.4 

times higher, respectively) for both pastures in this study compared to those reported in 

Chapter 3 (Experiment 2). 
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The pattern of fermentation towards propionic acid production in wethers fed arrowleaf 

clover or biserrula pastures was driven by different mechanisms. Although the molar 

proportions were similar, wethers fed the arrowleaf clover had higher concentrations of 

propionic acid than those fed the other pastures, which coincided with the overall higher 

total VFA concentrations. The high availability of substrates from higher intakes (and in 

presumably shorter bouts of time) and/or high rates of depolymerisation of feedstuff in 

the rumen, as supported by the combination of higher WSC content and lower overall 

structural fibre content (ADF and NDF), and evidence of highly soluble plant proteins, 

resulted in a shift of fermentation patterns that favoured the production of propionic acid 

at the expense of the acetic acid (and butyric acid) pathway (Dijkstra 1994; France and 

Dijkstra 2005) in wethers fed the arrowleaf clover pasture. This also resulted in a higher 

ratio of P:(A + 2x B) concentrations ratio and a lower concentrations ratio of A:P. The 

higher propionic acid concentrations may have production advantages (LW gain and wool 

growth) as propionic acid is a precursor for glucose synthesis (France and Dijkstra 2005); 

however, any benefits may be negated by the low N efficiency of wethers fed arrowleaf 

clover pasture, as described previously. 

For the wethers fed the biserrula pasture, the PSC found in this species may explain the 

shift in fermentation patterns toward propionic acid production due to their anti-

methanogenic activity (Banik et al. 2016). The anti-methanogenic effect reduces the 

production of H2 and subsequently acetic and butyric acids, thus favouring the 

competitive pathway for H2 use toward propionic acid (Hegarty 1999; Moss et al. 2000). 

This also resulted in higher P:(A + 2x B) ratio and lower A:P ratio as well as lower butyric 

acid proportions and concentrations (as previously described). Although, increasing the 

WSC content of the diet favours the propionic acid pathway (Lee et al. 2003); this is not 

reflected here as the WSC content of biserrula was lower than that of the other two 

pastures, and thus cannot explain the higher proportion of propionic acid in wethers fed 

this pasture. Banik et al. (2013a) also found (in vitro) biserrula had a lower A:P ratio 

compared to other common pasture species. The lower concentration of propionic acid in 

wethers fed biserrula compared to those fed arrowleaf clover was due to the lower overall 

DMI that decreased substrate availability and thus VFA production in the rumen as 

supported by the lower total VFA concentration of the wethers fed the biserrula pasture. 

Although the pastures were pre-cut prior to feeding, it was surprising that the biserrula 

pasture was still capable of exerting this effect on fermentation patterns as the 
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compound(s) responsible are considered to be highly volatile (Vercoe 2016); although 

the rate (or extent) at which these compound(s) dissipate has not been quantified. 

5.5 Conclusion 

The concentration of toxic compound(s) in biserrula during the reproductive stage of plant 

growth may affect DMI in wethers due to aversive feedback. A decline in DMI may also 

result in wethers fed either arrowleaf clover in response to feedback either from negative 

digestive effects (frothy bloat) and/or an excess of ruminal fermentation by-products such 

as ruminal NH3-N. High ruminal NH3-N concentrations of wethers fed the arrowleaf 

clover pasture also indicated extensive degradation of proteins in the rumen, high loss of 

urinary N, and poor N utilisation compared to the other pastures, limiting animal 

production efficiency. 

No other scientific studies have reported the incidence of frothy bloat (or other health 

disorders) in sheep grazing arrowleaf clover cv. Arrotas, yet biserrula continues to 

challenge livestock when fed as a monoculture pasture, as further supported by findings 

reported in Chapter 3. The results from this experiment further highlight the need for 

producers to provide livestock with the opportunity to graze diverse forages to manage 

their nutritional requirements and limit toxicity and/or health related disorders. Further 

research is warranted to establish best management practices when grazing livestock on 

these pastures.
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CHAPTER 6: In vivo nutritive value of arrowleaf clover and 

bladder clover hays 

6.1 Introduction 

In the mixed farming zones of southern Australia hay is often supplied to livestock during 

periods of feed shortages, particularly in summer, autumn and winter months when 

pasture growth is limited and/or the pasture available is of low quality. This need for 

supplementary feeding of hay may be due to limited feed supply as a consequence of low 

summer rainfall for summer active pastures or low winter temperatures impacting on 

pasture growth rates (Baker et al. 2014), or insufficient residual feed carry over from 

months of high quality and high pasture productivity (Corrigan and Court 2014). 

Legume-based hays are advantageous to grass-based alternatives due to their higher 

digestibility, protein content and energy value (Ulyatt 1981; McDonald et al. 2002). The 

quality of any hay can be compromised by the stage of maturity (Van Soest et al. 1978), 

plant species type, the drying process and storage (McDonald et al. 2002). Feeding value 

of hay is largely dependent on the overall forage quality including nutrient digestibility, 

and the efficiency of nutrient use for animal production (Minson 1990). 

Potential biomass production of second generation annual pasture legumes arrowleaf 

clover (Thompson et al. 2010) and bladder clover (Hackney et al. 2013d; Norman et al. 

2013) is higher or comparable to subterranean clover, and of similar forage quality 

(Hackney et al. 2013d). However, their potential as a conserved fodder is unknown. 

The aims of this study were to determine the apparent in vivo digestibility and growth 

rates of lambs fed second generation annual legumes arrowleaf clover (cv. Cefalu) and 

bladder clover (cv. Bartolo) hays, compared to more commonly used subterranean clover 

(cv. Mt Barker) hay and a lower quality mix of 50:50 lucerne and oaten hays. 

6.2 Materials and Methods 

6.2.1 Experiment site and animal housing 

The study was carried out at the NSW DPI Animal Nutrition Unit, Wagga Wagga, NSW 

from 9 July till 2 September 2015 under CSU ACEC Protocol Number 15/031. 
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The study included a 5 d pre-experimental adaptation period where the animals were 

housed in individual pens (1.2 m x 1.2 m) to enable them to adapt to the animal house 

facilities, followed by a 51 d experimental period. The experimental period included a 

minimum 14 d adaption period to the diet where animals were housed and fed in 

individual pens. After the adaptation period the lambs were randomly allocated into two 

groups containing equal numbers of lambs from each hay type for the metabolism study 

(n = 12 lambs/group; n = 4 lambs/hay type/group). The metabolism study included a 5 d 

adaption period and 7 d total urine and faecal collection period, whereby animals were 

housed in special purpose metabolism crates (0.5 m x 1.15 m) (see Chapter 5, Figure 5.1). 

Animals were housed in individual pens for a further 24 d (Figure 6.1), which varied 

depending on which metabolism study group they were allocated to. Further details of 

the individual pens and metabolism crates are outlined in more detail in Chapter 5.2.1. 

Figure 6.1 Timeline of events of the pre-experimental adaptation period and 
experimental period for the animal house study. 

In the 5 d pre-experimental adaptation period, lambs were fed ad libitum a ration of 

lucerne chaff (17.7% CP, 65.0% DMD, 9.6 MJ ME/kg DM). 

6.2.2 Experimental animals and diets 

Thirty-two Merino wether lambs aged 9 to 10 months with an average LW of 34.9 ± 0.6 

kg and BCS of 3.3 ± 0.1 were selected from a larger flock.  All animals were vaccinated 

(Glanvac 6-in-1; Zoetis Australia, Silverwater, Australia) against clostridial diseases and 

drenched (Q-drench: Abamectin 1 g/L, Albendazole 25 g/L, Closantel 37.5 g/L and 

Levamisole hydrochloride 40 g/L; Jurox Pty Ltd, Rutherford, Australia) upon induction 

into the animal nutrition unit. One lamb in Group 2 that was fed the arrowleaf clover hay 
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was removed from the study prior to the metabolism study due to unforeseen 

circumstances. 

Prior to the commencement of the experimental period, the lambs were weighed on a 

fasted LW basis (overnight curfew from 15:00 h till 08:00 h) and BCS was assessed at 

the same time, as described in Chapter 5.2.2. The lambs were stratified and allocated to 

blocks based on LW, and randomly assigned (n = 8 lambs/diet) to one of the four hay 

diets including: arrowleaf clover, bladder clover, subterranean clover or 50:50 ratio mixed 

chaff of lucerne + oaten mixed hays in a randomised complete block design structure 

using the Agricolae package (de Mendiburu 2016) in R statistical software (R Core Team 

2016). Once allocated to the diets, the lambs were randomised to the individual pens. The 

lucerne hay + oaten hay was selected to represent a diet of lower quality, compared to a 

legume monoculture hay of (expected) higher quality. It was fed as a mixed chaff in an 

attempt to limit selection by the lambs, which is often encountered when feeding a mixed 

hay with components of high and poorer quality. 

The average LW and BCS of lambs allocated to the arrowleaf clover, bladder clover, 

subterranean clover and lucerne + oaten mixed hays were 34.7 ± 0.6 kg and 3.5 ± 0.1, 

34.8 ± 0.6 kg and 3.3 ± 0.1, 34.6 ± 0.6 kg and 3.3 ± 0.1 and 35.5 ± 0.5 kg and 3.3 ± 0.1, 

respectively. 

The arrowleaf clover and bladder clover hays were sourced on-farm from Uranquinty in 

the Riverina region (35º2’S, 147º2’E). At time of cutting the arrowleaf clover hay was 

approximately 800 mm tall and in the late vegetative stages of plant growth (not 

flowering); whilst the bladder clover hay was approximately 400 mm tall and at 40% 

flowering. 

The subterranean clover hay was sourced on-farm from Mangoplah in the Riverina region 

(35º4’S, 147º2’E). These hays were all harvested and delivered as a single batch. The 

lucerne and oaten chaffs came from the Corowa Chaff Mill, Corowa, NSW and were 

sourced from a local commercial supplier. 

6.2.3 Animal measurements and feed analyses 

Unfasted LW of lambs was measured once a week (before the morning feed at 

approximately 08:00 h) using the same method described in Section 6.2.2, excluding 
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those periods when lambs were housed in metabolism crates. A final fasted LW and BCS 

were taken on 51 d to calculate change in these parameters over the experimental period. 

Lambs were fed ad libitum and orts (target 10 to 15% orts as described in Chapter 5.2.3) 

were collected daily at approximately 09:00 h. Samples (500 g) of feed offered and orts 

of lambs in individual pens were taken three times a week (every Monday, Wednesday 

and Friday). Samples of feed offered and orts were bulked on a weekly basis and dried, 

prepared and analysed using the method described in Chapter 5.2.7. 

A mid-side wool patch clip sample (100 mm x 100 mm) was used to measure wool growth 

over the experimental period. On day zero of the experimental period, each sheep was 

positioned in a left lateral recumbency restraint position and a mid-side sample was 

removed using a pair of electric hand clippers (Oster® Groom Master; cryogen-x size 10 

detachable blade) that cut the wool close to the surface of the skin. On day 50, the same 

area of wool was clipped and placed in an airtight bag. Wool growth was measured by 

the weight of wool (g) grown between 0 d and 50 d (Figure 6.1). 

6.2.4 Metabolism study: collections and analyses 

At two intervals during the experimental period, 12 lambs (n = 4 lambs/hay type/group; 

except the arrowleaf clover hay in Group 2 where n = 3 lambs, see Section 6.2.2) were 

housed in metabolism crates for the collection of faeces and urine over a 7 d period to 

determine apparent in vivo DOMD (and calculated ME), DMD, OMD, CPD and N 

balance of the lambs. The 7 d collection period also included a 24 h lag phase after the 7 

d feeding period to account for feed eaten and urine and faeces excreted during that 

period. Samples of feed offered, orts, faeces and urine were collected daily from 

approximately 09:00 h to 10:00 h. For each hay type, a 500 g sample of feed offered was 

taken, whilst the entire remaining orts were collected on a per animal basis. Feed (offered 

and orts), urine and faeces were collected and stored using the method outlined in Chapter 

5.2.5. Feed (offered and orts), urine and faecal samples were prepared and analysed using 

the methods outlined in Chapter 5.2.7. 

6.2.5 Ruminal fluid collections and analyses 

Approximately 50 mL of ruminal fluid was collected from individual animals 3 h post 

morning feed on 0 d, 15 d and 50 d of the experimental period (Figure 6.1) using a 

stomach tube, which passed over the tongue and down the oesophagus into the rumen. 
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Samples that showed visual contamination with saliva were discarded and another sample 

was taken. Ruminal pH was taken immediately using an electronic pH meter (ACTIVON 

Model 210, pH/mV/ATC/temp meter; Probe TPS serial number 1204-097217), which 

had been calibrated using pH buffers 4 and 7. The sample was then separated into two 70 

mL containers; one for VFA analyses, and one for determination of NH3-N 

concentrations, with three drops of 32% concentrated HCl being added to the latter. All 

samples were stored directly on ice before being stored at -18ºC. 

The samples for VFA concentrations and molar proportions and ruminal NH3-N 

concentration analyses were prepared and analysed using the method described in 

Chapter 3.2.3.2 and Chapter 5.2.7. 

6.2.6 Calculations 

Apparent in vivo DOMD, ME (calculated from DOMD), DMD, OMD and CPD were 

calculated using the equations outlined in Chapter 5.2.8.1. The N balance of lambs was 

calculated using the equation outlined in Chapter 5.2.8.2. 

6.2.7 Statistical analyses 

All analyses were carried out using ASReml-R version 3.0/64 (Butler 2009; VSN 

International Ltd., United Kingdom; Butler et al. 2007). In preliminary analyses, the 

model assumptions were tested for normal distribution of the residuals. A natural 

logarithmic scale was applied to average LW data and data for the molar proportions of 

valeric, iso-valeric and heptanoic acids that did not meet model assumptions for normality 

using the following transformation: 

Response = ln (response) 

A back-transformation was applied to the predicted values of all logarithmic transformed 

data, which was presented (in the results) as the predicted means. The S.E. values of log 

transformed data were not back-transformed. The back-transformed data can thus only be 

considered as approximate values and should be interpreted accordingly. The model 

assumptions were also tested for heterogeneity of the residuals. 

 A linear mixed model using REML was used to test all response variables. The 

significance level for all analyses was set at P ≤ 0.05. All results were reported as 

predicted means ± S.E. of the predicted means, when appropriate. Tukey’s pairwise 



 

 179 

comparison with a confidence level of 5% was used to differentiate between the hays for 

each of the parameters tested, including log transformed data. 

The models used to analyse the data including main effects, covariates, and random 

effects are shown in Table 6.1. The terms ‘block’ referred to the blocking factor when 

sheep were allocated to the hay diets based on a stratified LW range, and ‘group’ referred 

to either Group 1 or 2 when the animals were in the metabolism crates. 

Table 6.1 Statistical models used to analyse data from the experiment. 
Response variable Model 
Nutritive value Response = hay, random = experiment week 
Dry matter intake 

Response = hay, random = block + group Apparent digestibility parameters 
N balance parameters 
Average daily LW gain 

Random = start weight + hay, random = block + group Liveweight1 

BCS Response = start BCS + hay + experiment day + 
hay:experiment day, random = block + group 

Wool growth Response = hay, random = block + group 
Ruminal fluid parameters  
   pH 

Response = hay + experiment day, random = sheep ID + 
block + group 

   NH3-N concentrations 
   Total VFA concentrations 
   A:P ratio 
   P:(A + 2x B) ratio 
   Propionic acid% 
   Butyric acid% 
   Valeric acid%1 
   Iso-valeric acid%1 
   Acetic acid% 

Response = hay + experiment day + hay:experiment day, 
random = sheep ID + block + group 

   Iso-butyric acid% 
   Hexanoic acid% 
   Heptanoic acid%1 

1Liveweight and molar proportions of valeric, iso-valeric and heptanoic acids analyses were undertaken on 
natural logarithmic (ln) scale. 

6.3 Results 

6.3.1 Nutritive value 

Bladder clover hay had the highest (P < 0.001) CP content of all the hay diets. Lucerne + 

oaten mixed hay had the lowest (P < 0.001) CP content and ME compared to all other 

hay diets. The CP content of the arrowleaf clover and subterranean clover hays did not 

differ (P > 0.05) to one another, nor did the ME of the arrowleaf clover, bladder clover 

and subterranean clover hays (P > 0.05) (Table 6.2).
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Table 6.2 Predicted mean (± S.E.) nutritive value (on a DM basis) of arrowleaf clover 
(AC), bladder clover (BC), subterranean clover (SC) and 50:50 lucerne + oaten mixed 
(LO) hays fed to Merino lambs. 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the hay diets. 
1Level of significance for the main effect of hay diet. 
DM = dry matter; OM = organic matter; CP = crude protein; ME = metabolisable energy; ADF = acid 
detergent fibre; NDF = neutral detergent fibre; WSC = water soluble carbohydrates. 

The ADF content of the bladder clover hay was lower (P < 0.001) than the arrowleaf 

clover and lucerne + oaten mixed hays; but did not differ (P > 0.05) to the subterranean 

clover hay. The NDF content was highest (P < 0.001) for the lucerne + oaten mixed hay, 

whilst the other hays did not differ (P > 0.05) to one another (Table 6.2). 

6.3.2 Apparent nutrient digestibility 

Bladder clover had the highest (P < 0.001) and lucerne + oaten mixed hay had the lowest 

(P < 0.001) apparent DOMD, ME, DMD and OMD. The apparent DOMD, ME, DMD 

and OMD of arrowleaf clover and subterranean clover hays did not differ (P > 0.05) to 

one another (Table 6.3). 

Table 6.3 Predicted mean (± S.E.) apparent in vivo DOMD (and estimated ME), DMD, 
OMD and CPD of arrowleaf clover (AC), bladder clover (BC), subterranean clover (SC) 
and 50:50 lucerne + oaten mixed hays fed to Merino lambs. 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the hay diets. 
1Level of significance for the main effect of hay diet. 
DOMD = digestible organic matter digestibility; ME = metabolisable energy; DMD = dry matter 
digestibility; OMD = organic matter digestibility; CPD = crude protein digestibility. 

The apparent CPD was higher (P < 0.001) for the arrowleaf clover and bladder clover 

hays (which did not differ, P > 0.05) than the subterranean clover and lucerne + oaten 

mixed hays (which did not differ, P > 0.05) (Table 6.3). 

Parameter AC BC SC LO P-value1 
DM (%) 86.8 ± 0.41b 84.4 ± 0.41a 85.0 ± 0.41a 86.8 ± 0.41b < 0.001 
OM (%) 90.8 ± 0.58 91.0 ± 0.58 91.0 ± 0.58 92.8 ± 0.58 0.054 
CP (%) 14.6 ± 0.75b 19.7 ± 0.75c 15.9 ± 0.75b 11.2 ± 0.75a < 0.001 
ME (MJ/kg DM) 10.0 ± 0.17b 10.5 ± 0.17b 10.0 ± 0.17b 9.1 ± 0.17a < 0.001 
ADF (%) 30.4 ± 1.11bc 25.8 ± 1.11a 26.6 ± 1.11ab 31.5 ± 1.11c < 0.001 
NDF (%) 44.6 ± 1.00a 41.2 ± 1.00a 43.0 ± 1.00a 52.4 ± 1.00b < 0.001 
WSC (%) 10.7 ± 0.72b 8.0 ± 0.72a 9.9 ± 0.72ab 10.1 ± 0.72b 0.042 

Parameter AC BC SC LO P-value1 
DOMD (%) 63.4 ± 1.58b 67.3 ± 1.53c 61.1 ± 1.53b 53.6 ± 1.53a < 0.001 
ME (MJ/kg DM) 9.9 ± 0.32b 10.7 ± 0.31c 9.4 ± 0.31b 7.9 ± 0.31a < 0.001 
DMD (%) 67.7 ± 2.06b 72.8 ± 2.02c 65.2 ± 2.02b 55.7 ± 2.02a < 0.001 
OMD (%) 69.9 ± 1.81b 74.4 ± 1.76c 67.5 ± 1.76b 57.8 ± 1.76a < 0.001 
CPD (%) 70.6 ± 3.00b 69.8 ± 2.93b 60.6 ± 2.93a 61.4 ± 2.93a < 0.001 
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6.3.3 Dry matter intake, liveweight, BCS and wool growth 

The DMI of the lambs did not differ (P > 0.05) between those fed either arrowleaf clover, 

bladder clover or subterranean clover hays but lambs fed the lucerne + oaten mixed hay 

had lower (P < 0.01) DMI than those fed the bladder clover hay. When adjusted to a LW 

basis (g/kg), lambs fed the bladder clover hay had greater (P < 0.01) DMI than lambs fed 

either subterranean clover or lucerne + oaten mixed hays, but their DMI did not differ (P 

> 0.05) to that of lambs fed arrowleaf clover hay. Lambs fed either the arrowleaf clover, 

subterranean clover or lucerne + oaten mixed hays had similar (P > 0.05) DMI on a LW 

basis (Table 6.4). 

Preliminary analyses indicated the model assumptions were not met for normality for 

lamb LW; thus the analysis was undertaken on the natural logarithmic scale. At the 

commencement of the study there were no differences (P > 0.05) in the LW or BCS of 

the lambs fed the different hay diets. All lambs gained weight (P < 0.001) over the 

experimental period, and with the exception of the lambs fed the arrowleaf clover hay (P 

> 0.05); the BCS of all the lambs also increased over the experimental period (P < 0.001). 

The interaction between hay diet and experimental day was significant (P < 0.01) in the 

model for both LW and BCS (Table 6.4). 

The ADG of lambs fed bladder clover hay was higher (P < 0.01) than those fed either 

subterranean clover or lucerne + oaten mixed hays. The ADG of lambs fed the arrowleaf 

clover hay did not differ (P > 0.05) to that of lambs fed any of the other hay diets. There 

was no difference (P > 0.05) in ADG of lambs fed either the subterranean clover or 

lucerne + oaten mixed hays (Table 6.4). 

The main effect of hay diet was not significant (P = 0.07) for BCS, but the interaction 

between hay diet and experimental day was significant (P < 0.01). At the end of the 

experiment, the BCS of lambs fed either bladder clover or subterranean clover hays was 

higher (P < 0.01) than those fed the arrowleaf clover hay. The end BCS of those fed the 

lucerne + oaten mixed hay was similar (P > 0.05) to those fed the other hay diets (Table 

6.4).  

There was no difference (P = 0.17) in wool growth for lambs fed the various hay diets 

(Table 6.4).



 

 182 

Table 6.4 Predicted mean (± S.E.) dry matter intake (DMI), liveweight (LW), average daily LW gain, body condition score, and wool growth (50 d 
growth) of Merino lambs fed an ab libitum diet of either arrowleaf clover (AC), bladder clover (BC), subterranean clover (SC) or 50:50 lucerne + oaten 
mixed (LO) hays. Values (both predicted means and S.E.) in parentheses are log transformed (ln) data. 

Different superscripts within rows and/or columns for each parameter indicates that there is a significant difference (P ≤ 0.05) between the hay diets. 
1Level of significance for the interaction between hay diet (H) and experimental day (D). 
2Liveweight analysis undertaken on natural logarithmic (ln) scale. 

Parameter Hay P-value 
AC BC SC LO Hay Day H:D1 

Dry matter intake        
   kg/d 1.34 ± 0.06ab 1.50 ± 0.05b 1.31 ± 0.05ab 1.26 ± 0.05a < 0.01 - - 
   g/kg LW.d 31.5 ± 1.71ab 34.4 ± 1.68b 30.8 ± 1.68a 29.6 ± 1.68a < 0.01 - - 
Liveweight (kg)2 
S.E. = (0.01)     < 0.01 < 0.001 < 0.01 

   Start  (kg) 34.8 (3.55)a 34.8 (3.55)a 34.8 (3.55)a 35.0 (3.55)a    
   End  (kg) 45.3 (3.81)bc 47.5 (3.86)c 44.2 (3.79)b 44.3 (3.79)b    
Average daily LW gain (g/d) 203.5 ± 15.33ab 247.9 ± 14.34b 181.9 ± 14.39a 188.2 ± 14.47a < 0.01 - - 
Body condition score     0.07 < 0.001 < 0.01 
   Start 3.4 ± 0.08a 3.3 ± 0.08a 3.3 ± 0.08a 3.3 ± 0.14a    
   End 3.5 ± 0.09ab 4.0 ± 0.08c 3.9 ± 0.08c 3.8 ± 0.08bc    
Wool growth  
(g/100 mm2) 5.8 ± 0.53 7.0 ± 0.50 6.4 ± 0.50 5.6 ± 0.50 0.17 - - 
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6.3.4 Nitrogen balance 

Lambs on all hay diets were in positive N balance (Table 6.5). Lambs fed the bladder 

clover hay had significantly (P < 0.001) higher N balance than lambs fed the other hay 

diets, whilst lambs fed the lucerne + oaten mixed hay had lower (P < 0.001) N balance 

than lambs fed the other hay diets. The N balance of lambs fed arrowleaf clover or 

subterranean clover hays did not differ (P > 0.05). The N intake and urinary N output of 

lambs fed the bladder clover hay was higher (P < 0.001) than lambs fed the other hay 

diets (Table 6.5). 

Table 6.5 Predicted mean (± S.E.) N intake, N output and N balance of Merino lambs fed 
either arrowleaf clover (AC), bladder clover (BC), subterranean clover (SC) or 50:50 
lucerne + oaten mixed hays. 

Parameter AC BC SC LO P-value1 

N intake (g/d) 33.7 ± 1.95b 49.0 ± 1.89c 32.4 ± 1.89b 23.7 ± 1.89a < 0.001 
Faecal N (g/d) 9.7 ± 0.67a 14.8 ± 0.63b 12.6 ± 0.63b 9.2 ± 0.63a < 0.001 
Urine N (g/d) 1.2 ± 0.27a 2.8 ± 0.25b 0.4 ± 0.25a 0.3 ± 0.25a < 0.001 
N balance (g/d) 22.7 ± 2.30b 31.5 ± 2.26c 19.4 ± 2.26b 14.2 ± 2.26a < 0.001 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the hay diets. 
1Level of significance for the main effect of hay diet. 

6.3.5 Ruminal parameters 

There was no difference (P > 0.05) in any of the ruminal parameters tested at day 0 for 

lambs allocated to the different hays. Day 0 results were not included in the analyses and 

are not reported as all lambs started at the same baseline. Thus any differences in ruminal 

parameters for days 15 and 50 could only be attributable to the diets they were fed. At 

day 0, the average ruminal pH, NH3-N, and total VFA concentrations of the lambs 

allocated to the various hay diets were pH 5.9 ± 0.04, 212 ± 8.8 mg NH3-N/L, and 152.3 

± 4.9 mmol/L, respectively. Preliminary analyses indicated the model assumptions for 

normality were not met for the molar proportions of valeric, iso-valeric and heptanoic 

acids; thus, the analysis (for the molar proportions) of these VFA were conducted on the 

natural logarithmic scale. 

Ruminal pH was higher (P < 0.001) in lambs fed either subterranean clover or bladder 

clover hays compared to those fed either arrowleaf clover or lucerne + oaten mixed hays, 

which did not differ (P > 0.05) to one another (Table 6.6). Ruminal pH increased (P < 

0.001) in lambs fed the various hay diets at 50 d sampling (pH 6.7 ± 0.04) compared to 

15 d sampling (pH 6.5 ± 0.04). 
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Ruminal NH3-N concentrations were higher (P < 0.001) in lambs fed either arrowleaf 

clover or bladder clover hays than those fed either subterranean clover or lucerne + oaten 

mixed hays, which did not differ (P > 0.05) to one another (Table 6.6). Ruminal NH3-N 

concentrations were higher (P < 0.001) in lambs fed the various hay diets at 50 d sampling 

(151.4 ± 6.70 mg NH3-N/L) compared to 15 d sampling (104.3 ± 6.71 mg NH3-N/L). 

Total VFA concentrations were higher (P < 0.001) in lambs fed arrowleaf clover 

compared to those fed either subterranean clover or lucerne + oaten mixed hays but did 

not differ (P > 0.05) to that of lambs fed bladder clover hay. Total VFA concentrations 

of lambs fed bladder clover hay were higher (P < 0.001) than lambs fed subterranean 

clover hay. Total VFA concentrations did not differ (P > 0.05) between lambs fed either 

bladder clover or lucerne + oaten mixed hays; or those fed either subterranean clover or 

lucerne + oaten mixed hays (Table 6.6). Total VFA concentrations were higher (P < 

0.001) in lambs fed the various hay diets at 50 d sampling (113.2 ± 2.65 mmol/L) 

compared to 15 d sampling (87.1 ± 2.65 mmol/L). 

The A:P ratio was lower (P < 0.001) in lambs fed arrowleaf clover hay compared to those 

fed the other hay diets. The A:P ratio was higher (P < 0.001) for lambs fed bladder clover 

hay compared to those fed the other hay diets. This ratio did not differ (P > 0.05) between 

lambs fed either subterranean clover or lucerne + oaten mixed hays (Table 6.6). The A:P 

ratio was higher (P < 0.001) in lambs fed the various hay diets at 50 d sampling (3.5 ± 

0.14 mmol/L) compared to 15 d sampling (2.9 ± 0.14 mmol/L). 

The P:(A+ 2x B) ratio was higher (P < 0.001) in lambs fed arrowleaf clover hay compared 

to those fed all other hay diets. This ratio did not differ (P > 0.05) between lambs fed 

either bladder clover, subterranean clover or lucerne + oaten mixed hays (Table 6.6). The 

P:(A + 2x B) ratio was higher (P < 0.001) in lambs fed the various hay diets at 15 d 

sampling (0.27 ± 0.01 mmol/L) compared to 50 d sampling (0.24 ± 0.01 mmol/L). 

The interaction between hay diet and sampling day was significant (P = 0.02) in the model 

for molar proportions of acetic acid (Table 6.6). Molar proportions of acetic acid were 

higher (P < 0.001) in lambs fed the various diets at 50 d sampling (69.1 ± 0.35%) 

compared to 15 d sampling (57.1 ± 0.35%), but at 50 d lambs fed bladder clover hay had 

higher (P = 0.02) molar proportions of acetic acid sampling than those fed either 

subterranean clover or lucerne + oaten mixed hays (Table 6.6). 
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Molar proportions of propionic acid were higher (P < 0.001) in lambs fed the arrowleaf 

clover hay compared to those fed the other hay diets, which did not differ (P > 0.05) to 

one another (Table 6.6). Molar proportions of propionic acid were higher (P < 0.001) at 

15 d sampling (24.8 ± 0.79%) compared to 50 d sampling (20.2 ± 0.79%). 

Molar proportions of butyric acid were higher (P < 0.001) in lambs fed lucerne + oaten 

mixed hay compared to those fed the other hay diets. Butyric acid molar proportions were 

higher (P < 0.001) in lambs fed subterranean clover hay than those fed arrowleaf clover 

hay, whilst butyric acid molar proportions in lambs fed bladder clover hay did not differ 

(P > 0.05) to those fed either subterranean clover or arrowleaf clover hay (Table 6.6). 

Molar proportions of butyric acid were higher (P < 0.001) at 15 d sampling (12.8 ± 

0.29%) compared to 50 d sampling (7.4 ± 0.29%). 

The interaction between hay diet and sampling day was significant (P < 0.05) in the model 

for the molar proportions of iso-butyric, hexanoic and heptanoic acids (Table 6.6).
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Table 6.6 Predicted mean (± S.E.) ruminal parameters (at 15 d and 50 d) of Merino lambs fed either arrowleaf clover (AC), bladder clover (BC), 
subterranean clover (SC) or 50:50 lucerne + oaten mixed hays. Values (both predicted means and S.E.) in parentheses are log transformed (ln) data. 

Parameter Hay P-value 
AC BC SC LO Hay SD1 H:SD2 

Ruminal pH 6.5 ± 0.06a 6.7 ± 0.05b 6.8 ± 0.05b 6.4 ± 0.05a <0.001 < 0.001 > 0.05 
Ruminal NH3-N (mg NH3-N/L) 160.3 ± 10.34b 166.8 ± 9.50b 80.8 ± 9.50a 103.4 ± 9.68a <0.001 < 0.001 > 0.05 
Total VFA concentration (mmol/L) 115.3 ± 4.46c 103.4 ± 4.05bc 86.7 ± 4.05a 95.1 ± 4.16ab <0.001 < 0.001 > 0.05 
Ratios        
A:P 2.7 ± 0.16a 3.6 ± 0.15c 3.2 ± 0.15b 3.1 ± 0.15b <0.001 < 0.001 > 0.05 
P:(A + 2x B) 0.31 ± 0.01b 0.23 ± 0.01a 0.25 ± 0.01a 0.24 ± 0.01a <0.001 < 0.001 > 0.05 
VFA molar proportions (%)        
Acetic acid     <0.001 < 0.001 0.02 
    15 d 55.5 ± 0.67ab 59.6 ± 0.58c 58.0 ± 0.58bc 55.2 ± 0.67a    
    50 d 69.5 ± 0.67de 71.4 ± 0.62e 68.6 ± 0.62d 66.9 ± 0.58d    
Propionic acid 25.9 ± 0.93b 20.1 ± 0.89a 22.2 ± 0.89a 21.8 ± 0.90a <0.001 < 0.001 > 0.05 
Butyric acid 7.6 ± 0.47a 9.2 ± 0.43ab 10.6 ± 0.43b 12.9 ± 0.44c <0.001 < 0.001 > 0.05 
Iso-butyric acid     <0.001 0.01 < 0.01 
    15 d 0.69 ± 0.07ab 0.72 ± 0.06ab 0.66 ± 0.06a 0.99 ± 0.07c    
    50 d 0.69 ± 0.07ab 0.89 ± 0.06abc 0.84 ± 0.06abc 0.92 ± 0.06bc    
Valeric acid3 2.6(1.0) ± (0.05)b 3.0(1.1) ± (0.05)c 1.8(0.6) ± (0.05)a 1.6(0.4) ± (0.05)a <0.001 < 0.001 > 0.05 
Iso-valeric acid3 0.5(-0.6) ± (0.13)a 0.6(-0.5) ± (0.12)ab 0.5(-0.7) ± (0.12)a 0.9(-0.1) ± (0.12)b <0.01 < 0.001 > 0.05 
Hexanoic acid     <0.001 < 0.001 < 0.001 
    15 d 0.15 ± 0.07ab 0.54 ± 0.07c 0.72 ± 0.07d 0.64 ± 0.07cd    
    50 d 0.11 ± 0.07a 0.32 ± 0.07b 0.33 ± 0.07b 0.31 ± 0.07b    
Heptanoic acid3     <0.001 < 0.001 < 0.01 

    15 d 0.05 (-2.91) ± (0.32)bcd 0.13 (-2.04) ± (0.30)def 0.16 (-1.84) ±  
(0.30)ef 

0.20 (-1.61) ±  
(0.32)f    

    50 d 0.01 (-4.26) ±  
(0.32)a 0.06 (-2.80) ± (0.31)cde 0.04 (-3.29) ± (0.31)abc 0.02 (-3.85) ±  

(0.31)ab    

Different superscripts within rows and/or columns for each parameter indicates that there is a significant difference (P ≤ 0.05) between the hay diets. 
1Level of significance for the main effect of sampling day (SD); 2Level of significance for the interaction between hay diet (H) and sampling day (SD). 
3Molar proportions of valeric, iso-valeric and heptanoic acids undertaken on natural logarithmic (ln) scale. 



 

 187 

6.4 Discussion 

6.4.1 Nutritive value and apparent in vivo digestibility 

The legume monoculture hays were of higher quality than the lucerne + oaten mixed hay 

which was expected as it is well known that for ruminants, legume diets or diets 

containing a higher proportion of forage legume have lower breakdown resistance during 

ingestion and rumination (Weston 1985; McLeod et al. 1990), shorter retention time in 

the rumen (Thornton and Minson 1973) and higher digestibility (Archer and Robinson 

1988) compared to grasses/cereal forages. That is supported further by the results in this 

experiment. However, the legume monocultures hays varied to one another in quality 

(based on standard laboratory analyses and in vivo digestibility values). The arrowleaf 

clover and the subterranean clover hays were of similar CP content, ME and apparent 

DOMD, DMD and OMD, whilst the bladder clover hay was higher than all other hays 

for these parameters. Until this study, no other studies had investigated the nutritive value 

of arrowleaf clover or bladder clover when conserved as hay. The apparent OMD of both 

the arrowleaf clover and subterranean clover hays were within the range of those reported 

for subterranean clover hay (cv. Bacchus Marsh) cut in the early flowering stage (72%) 

(McLaren and Doyle 1988) and subterranean clover hay (cv. Clare) cut at later stage of 

maturity (200 d after sowing; 69%) (Weston and Hogan 1971), whilst the apparent OMD 

of the bladder clover hay was higher, despite being at approximately 40% flowering at 

time of cutting. Norman et al. (2013) found the in vitro DMD of bladder clover pasture 

was higher than that of subterranean clover (cv. Dalkeith) pasture. 

High proportions of fibre fractions in the cell wall of plants including hemicellulose, 

cellulose and lignin (NDF content) have been shown to negatively impact on both forage 

DMD (Van Soest 1965) and OMD (Bosman 1970). Lower NDF content is inherent of 

legumes due to their lower cell wall content and more importantly, the rapid digestion of 

cellulose, which increases VFI (Donefer et al. 1960). The NDF content of the legume 

monoculture hays did not differ, although all legume monoculture hays had significantly 

lower NDF content than the lucerne + oaten mixed hay. Increased pasture maturity 

typically results in increased NDF content and a decrease in the rate of digestion of NDF 

in the rumen (Smith et al. 1972; Cherney et al. 1993; Nordheim-Viken and Volden 2009). 

Despite bladder clover being more mature than the other legume hays at time of cutting, 

this did not appear to influence NDF content. Furthermore, the apparent DOMD, DMD 
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and OMD were higher than for the other legume hays. If the hays (notably the legume 

monocultures) were cut at an earlier stage of plant maturity, the digestibility values may 

have been higher, which would influence subsequent DMI and lamb growth rates. 

Comparative growth rates of lambs fed the same legume hays cut at a similar stage of 

maturity are likely to vary to the results of this study and warrants further investigation. 

The ME calculated from in vitro DOMD using standard laboratory analyses (Table 6.2) 

and those calculated from in vivo DOMD from the metabolism study (Table 6.3) varied 

to one another. The in vitro ME of the legume monoculture hays were similar; however, 

the in vivo ME of the bladder clover hay was higher (10.67 MJ/kg DM) than for all other 

hays (including the lucerne + oaten mixed hay). Standard laboratory calibrations may not 

accurately estimate ME of the hays used in this study as in vivo digestibility results are 

the most valuable indication of diet digestibility (and ME) of feed. However, in vivo 

apparent digestibility studies are generally carried out at maintenance feeding level, 

which is considered the most accurate measure of a feed digestibility and is a laboratory 

standard (Huhtanen et al. 2006), which was not the case in this study as the lambs were 

fed ad libitum. High DMI increases the rate of passage of feed out of the reticulorumen, 

limiting the amount of time feed is exposed to microbial breakdown (especially those 

fractions that require greater digestion time), thus reducing diet digestibility (Leaver et 

al. 1969; McDonald et al. 2002; Huhtanen et al. 2008). Thus, feeding levels above 

maintenance in this study may have reduced the digestibility of the diet, thus leading to 

an underestimation of hay ME in vivo. 

6.4.2 Dry matter intake 

The higher DMI and DMI adjusted to LW of lambs fed bladder clover hay compared to 

those fed lucerne + oaten mixed hay and higher DMI adjusted to LW of lambs fed bladder 

clover hay compared to those fed subterranean clover hay can be explained by the higher 

apparent digestibility of DOM, DM and OM of the bladder clover hay. Although bladder 

clover had higher CP content than the other hays, all hays had CP content > 8%, at which 

point N requirements of the rumen microbes for the synthesis of microbial protein are 

met and degradation of fibre in the rumen is not impeded. Thus the higher CP content of 

the bladder clover hay was unlikely to have any effect on subsequent DMI of the lambs 

fed this hay (Coleman and Moore 2003), further supporting the effect of apparent 

digestibility of the diets on the DMI of the lambs fed the hays. 
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The predicted DMI (and ADG) of the lambs fed the various hays was calculated using 

the GrazFeed® model (Freer et al. 1997) based on DM, DMD (in vivo), ME and CP 

content of each hay and average individual animal LW. This allowed for comparisons to 

be made between predicted and experimental values. All calculations were based on 

requirements for a Medium Merino, Polwarth of 10 months of age. The predicted DMI 

and those reported in this study were relatively similar, with the exception of the lucerne 

+ oaten mixed hay, where the DMI was considerably higher (250 g/d higher) than 

predicted. The chaffed nature of the lucerne + oaten mixed hay may have increased the 

rate of passage of the diet and thus encouraged greater DMI (Welch 1982; McSweeney 

and Kennedy 1992). Thus, for a diet of similar quality, but of larger particle size, 

predicted DMI is expected to more closely resemble the DMI of animals. Additionally, 

ruminants seek a varied diet to manage nutrient requirements and reduce toxicity 

(Provenza et al. 2003). Offering the lambs a mixed diet of lucerne + oaten hays may not 

trigger any aversive feedback and comparatively encourage greater DMI of this diet 

(Provenza 1996), irrespective of nutritive value. 

6.4.3 Liveweight gain and wool growth  

The high ADG of lambs fed the bladder clover hay was related to the higher DMI (and 

DMI adjusted to LW) due to the higher apparent DOMD, DMD and OMD (of the bladder 

clover hay), as there is a known relationship between VFI and diet digestibility (Blaxter 

et al. 1961; Thornton and Minson 1973). Further, the higher DMI in conjunction with the 

higher in vivo ME content of the bladder clover hay would result in higher energy intakes 

supporting higher growth rates. Norman et al. (2013) found no difference in LW gain of 

sheep grazing either bladder clover or subterranean clover pastures, although both these 

pastures had high DMD (75 to 85%), at which point the DMI of animals is unlikely to 

vary substantially (Blaxter et al. 1961), which may explain why the LW gain of lambs 

grazing these two pastures were similar. This; however, was not the case in this study 

where DMD of the bladder clover (73%) was higher than that of the subterranean clover 

(65%) hay and would have impacted positively on subsequent DMI and lamb growth 

rates (Blaxter et al. 1961; Conrad et al. 1964). 

The DMI and ADG of lambs fed arrowleaf clover hay did not differ to that of lambs fed 

any of the other hays. While the apparent DOMD, DMD and OMD of the arrowleaf clover 

hay were higher than for the lucerne + oaten mixed hay, they did not differ to that of the 

subterranean clover hay. Thompson et al. (2010) found sheep grazing either arrowleaf 
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clover (cv. Arrotas) or subterranean clover (cv. Leura) pastures (with the two having 

similar DMD value) from early to mid-December in two consecutive years had similar 

ADG, which concurs with the results of this study. The lack of differences in DMI and 

ADG of lambs fed either arrowleaf clover or lucerne + oaten mixed hays was unexpected 

given the significantly lower apparent DOMD, DMD and OMD and ME of the lucerne + 

oaten mixed hay. This finding supports the concept that the lucerne + oaten mixed hay 

did not trigger any aversive feedback and encouraged greater DMI (as previously 

described) compared to feeding a monoculture hay. 

The predicted ADG based on the GrazFeed® model of lambs was substantially lower than 

the reported values, especially for lucerne + oaten mixed hay where the ADG was 176 

g/d higher than that predicted; whilst the reported ADG of lambs fed arrowleaf clover, 

bladder clover and subterranean clover hays were 94 g/d, 89 g/d and 101 g/d higher than 

those predicted. It is likely that the GrazFeed® model does not account for high genetic 

merit animals with greater production efficiency (i.e., similar DMI but greater ADG) that 

would result in an underestimation of weight gain. However, GrazFeed® predictions 

supported the theory that diets of higher quality (DMD, ME and CP) may promote greater 

DMI and higher weight gains, which was true for the legume monoculture hays as the 

relative difference between these hays for those predicted and those reported in the study 

did not vary substantially. However, for the lucerne + oaten mixed hay, the predicted 

ADG varied substantially to the other hays, and the reported relative difference between 

the hays was much lower (7 g/d to 60 g/d difference) than those predicted (69 g/d to 147 

g/d difference). 

It is unknown why the lambs fed the lucerne + oaten mixed hay achieved a similar ADG 

to those fed the arrowleaf clover and subterranean hays as it cannot be explained by DMI 

and nutritive value of the diet. Offering lambs the mixed diet of lucerne + oaten mixed 

hay may have increased ADG relative to that predicted due to a combination of increased 

DMI, interactions between the differing feed compounds, and the efficiency of their use, 

compared to feeding the monoculture hays. 

There was no difference in wool growth between the lambs fed the various hay diets, 

despite bladder clover being higher in CP and lambs fed that diet having higher N intake 

and N balance (> 8.8 g/d higher N retention) than those fed the other diets. Increased DMI 

and the efficiency of conversion of feed for wool synthesis may enhance wool growth 

due to increased consumption of AA (Ferguson et al. 1949; Schinckel 1960). Ferguson 
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(1959) reported that differences in dietary CP content in the range of 8 to 29%, such as 

the hays in this study, are unlikely to impact on wool growth but there are advantages in 

increased dietary CP content if it is protected against degradation in the rumen (known as 

bypass protein). Bypass proteins enhance wool growth via the digestion and absorption 

of essential AA in the small intestine (Hogan and Weston 1967), particularly the S-

containing AA cysteine and methionine (Marston 1948; Reis and Schinckel 1963). 

Results reported in Chapter 3 (Experiment 2) suggested bladder clover may contain 

bypass proteins due to the significantly lower ruminal NH3-N concentrations (relative to 

CP content of the diet) of lambs grazing bladder clover pasture. Yet in this study, ruminal 

NH3-N concentrations of lambs fed bladder clover were higher than those of lambs fed 

either subterranean clover or the lucerne + oaten mixed hays. 

For all diets ruminal NH3-N concentrations were above the lower threshold (50-80 mg 

NH3-N /L) for microbial protein synthesis (Satter and Slyter 1974). Ruminal NH3-N 

concentration is positively correlated with N intake (Weston and Hogan 1968), although 

this will be modified by the proportion of rumen undegradable (bypass) protein/N.  Lambs 

fed arrowleaf clover consumed approximately 15.3 g less dietary N (N intake) than lambs 

fed bladder clover hay; however, ruminal NH3-N concentrations of these two diets did 

not differ, suggesting the potential for a higher proportion of bypass protein in bladder 

clover compared to arrowleaf clover and providing some supporting evidence for the 

findings in Chapter 3 (Experiment 2). 

Hume and Purser (1975) reported immature and mature subterranean clover to contain 

relative proportions of bypass proteins of up to 27% and 53%, respectively, but this was 

not supported by the wool growth results in lambs fed the subterranean clover hay diet in 

this study. 

6.4.4 Ruminal parameters 

For all diets total VFA concentrations fell within the normal range of 70 to 130 mmol/L 

(France and Dijkstra 2005) and the molar proportion ratio of acetic, propionic and butyric 

acids (70:20:10) were typical for roughage-based diets (Weston and Hogan 1971; France 

and Dijkstra 2005). However, the total VFA concentrations were higher for lambs fed the 

arrowleaf clover hay compared to those fed the other hays, with the exception of the 

bladder clover hay; although the reasons for this are unclear. Total VFA concentrations 

in the rumen imitate the rate of production of VFA and their loss via absorption (France 

and Dijkstra 2005). Higher total VFA concentrations generally indicate greater microbial 
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efficiencies in the breakdown of feed in the rumen, with higher total VFA concentrations 

able to support greater animal production as there is more energy available in a form that 

can be absorbed by the animal (Leng and Leonard 1965; France and Dijkstra 2005).  

The likely difference in actual DMI within the 3 h prior to ruminal fluid sampling may 

have impacted on total VFA concentrations; although this is speculative. However, if 

DMI of lambs fed the arrowleaf clover hay was relatively higher than that of lambs fed 

either subterranean clover or lucerne + oaten mixed hays in the first 3 h of feeding, this 

would increase the availability of substrates, promoting higher total VFA concentrations 

at the time of sampling. A higher proportion of immediately digestible components in the 

arrowleaf clover hay would also promote higher total VFA concentrations (Leng and 

Nolan 1984; Leng 1993). This is further supported by the higher ruminal NH3-N of the 

lambs fed arrowleaf clover (thus high intake of N) compared to the subterranean clover 

and lucerne + oaten mixed hay diets, as the arrowleaf clover and subterranean clover hays 

had similar CP contents. The potential of higher DMI over the 3 h period of those fed 

arrowleaf clover and/or higher proportion of immediately digestible components may 

also explain the higher molar proportions of propionic acid in lambs fed this diet as 

increased substrate and/or increased rates of depolymerisation are known to change the 

fermentation pathway to favour propionic acid production at the expense of the acetic 

acid pathway (Dijkstra 1994; France and Dijkstra 2005). Further, increases in WSC 

content have been shown to decrease acetic acid molar proportions and increase the 

proportion of propionic acid (Lee et al. 2003), which also aligns with the higher molar 

proportions of propionic acid in lambs fed the arrowleaf clover hay. 

The ruminal pH of lambs fed the arrowleaf clover hay was also lower overall than that of 

lambs fed either bladder clover or subterranean clover hays; however, it did not differ to 

that of lambs fed the lucerne + oaten mixed hays, which had a similar WSC content. The 

lower ruminal pH (Kaufman et al. 1980; Calsamiglia et al. 2008) in combination with the 

higher proportion of non-structural carbohydrates (Calsamiglia et al. 2008) (WSC 

content) in the diet may have also caused a shift in the fermentation pathway toward 

propionic acid production of the lambs fed the arrowleaf clover. This was not the case for 

those fed the lucerne + oaten mixed hay as the NDF content was significantly higher, 

which favoured the acetic acid pathway (Dijkstra 1994) irrespective of the similar higher 

WSC content and lower ruminal pH to that of the arrowleaf clover hay. Despite the higher 

relative molar proportions of propionic acid and the higher total VFA concentrations of 

lambs fed the arrowleaf clover hay, the difference is unlikely to have any metabolic 
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significance since lamb growth rate on the arrowleaf clover hay was similar to the other 

hay types. 

The lambs fed the bladder clover hay had a higher A:P ratio than lambs fed the other hays 

as a consequence of the higher molar proportions of acetic acid compared to the other 

hays, which is expected with higher DMI on a high roughage diet, that favours the growth 

and proliferation of acetic acid producing bacteria (France and Dijkstra 2005). Due to the 

ad libitum fed nature of the study, differences in ruminal parameters reported may not 

reflect overall differences in these parameters for the various hays as changes in ruminal 

parameters may occur at varying times throughout the day, depending on the pattern of 

DMI of the animals, which may vary over a 24 h period. Feeding animals on a restricted 

basis with regular ruminal fluid collections (3 h intervals) over a 24 h period would 

provide more conclusive results. 

6.5 Conclusion 

Based on the results from this study, lambs fed bladder clover had greater ADG than those 

fed either subterranean clover or lucerne + oaten mixed hays due to their higher DMI 

(adjusted to LW) as a result of the higher digestibility of the diet. The similar ADG and 

DMI of lambs fed either arrowleaf clover or subterranean clover hay can be explained by 

similarities in DMI and digestibility, whilst those fed lucerne + oaten mixed hay had a 

higher DMI and ADG than expected, which is likely due to the smaller particle size of 

this diet. Feeding mixed diet of lucerne + oaten hays may have also enhanced nutrient 

efficiency, but this warrants further investigation. 

Further research is warranted to investigate the optimal time of cutting to capture high 

digestibility in these second generation legumes with maximum feeding value. There is 

also need to identify the optimal proportion of these second generation legume hays 

required as a supplement for low quality and/or quantity pastures. The N utilisation in 

sheep fed these legumes as conserved forages over an extended period also requires 

further investigation.
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CHAPTER 7: Liveweight change and wool growth of lambs fed 

ensiled biserrula, biserrula + wheat + field pea and wheat + pea 

forages 

7.1 Introduction 

Biserrula is a relatively new annual pasture legume released for commercial agricultural 

use, with the first cultivar Casbah released in Australian in 1997 and the second cultivar 

released in 2002 (Nichols et al. 2006). The high nutritive value of biserrula makes it a 

potentially viable option for grazing livestock; however, primary photosensitisation can 

occur in livestock grazing biserrula dominant pastures (Chapter 3; Revell and Revell 

2007; Quinn et al. 2014; 2018; Kessell et al. 2015) and livestock may develop an aversion 

to the plant in its green growing stage (Thomas et al. 2014). In general, pastures known 

to cause primary photosensitisation are more likely to cause outbreaks when fed as fresh 

green pasture than dried or conserved forages with the drying and ensiling process 

reported to reduce toxicity and photosensitisation in animals consuming such plants 

(Quinn et al. 2014). 

The high herbage production of biserrula provides opportunities to conserve forage. 

Corlett et al. (2016) fed wethers either biserrula, biserrula (33%) + annual ryegrass (67%) 

(Lolium rigidum L.) or biserrula (67%) + annual ryegrass (33%) chaffed hays at 1.4 times 

their ME requirements for maintenance and reported ADG of 44 g/d, 57 g/d and 43 g/d, 

respectively. However, the small fern-like leaf structure of biserrula may make it difficult 

to harvest for hay production given the potential risk of extensive leaf shattering. Silage 

may be a more appropriate alternative for the conservation of biserrula pastures. 

Compared to hay production, earlier cutting of forages for silage production tends to 

result in higher nutritive value (of silages) with higher digestibility and CP content. 

However, extensive losses (as high as 26%) in nutritive value during the ensiling process 

have been reported (Doonan et al. 2003) and may have a significant impact on subsequent 

silage quality and the productivity of animals consuming it. No studies have yet identified 

the nutritive value or production response of animals fed biserrula as silage; and only one 

study (Corlett et al. 2016) has measured LW gain (and CH4 production) of wethers fed 

biserrula as a chaff on a restricted basis. 
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The aim of this experiment was to determine LW change, wool growth and apparent 

DOM, DM, OM and CP digestibilities of biserrula, biserrula + wheat + field pea and 

wheat + field pea silages offered to lambs. 

7.2 Materials and Methods 

7.2.1 Experiment site and animal housing 

The pen-based feeding and metabolism experiment was carried out at the NSW DPI 

Animal Nutrition Unit, Wagga Wagga, NSW under the CSU ACEC Protocol Number 

15/109. 

The study included a 7 d pre-experiment adaptation period, whereby animals were fed an 

ad libitum ration of lucerne chaff (17.7% CP, 65.0% DMD, 9.6 MJ ME/kg DM), followed 

by a 49 d experimental period (Figure 7.1), which included time spent both in individual 

pens and metabolism crates. During the pre-experiment adaptation period, animals were 

housed in individual pens (1.2 m x 1.2 m), which allowed them to adjust to the 

environment of the animal house and the frequent handling by humans. The experimental 

period included a minimum 14 d dietary adaptation period. For the first 11 d of the dietary 

adaptation period, the animals were housed in individual pens, after which they were 

transferred to metabolism crates (0.5 m x 1.15 m) for a further 3 d adaptation period. 

Following the 3 d adaptation period, animals were maintained in metabolism crates for a 

further 7 d (plus a 24 h lag period) for the metabolism study (see Chapter 5, Figure 5.1). 

Following the metabolism study the animals were returned to their original individual 

pens for a further 27 d. 

All pens were fitted with an automatic watering system that provided animals with ad 

libitum access to fresh water and the metabolism crates were fitted with a watering point 

that was cleaned and filled daily. 
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Figure 7.1 Timeline of the pre-experiment adaptation period and experimental period for 
the animal house experiment. 

7.2.2 Experimental animals and diets 

Twenty-four Merino wether lambs aged 10 to 11 months with an average LW and BCS 

of 41.2 ± 0.9 kg and 3.2 ± 0.1 were selected from a larger flock. All animals were 

vaccinated (Glanvac 6-in-1; Zoetis Australia, Silverwater, Australia) against clostridial 

diseases and drenched (Q-drench: Abamectin 1 g/L, Albendazole 25 g/L, Closantel 37.5 

g/L and Levamisole hydrochloride 40 g/L; Jurox Pty Ltd, Rutherford, Australia) upon 

induction into the animal nutrition unit. 

On the last day of the pre-experiment adaptation period the lambs were weighed (manual 

3-way drafting weigh crate, Prattley Industries Ltd.; Ruddweigh 700) on a fasted LW 

basis (overnight curfew from 15:00 h till 08:00 h). The electronic scales were calibrated 

with a known weight every four animals. The BCS was assessed at the same time, as 

described in Chapter 5.2.2. 

Lambs were stratified and allocated to blocks based on LW, and randomly assigned (n = 

8 lambs/diet) to one of the three silage diets: (1) control: wheat (Triticum aestivum L.) cv. 

Lancer + field pea (Pisum sativum L.) cv. Morgan mix; (2) biserrula cv. Casbah; and (3) 

biserrula + wheat + field pea mix in a randomised complete block design structure using 

the Agricolae package (de Mendiburu 2016) in R statistical software (R Core Team 2016). 

Once allocated to the diets, the lambs were then randomised to the individual pens. 

All silages were harvested at the same time and sourced on-farm from Uranquinty in the 

Riverina region (35º2’S, 147º2’E). The nutritive value and botanical composition of the 

silages at the time of cutting are presented in Table 7.1. The botanical composition of 
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each of the silages was determined immediately after cutting by taking 20 random 

samples across the paddock. The samples were bulked and a sub-sample (approximately 

1000 g) was taken before being sorted into each individual species group. Each sample 

of individual species was weighed and dried as described in Chapter 5.2.7 to determine 

DM. The composition of each individual species was calculated using the following 

equation: 

          Species composition (%) = individual species weight (DM basis) 
                                    total sample weight (DM basis) 

The silages used had some mould contamination most likely due to their high DM content 

and the method of feeding over the experimental period (frequent oxygen exposure with 

daily feeding intervals). Visually mouldy sections of the baled silage were removed and 

not fed to the lambs. 

Table 7.1 Botanical composition (DM basis) and nutritive value of biserrula (B), 
biserrula + wheat + field pea mix (BWP) and wheat + pea mix (WP) silages at time of 
cutting in Uranquinty, NSW. 

1 Lolium rigidum L. 2Trifolium spp. 

7.2.3 Animal measurements and feed analyses 

The unfasted LW of the lambs (excluding those in metabolism crates) was measured 

weekly (approximately 08:00 h, prior to the morning feed). A fasted LW and BCS was 

taken at the commencement of the experiment and again at 49 d to calculate changes in 

LW and BCS over the experimental period. 

Wool growth over the experimental period was measured via a mid-side patch sample. 

On the last day of the pre-experiment adaptation period each sheep was positioned in a 

left lateral recumbency restraint position and a mid-side sample (100 x 100 mm in size) 

of wool was removed to skin level using a pair of electric hand clippers (Oster® Groom 

 B BWP WP 
Botanical composition (%)    
   Biserrula 94.0 29.3 - 
   Wheat - 29.3 38.9 
   Field pea - 29.3 58.3 
   Other (perennial ryegrass1 and clover spp.2) 6.0 12.0 2.8 
Nutritive value    
   DM (%) 17.1 15.8 15.6 
   CP (%) 17.2 15.8 13.8 
   ME (MJ/ kg DM) 10.0 10.2 11.5 
   NDF (%) 50.9 51.6 50.8 
   ADF (%) 36.9 33.0 33.2 
   in vitro DMD (%) 67.9 69.0 76.7 
   WSC (%) 7.3 9.4 13.1 
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Master; cryogen-x size 10 detachable blade). On 49 d, the same area of wool was clipped 

and placed in an airtight bag. Wool growth was measured by the weight of wool (g) grown 

over the experimental period. 

Lambs were fed ad libitum and orts (target 10 to 15% orts as described in Chapter 5.2.3) 

were collected daily at approximately 09:00 h. Feed samples were collected, prepared and 

analysed using the methods outlined in Chapter 5.2.3. 

7.2.4 Metabolism study: collections and analyses 

Lambs were randomly assigned to one of the two groups (n = 12 lambs/group) for the 

metabolism study period, whilst ensuring an equal distribution of lambs from each diet 

(n= 4 lambs/silage diet/group). Following a 3 d adaptation period to adjust to housing in 

metabolism crates, daily feed intake and urinary and faecal outputs were recorded over 7 

d (including a 24 h lag phase to account for feed eaten and urine and faeces excreted 

during that period) to enable determination of apparent in vivo DOMD (and calculated 

ME), DMD, OMD and CPD and N balance of the lambs. Samples of the feeds, orts and 

excreted faeces and urine were collected daily from approximately 09:00 h to 10:00 h. A 

500 g sample of feed offered was collected daily for each silage type, whilst entire 

remaining orts were collected on a per animal basis. Feed (offered and orts), urine and 

faeces were collected and stored using the method outlined in Chapter 5.2.5. Feed (offered 

and orts), urine and faecal samples were prepared and analysed using the method outlined 

in Chapter 5.2.7. 

7.2.5 Calculations 

7.2.5.1 True silage DM 

The correction equation for determination of true DM content of feed and orts (oven dried 

at 80ºC) of the silages (Kaiser et al. 1995; Kaiser and Kerr 2003; AFIA 2014) was used 

to determine the DMI of the lambs using the following equation: 

True silage DM (%) = 3.846 + (0.96 x oven DM %) 

7.2.5.2 Apparent nutrient digestibility 

The apparent in vivo digestibility of DOM, DM, OM and CP, expressed on a DM basis, 

were calculated using the formulas outlined in Chapter 5.2.8.1. The ME of silages was 

estimated from apparent in vivo DOMD as follows (AFIA 2014): 
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ME (MJ//kg DM) = 0.16 x DOMD % 

7.2.5.3 Nitrogen balance 

The N balance of lambs was calculated using the formulas outlined in Chapter 5.2.8.2. 

7.2.6 Statistical analyses  

All analyses were carried out using ASReml-R version 3.0/64 (Butler 2009; VSN 

International Ltd., United Kingdom; Butler et al. 2007). In preliminary analyses, the 

model assumptions were tested for normal distribution and heterogeneity of the residuals. 

A linear mixed model using REML was used to test all response variables. The 

significance level for all analyses was set at P ≤ 0.05. All results were reported as 

predicted means (± S.E.) of the predicted mean, when appropriate. Tukey’s pairwise 

comparison with a confidence level of 5% was used to differentiate between the silage 

diets for each of the parameters tested. 

The models used to analyse the data including main effects, covariates, and random 

effects are shown in Table 7.2. The terms ‘block’ referred to the blocking factor when 

sheep were allocated to the silage diets based on a stratified LW range, and ‘group’ 

referred to either Group 1 or 2 when the animals were in the metabolism crates. 

Table 7.2 Statistical models used to analyse data from the experiment. 
Response variable Model 
Nutritive value parameters Response = silage, random = experiment week  
Dry matter intake (metabolism crates) 

Response = silage, random = block + group  Apparent digestibility parameters 
N balance 
Dry matter intake (experimental period) Response = silage + experimental day + 

silage:experimental day, random = sheep ID, block 
+ group 

Liveweight Response = start liveweight + silage + 
experimental day + silage:experimentalday, 
random = sheep ID + block + group 

BCS Response = start BCS + silage + experimental day 
+ silage:experimentalday, random = sheep ID + 
block + group 

Liveweight change Response = start liveweight + silage, random = 
block + group 

BCS change Response = start BCS + silage, random = block + 
group 

Wool growth Response = silage, random = block + group 
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7.3 Results 

7.3.1 Nutritive value 

The biserrula silage had a higher (P < 0.01) CP content than the wheat + field pea silage, 

whilst the biserrula + wheat + field pea had similar (P > 0.05) CP content to the other two 

silages. The wheat + field pea silage had higher (P < 0.001) ME than the other two silages, 

which did not differ (P > 0.05) to one another. The OM content of the wheat + field pea 

silage was higher (P < 0.001) than the other two silages. The silages did not differ (P > 

0.05) in NDF and ADF contents (Table 7.3). 

Table 7.3 Predicted mean (± S.E.) nutritive value and pH of biserrula (B), biserrula + 
wheat + field pea (BWP) and wheat + field pea (WP) silages fed to Merino lambs. 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the silage diets. 
1Level of significance for the main effect of silage diet. 
2Based on the silage DM correction equation (see Section 7.2.5; AFIA 2014). 
3Oven DM prior to silage DM correction equation. 
DM = dry matter; OM = organic matter; CP = crude protein; ME = metabolisable energy; ADF = acid 
detergent fibre; NDF = neutral detergent fibre. 

7.3.2 Apparent nutrient digestibility 

The apparent in vivo DOMD (and ME as estimated from DOMD) of the wheat + field 

pea silage was higher (P = 0.01) than that of the biserrula silage, but similar (P > 0.05) to 

the biserrula + wheat + field pea silage. The DOMD (and ME) of the biserrula and the 

biserrula + wheat + field pea silages were similar (P > 0.05). The apparent DMD, OMD 

and CPD of the silages were similar (P > 0.05) (Table 7.4).

Parameter B BWP WP P-value1 

True DM (%)2 65.7 ± 3.66 59.5 ± 3.66 66.0 ± 3.66 0.37 
Oven DM (%)3 64.4 ± 3.81 58.0 ± 3.81 64.7 ± 3.81 0.37 
OM (%) 88.0 ± 0.40a 87.6 ± 0.40a 91.4 ± 0.40b < 0.001 
CP (%) 16.0 ± 0.79b 15.3 ± 0.79ab 12.8 ± 0.79a < 0.01 
ME (MJ/kg DM) 8.3 ± 0.07a 8.4 ± 0.07a 9.7 ± 0.07b < 0.001 
ADF (%) 36.8 ± 0.84 35.4 ± 0.84 34.8 ± 0.84 0.22 
NDF (%) 55.1 ± 1.69 55.5 ± 1.69 53.2 ± 1.69 0.59 
pH 6.0 ± 0.17b 6.0 ± 0.17ab 5.5 ± 0.17a 0.01 
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Table 7.4 Predicted mean (± S.E.) apparent in vivo DOMD (and estimated ME), DMD, 
OMD and CPD of biserrula (B), biserrula + wheat + field pea (BWP) and wheat + field 
pea (WP) silage fed to Merino lambs on an ad libitum basis. 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the silage diets. 
1Level of significance for the main effect of silage diet. 
DOMD = digestible organic matter digestibility; ME = metabolisable energy; DMD = dry matter 
digestibility; OMD = organic matter digestibility; CPD = crude protein digestibility. 

7.3.3 Dry matter intake, liveweight, body condition score and wool growth 

The interaction between silage diet and experimental week was significant (P < 0.001) in 

the model for DMI, DMI adjusted to LW, and DMI adjusted to metabolic LW (Figure 

7.2; only DMI data shown). 

Figure 7.2 Average weekly dry matter intake of Merino lambs fed a diet of either 
biserrula (B), biserrula + wheat + field pea (BWP) or wheat + field pea (WP) silages. 
Vertical lines represent S.E. of the predicted means. 

The DMI, DMI adjusted to LW and DMI adjusted to metabolic LW of the lambs fed the 

biserrula silage was higher (P < 0.01) than those fed either the biserrula + wheat + field 

pea or wheat + field pea silages (Table 7.5). 

Parameter B BWP WP P-value1 

DOMD (%) 52.1 ± 1.85a 56.1 ± 1.85ab 59.8 ± 1.85b 0.01 

ME (MJ/kg DM) 8.3 ± 0.30a 9.0 ± 0.30ab 9.6 ± 0.30b 0.01 

DMD (%) 58.9 ± 2.03 63.9 ± 2.03 64.0 ± 2.03 0.13 

OMD (%) 59.3 ± 2.07 64.1 ± 2.07 65.1 ± 2.07 0.09 
CPD (%) 57.8 ± 3.72 58.3 ± 3.72 55.5 ± 3.72 0.64 
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Table 7.5 Predicted mean (± S.E.) dry matter intake of Merino lambs fed an ad libitum 
diet of either biserrula (B), biserrula + wheat + field pea (BWP) or wheat + field pea 
silage over a 49 d experimental period. 

Dry matter 
intake 

Silage P-value 
B BWP WP Silage Week S:W1 

  g/d 937.3 ± 33.23b 798.4 ± 33.23a 798.9 ± 31.98a < 0.01 < 0.001 < 0.001 
  g/kg LW 22.8 ± 1.25b 19.6 ± 1.24a 19.3 ± 1.22a < 0.01 < 0.001 < 0.001 
  g/kg LW0.75 57.7 ± 2.81b 49.5 ± 2.78a 49.1 ± 2.74a 0.001 < 0.001 < 0.001 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the silage diets. 
1Level of significance for the interaction between silage diet (S) and experimental week (W). 

The DMI of the lambs fed the various silage diets was lowest (P < 0.001) at week 1 (702.4 

± 23.36 g/d) and week 4 (746.9 ± 23.36 g/d) of the experimental period and highest at 

week 2 (1038.1 ± 23.36 g/d). There was no difference (P > 0.05) in DMI between weeks 

3 (827.2 ± 23.36 g/d), 6 (869.3 ± 23.36 g/d) and 7 (847.5 ± 23.81 g/d), and weeks 5 

(882.7± 23.36 g/d), 6 and 7. The average DMI of lambs was higher (P < 0.001) at week 

5 than week 3. 

Lambs fed biserrula silage gained more weight (P = 0.04) than those fed biserrula + wheat 

+ field pea silage; but weight gain was similar (P > 0.05) to those fed wheat + field pea 

silage (Table 7.6). 

Table 7.6 Predicted mean (± S.E.) liveweight (LW), LW change, body condition score 
(BCS), BCS change, and wool growth of Merino lambs fed an ad libitum diet of either 
biserrula (B), biserrula + wheat + field pea (BWP) or wheat + field pea silage over a 49 
d experimental period. 

 Different superscripts within rows and/or columns for each parameter indicates that there is a significant 
difference (P ≤ 0.05) between the silage diets. 
1Level of significance for the interaction between silage diet (S) and experimental day (D). 

The change in BCS was higher (P = 0.04) for those fed the biserrula silage than those fed 

the biserrula + wheat + field pea silage, whilst the change in BCS for those fed the wheat 

+ field pea silage did not differ (P > 0.05) to either of the other two silages. Wool growth 

did not differ (P > 0.05) between the silage diets (Table 7.6). 

Parameter Silage P-value 
B BWP WP Silage Day S:D1 

Liveweight    0.04 0.42 0.04 
   Start (kg) 41.2 ± 0.36ab 41.2 ± 0.3ab 41.2 ± 0.36ab    
   End (kg) 41.7 ± 0.36b 39.9 ± 0.36a 41.1 ± 0.36ab    
LW change (kg) 0.55 ± 0.51b -1.23 ± 0.52a -0.02 ± 0.52ab 0.04 - - 
Body condition score    0.23 0.07 > 0.05 
   Start 3.2 ± 0.06 3.2 ± 0.06 3.2 ± 0.06    
   End 3.4 ± 0.06 3.2 ± 0.06 3.3 ± 0.06    
BCS change 0.2 ± 0.06a 0.0 ± 0.06b 0.1 ± 0.07ab 0.01 - - 
Wool growth  
(g/100 mm2) 3.81 ± 0.24 3.84 ± 0.24 3.90 ± 0.24 0.95 - - 
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7.3.4 Nitrogen balance 

Lambs fed biserrula silage had higher (P < 0.001) N intake and faecal N output than lambs 

fed the other two silages. Urinary N output was lower (P < 0.001) in lambs fed the wheat 

+ field pea silage compared to those fed either the biserrula or biserrula + wheat + field 

pea silages, which did not differ (P > 0.05) to one another. The N balance was higher (P 

< 0.01) in lambs fed the biserrula silage compared to those fed the biserrula + wheat + 

field pea silage; however, N balance of lambs fed the wheat + field pea silage did not 

differ (P > 0.05) to those fed either the biserrula or biserrula + wheat + field pea silages 

(Table 7.7). 

Table 7.7 Predicted mean (± S.E.) dry matter intake (DMI), N intake, N output and N 
balance of Merino lambs fed either biserrula (B), biserrula + wheat + field pea (BWP) or 
wheat + field pea silages over a 7 d collection period. 

Parameter B BWP WP P-value1 

DMI (g/d)2 921.3 ± 55.64b 766.3 ± 55.64a 833.8 ± 55.64ab 0.01 
N intake (g/d) 25.2 ± 2.29b 19.9 ± 2.29a 17.7 ± 2.29a < 0.001 
Faecal N (g/d) 10.6 ± 0.55b 8.3 ± 0.55a 7.7 ± 0.55a < 0.001 
Urine N (g/d) 2.8 ± 0.34b 2.9 ± 0.34b 0.3 ± 0.34a < 0.001 
N balance (g/d) 11.8 ± 1.98b 8.8 ± 1.98a 9.7 ± 1.98ab < 0.01 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the silage diets. 
1Level of significance for the main effect of silage diet. 
2DMI based on that recorded in metabolism crates over the 7 d collection period. 

7.4 Discussion 

7.4.1 Nutritive value and apparent nutrient digestibility 

As a collective, the silages in this study had low CP content, which for the wheat + field 

pea silage (12.8%) was below the requirements (> 15% CP) for growing lambs (Dabiri 

and Thonney 2004); whilst the other two silages were verging on sub-optimal levels 

(15.3-16%). The ME of all the silages (8.3-9.6 MJ/kg DM) was also below daily 

requirements for growing lambs (12.7 MJ/kg DM; Jolly and Cottle 2010). Thus, the 

silages used in this study were not expected to result in high (> 250 g/h.d) lamb growth 

rates. 

The silages varied to one another in quality, particularly apparent DOMD (and therefore 

estimated ME) and CP content. The wheat + field pea silage had higher apparent DOMD 

(and ME) than the biserrula silage, whilst apparent DMD, OMD and CPD were similar 

for all the silages. This was unexpected given the known higher digestibility of pasture 

legumes than grass and/or cereal forages at a similar stage of maturity (Robinson and 
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Archer 1988; Minson 1990; Waghorn and Clark 2004), which would presumably favour 

the biserrula silage to have a higher digestibility and ME than the mixed silages (of lower 

legume content). The biserrula silage had higher CP content than the wheat + field pea 

silage, whilst the biserrula + wheat + field pea silage had similar CP to both silages in the 

study, which is expected based on the comparative legume content (Waghorn and Clark 

2004). The similarities in apparent DMD and OMD of the silages was supported by the 

similar ADF and NDF contents (Smith et al. 1972). 

No studies have investigated the use of biserrula as a silage, which limits the ability to 

make direct comparisons. However, Revell and Nichols (2009) reported other second 

generation legume species, including French serradella and arrowleaf clover had similar 

DMD and CP contents as good quality lucerne hay slightly before flowering, and it was 

noted that they retained much of their nutritive value when ensiled (values were not 

reported). As reported in Chapter 3 (Experiments 1 and 2), DOMD for lucerne and 

biserrula pastures in the winter and spring periods were similar. Thus, it could be expected 

that biserrula silage would be of similar quality to lucerne silage. Fraser et al. (2000) 

reported DOMD and CP content of late cut lucerne silage of 59.1% and 18.3%, 

respectively, whilst Merchen and Satter (1983) found low moisture lucerne silage (40 to 

50% DM) cut at late bud to have OMD and CP content of 64.3% and 21.9%, respectively. 

Both of these studies involved higher quality silage than the biserrula silage in this study. 

Further, the NDF of the silages in these studies (40.4-48.1%) were substantially lower 

than that of the biserrula (55%) silage in this study. Compared to lucerne, the small leaf 

structure of biserrula may increase its susceptibility to leaf loss during wilting (even for 

silage production), leading to a decline in the more digestible fractions (leaf) and an 

overall higher proportion of stem to leaf, which would impact NDF content (Kamstra et 

al. 1958; Jung 1989; Moore and Jung 2001) and subsequent digestibility (Van Soest 1965) 

and ME estimates of the conserved fodder. 

Adesogan et al. (2002) reported a wheat + field pea silage (25:75) had lower DOMD 

(58%), DMD (60.2%), OMD (62.3%) and estimated ME (9.28 MJ/kg DM) than the wheat 

+ field pea silage in this study; however, the DMD of wheat + field pea silage (25:75) 

reported by Salawu et al. (2002) was similar (63%). The CP content and the CPD of the 

silage in the Adesogan et al. (2002) study was substantially higher (17.1% and 66%, 

respectively) than in this study (12.8% and 55.5%, respectively). Salawu et al. (2002) 

also reported higher CP content (18.4%). The lower CP content of the wheat + field pea 

silage in this study compared to the silages used in these other studies is best explained 
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by their higher legume content (Waghorn and Clark 2004). This, however, cannot provide 

an explanation for the difference in CPD. It is likely that the silages were subjected to 

heat damage from poor silage fermentation, as supported by the high DM content and the 

higher pH of the silages (approximately 5.5-6.0) (Downing et al. 2008) and the frequent 

exposure of the silage to oxygen during the daily feeding (Martin et al. 2003). This may 

have resulted in a high proportion of dietary protein being bound to the ADF fraction of 

the forage, known as acid detergent insoluble N (ADIN; Kaiser and Piltz 2003). This may 

account for the reduction in apparent CPD, as protein digestibility markedly declines with 

increased ADIN content (Yu and Thomas 1976). 

The ME based on standard laboratory analyses and those estimated from apparent in vivo 

DOMD were similar for the biserrula silage (0.07 MJ/kg DM difference) but were more 

variable for the biserrula + wheat + field pea and the wheat + field pea silages. The 

DOMD-estimated ME of biserrula + wheat + field pea silage was 0.58 MJ/kg DM higher 

than that determined from standard laboratory analyses, whilst the wheat + field pea silage 

was 0.15 MJ/kg DM lower. Due to the novelty of biserrula + wheat + field pea silage 

standard laboratory NIRS calibrations may not be accurate at determining ME of this 

particular diet. Further investigation is warranted to develop more accurate calibrations 

for novel fodders. 

7.4.2. Dry matter intake 

Two measures of DMI were recorded and reported in this study, being when the animals 

were housed in individual pens and when housed in the metabolism crates. It was 

important to have these two measurements as DMI during the total collection period was 

required for determination of both nutrient digestibilities and N balance. The DMI 

recorded when the animals were housed in individual pens more likely reflected average 

DMI. The DMI of the lambs fed the biserrula silage was significantly higher than those 

fed the other silages, despite the higher apparent DOMD of the wheat + field pea silage. 

This aligns with the known higher DMI of legumes compared to grass and/or winter 

cereals (Minson 1966; Allen 1996; Wilson and Kennedy 1996; Dewhurst et al. 2009), 

largely due to their lower NDF content (Noceck and Grant 1987; McDonald et al. 2002). 

However, the apparent DMD and OMD and NDF content of the silages were similar 

(despite the much higher legume content of the biserrula silage), and thus cannot account 

for differences in DMI of the lambs. Further, all silages had CP content > 8%, at which 

point the minimum requirement for N by rumen microbes is met and the strong negative 
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relationship between CP content and DMI no longer exists (Colman and Moore 2003). 

Ruminants may increase or decrease their DMI of forages to meet nutritional 

requirements based on feedback mechanisms (Provenza et al. 2003). Lambs fed the 

biserrula silage may have increased their DMI to better meet their nutritional needs (due 

to lower ME), whilst those fed the wheat + field pea silage may have met these 

requirements at a lower DMI (due to higher ME). Results from this experiment cannot 

confirm whether feedback mechanisms were the main driver of differences in DMI of 

lambs fed theses silages. 

Fraser et al. (2000) reported the DMI adjusted to metabolic LW of 71.9 g/kg LW0.75 for 

red clover cv. Merviot silage and 72.7 g/kg LW0.75 for lucerne cv. Vertus silage. This was 

approximately 16 g/kg LW0.75 higher than found for the biserrula legume silage in this 

study. The lower DMI for the biserrula silage is likely due to its much higher NDF (and 

ADF) content in comparison to these other legume silages. 

Over the first 3 weeks of feeding, regardless of the silage type, the lambs followed a 

similar trend in DMI; however, by week 4 the DMI of the lambs fed the wheat + field pea 

silage continued to decline rapidly, whilst those fed the other silages maintained a 

relatively stable DMI. In week 5 and week 6, the DMI of the lambs fed the biserrula silage 

was higher than for those fed the other two silages. It is unclear why these differences 

occurred, especially given the lower apparent DOMD of the biserrula silage compared to 

the wheat + field pea silage. 

Predicted DMI and ADG of the lambs fed the various silages was calculated using the 

GrazFeed® model. Calculations were based on requirements for a Medium Merino, 

Polwarth of 11 months of age. For all diets, actual DMI of lambs was lower than that 

predicted by the GrazFeed® model, but the degree of difference varied between the 

silages. The predicted DMI of the lambs fed the biserrula silage was marginally higher 

than that reported (153 g/d higher), whilst the predicted DMI was considerably higher 

than actual DMI of lambs fed either biserrula + wheat + field pea (392 g/d) or wheat + 

field pea silage (501 g/d). The actual DMI of the lambs more closely reflected DMI for 

maintenance (based on predicted DMI for maintenance), with the actual DMI of the 

biserrula, biserrula + wheat + field pea and wheat + field pea silages being only 

approximately 87 g/d, 58 g/d and 89 g/d, respectively, higher than those predicted for 

maintenance. 
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Based on these findings there are two assumptions of what influenced the DMI of the 

lambs fed the various silage diets. The first assumption is that the lambs managed their 

DMI of the various silages to meet their nutritional requirements for maintenance with 

those fed the biserrula silage requiring higher DMI (due to lower ME) to meet their 

nutritional needs. Secondly, their DMI may have been influenced by mould 

contamination evident throughout the silages, causing fluctuations in DMI over the 

experimental period with mould known to affect silage palatability (Driehuis and Oude-

Elferink 2000; Piltz and Kaiser 2003). The trend in DMI was relatively consistent for the 

first 3 weeks; however, as the experiment progressed, the method of feeding may have 

further encouraged the growth of mould due to the frequent exposure of the silages to 

oxygen (Piltz and Kaiser 2003), resulting in sporadic changes in DMI between the silages 

from week 4 to week 7. Due to the difference in species composition between the silages, 

some silages may have been more affected by mould contamination than others as a result 

of poor compaction (more so in those silages containing thick stems, i.e., wheat and field 

pea stems) in conjunction with their high DM content, which exceeded the target DM 

range for baled legume-dominant and legume + cereal silages of 35-50% DM (Mickan 

and Piltz 2003). Chopping the silage (rather than cutting and baling) would promote 

greater rate of fermentation and compaction, resulting in lower silage pH, reduced mould 

contamination and lower losses of ME and protein degradation (Piltz and Kaiser 2003) 

for a higher quality silage. 

Based on the second assumption, it is likely the biserrula + wheat + field pea and wheat 

+ field pea silages had higher mould contamination than the biserrula silage. Mould 

contamination would also explain why the potential DMI and thus overall production of 

the lambs was lower than those predicted by GrazFeed®. Even though any obviously 

mouldy silage was removed before feeding, it can be spread throughout, even if the 

obvious visual signs are not evident (Piltz and Kaiser 2003). 

7.4.3 Liveweight gain and wool growth 

The lambs fed the various silages maintained a relatively consistent LW over the 

experimental period (based on start and end LW) due to their lower than expected DMI 

(that more closely resembled predicted DMI for maintenance level feeding), which in 

combination with the low ME of the silages, were insufficient to support higher lamb 

growth rates. Growth rates of those fed the WP silage may have also been affected by 

lower CP content of < 15% (Dabiri and Thonney 2004). The lambs fed the biserrula + 
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wheat + field pea silage lost weight (-1.23 kg) while those fed biserrula silage gained a 

small amount (0.55 kg) and those offered wheat + field pea silage did not change weight 

(-0.02 kg). 

Based on the actual DMI of the lambs fed the various silages, those fed biserrula silage 

had marginally higher LW change over the experiment than that predicted by the 

GrazFeed® model (0.49 kg predicted LW gain), whilst the actual LW change of those fed 

either biserrula + wheat + field pea or wheat + field pea silages was considerably lower 

than predicted (0.29 kg and 0.78 kg, respectively). The higher DMI of lambs fed the 

biserrula silage compared to those fed the biserrula + wheat + field pea silage best 

explains these differences, as both DOMD (and ME) and CP contents of these two silages 

were similar.  Further, the N balance of lambs fed the biserrula silage was also higher, 

due to the higher N intake. However, these differences cannot explain why those fed the 

biserrula + wheat + field pea silage lost more LW than those fed the wheat + field pea 

silage as they had similar DOMD (and ME) and the CP content of the biserrula + wheat 

+ field pea silage was higher (15.8%) than the wheat + field pea silage (12.8%). Further 

both the N intake and N balance of the animals fed these silages were similar. The 

combination of wheat + field pea silage may have better met the nutritional needs of the 

animal than the biserrula + wheat + field pea silage at a similar DMI. For those fed the 

biserrula + wheat + field pea silage, an aversive feedback response to deficits in necessary 

nutrients (Provenza 1996) or mould may have limited DMI that may have otherwise 

enabled greater LWG in the lambs fed this silage. Standard nutritive analyses reported in 

this experiment cannot account for these differences and secondary compounds and/or 

minerals and vitamins were not measured. 

Due to the effects of fermentation quality and mould contamination on palatability and 

DMI in lambs, further studies that investigate lamb growth on high quality biserrula and 

biserrula mixed silages is warranted to clarify these finding. 

McGrath et al. (2015b) reported greater LW gain in lambs grazing mixed pastures of 

biserrula + subterranean clover compared to those grazing biserrula monoculture 

pastures. In contrast, Corlett et al. (2016) found no difference in ADG of wethers fed 

either biserrula monoculture chaff or two mixed chaffs of biserrula + annual ryegrass (cv. 

Robust) of varying biserrula content (33% or 67% biserrula) (ADG ranging between 44 

g/d to 57 g/d) despite the higher DMI of the wethers fed the mixed biserrula + annual 

ryegrass chaffs. McGrath et al. (2015b) suggested that the lower growth rates (and the 
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likely lower DMI) of lambs grazing biserrula may be due to an aversion associated with 

a PSC (linked to primary photosensitisation), as previously discussed (Chapters 3 and 4). 

As reported in Chapter 4, incorporating forage oats with biserrula may be useful to reduce 

incidence of photosensitisation in grazing lambs, as animals were successfully able to 

mitigate primary photosensitisation via diet selection without compromising their growth 

rates. Another means of mitigation may be forage conservation, as the ensiling process 

may reduce toxin levels and toxic effects in animals consuming the plant (Quinn et al. 

2014), although this is not always the case. It is possible that the lambs may not have 

developed an aversion to the biserrula monoculture silage due to the potentially reduced 

toxin levels. Incorporating biserrula into mixes with other plant species is likely to be 

more beneficial to animal production when grazing fresh biserrula pastures, and may have 

little-no production benefit when fed as a conserved fodder. Although in this study, it is 

unknown whether the parent material contained high concentrations of PSC at time of 

cutting. 

The lambs fed the various silages were all in positive N balance, which was unexpected, 

particularly as those fed the biserrula + wheat + field pea silage lost weight over the 

experimental period. The N balance of the lambs in this study was substantially lower 

than that reported in Chapter 6 in lambs fed either arrowleaf clover (22.7 g/d), bladder 

clover (31.5 g/d) or subterranean clover (19.4 g/d) hay. In the Chapter 6 study, higher N 

balance was also reflected by the higher ADG of the lambs ranging from 182-248 g/d, 

which is best explained by the higher CP content and DMI (N intake) of lambs fed the 

hays. In the rumen, degradable CP is broken down to form ruminal NH3-N (Satter and 

Slyter 1974; Nolan and Dobos 2005). For high protein diets, excess NH3-N is excreted in 

the urine, leading to poor N utilisation (Lapierre and Lobley 2001). However, this was 

not the case in this study as the CP content was not considered excessively high for 

growing lambs. The low ME of the silages that was not balanced with silage CP content 

may have initiated AA catabolism to provide an alternative energy source. A by-product 

of AA catabolism is ammonia (McDonald et al. 2002), which may have contributed to a 

positive N balance. As previously discussed, the low apparent CPD (approximately 53-

55%) of the silages may have resulted from a significant amount of protein being bound 

to the ADF fraction due to heat damage. Protein bound to this fraction may have 

undergone little to no degradation in the rumen and avoided direct absorption in the small 

intestines. This is possible as the faecal N output of lambs fed the various silage diets was 

41-44% of total N intake. Thus, the unanticipated positive N balance, based on lamb 
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growth rates, may have be skewed by the undegradable N fraction excreted in faeces, not 

due to excess N. This is further supported by the low urinary N output of lambs fed these 

silages, particularly those fed the wheat + field pea silage that excreted only 0.27 g/d. 

There are also limitations to carrying out a single period of measure of N metabolism as 

it may not accurately represent differences in N metabolism occurring over the entire 

experimental period. 

Despite differences in N balance of the lambs fed the various silages, this was not 

reflected in differences in wool growth. A response in wool growth occurs in response to 

increased post-ruminal supply of S-containing AA, such as cysteine and methionine (Reis 

1979). Thus, it is likely that a similar proportion of S-containing AA was being absorbed 

by the lambs fed the various diets resulting in similar wool growth. 

7.5 Conclusion 

The results from this experiment indicate that biserrula and biserrula mixed silages may 

be utilised as forages for sheep for maintenance feeding. However, incorporating 

companion forage species into biserrula silage did not have any benefit to lamb 

production. Further research is warranted to identify whether other forages would be 

better suited as companion species for ensiled biserrula. The viability of utilising biserrula 

as a silage for livestock also needs to be further quantified. 

The DMI of the lambs in this study were compromised by the presence of mould 

throughout the silages and/or fermentation quality as well as overall low digestibility 

values (and ME). When feeding silage as a sole diet, particularly to growing lambs, the 

nutritive value should be assessed to ensure outcomes including maintaining LW, LW 

gain and/or wool growth are achieved as further supplementation with higher protein 

and/or energy feeds may be required.
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CHAPTER 8: Nutrient digestibility and temporal changes in 

rumen parameters in sheep fed second generation hardseeded 

annual pasture legume hays or silages 

8.1 Introduction 

There is a paucity of studies (other than Chapters 6 and 7) that have investigated the 

growth rate and wool growth of growing sheep fed second generation annual pasture 

legumes arrowleaf clover, bladder clover or biserrula as conserved forages compared to 

species commonly used as conserved forages. Additionally, few studies have investigated 

ruminal parameters in sheep fed these legumes as conserved forages (Chapter 6; Corlett 

et al. 2016). 

Volatile fatty acids are an important energy source for ruminants, representing at least 

50% of total digested energy (Sutton 1985). Propionic acid is important as a precursor for 

glucose synthesis (Dijkstra 1994). An in vitro study (Banik et al. 2013a) reported 

biserrula produced significantly less CH4 (4 mL/g DM) during rumen fermentation than 

other pasture species including lucerne (37 mL/g DM) and bladder clover (51 mL/g DM), 

whilst also lowering the A:P ratio. Reductions in CH4 production favour propionic acid 

fermentation (Hegarty 1999). As reported in Chapter 3 (Experiment 2), there was a shift 

in the fermentation pattern towards propionic acid production in lambs grazing biserrula 

compared to those grazing other pastures (including arrowleaf clover and bladder clover). 

Changes in fermentation patterns in biserrula are likely associated to the anti-

methanogenic effects of bioactive compounds in the plant (Banik et al. 2016), although 

results from Chapter 3 (Experiment 2) indicate that protozoa may also be affected. 

Fermentation of biserrula also reduces microbial gas production (Banik et al. 2013a; 

2013b) that suggests negative implications on rumen microbes and fermentation, but 

neither the study by Banik et al. nor Chapter 3 (Experiment 2) reported reductions in total 

VFA production, which challenges the latter. 

As reported in Chapter 7, lambs fed biserrula monoculture silage gained more weight than 

those fed a mixed silage of biserrula, wheat and field pea; but did not differ to those fed 

a mixed wheat and field pea silage. However, lambs fed all silage types did not gain 

significant weight over the experiment due to lower DMI, which was likely in response 

to the presence of mould and high silage DM content (60-66%) and pH (5.5-6.0) 
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indicating poor fermentation quality. The silages were also low in digestibility (and ME). 

Studies are yet to investigate the change in fermentation patterns in sheep fed biserrula 

silage and how this may explain differences in animal production. Corlett et al. (2016) 

reported that wethers fed chaffed biserrula hay had lower in vivo A:P ratio and CH4 

production on an ME intake and gross energy intake basis than those fed annual ryegrass 

hay. However, the bioactive fractions in biserrula responsible for the reduction in CH4 

(Banik et al. 2016) are likely lost during the conservation process resulting in no 

difference in CH4 production on a DMI basis (Corlett et al. 2016). As reported in Chapter 

6, lambs fed bladder clover hay had greater ADG than predicted using GrazFeed® (Freer 

et al. 1997) and was higher than those fed either subterranean clover or lucerne + oaten 

mixed hays. Sheep fed arrowleaf clover had similar ADG to those fed subterranean clover 

and lucerne + oaten mixed hays. These could not be explained by differences in ruminal 

parameters; however, the single period of measurement (3 h post-feeding on two separate 

days) in the study may not represent the changes in ruminal fermentation patterns over a 

24 h period following feeding. Studies that measure the temporal change in ruminal 

parameters in sheep fed either arrowleaf clover, bladder clover or biserrula as conserved 

forages is warranted to better understand how these legumes are being fermented in the 

rumen and the subsequent implications on animal production. 

This experiment tested the hypothesis that temporal changes in rumen parameters over a 

24 h period would vary in wethers fed arrowleaf clover, bladder clover or biserrula as 

conserved forages (hays or silages), with greater propionic acid production expected in 

those fed biserrula silage. The in vivo nutrient digestibility and N balance of these diets 

was also determined when fed on a restricted basis (1.2 times maintenance level feeding). 

8.2 Materials and Methods 

8.2.1 Experimental site and animal housing  

The study was carried out at the NSW DPI Animal Nutrition Unit, Wagga Wagga NSW 

from 13 April to 1 June 2016 under the CSU ACEC Protocol Number 15/110. 

The study included two experimental periods that ran successively, in a cross-over design. 

Each period included a 14 d adaptation period, whereby animals were adapted to the diets 

in individual pens (1.2 x 1.2 m) for 12 d and then a further 2 d in metabolism crates (0.5 

x 1.15 m; Chapter 5, Figure 5.1) where orts were collected daily. On day 15 (when housed 

in metabolism crates), ruminal fluid was collected over a 24 h period followed by a 7 d 
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collection period of total urine and faeces outputs (Figure 8.1) to enable the determination 

of apparent nutrient digestibility. 

Throughout the study, all animals were provided with ad libitum access to fresh, clean 

water. Further details of animal housing, including both the individual pens and 

metabolism crates, are provided in Chapter 5.2.1. 

Figure 8.1 Timeline of events in the adaptation and experimental periods (Period 1 and 
Period 2) of the animal house study.  

8.2.2 Experimental animals and diets 

Fifteen ruminally-fistulised Merino wethers aged 11 to 12 months, with an average LW 

of 34.8 ± 1.10 kg and BCS of 3.7 ± 0.13 were used. All animals were vaccinated (Glanvac 

6-in-1; Zoetis Australia, Silverwater, Australia) against clostridial diseases and drenched 

(Q-drench: Abamectin 1 g/L, Albendazole 25 g/L, Closantel 37.5 g/L and Levamisole 

hydrochloride 40 g/L; Jurox Pty Ltd, Rutherford, Australia) upon induction into the 

animal nutrition unit. The details of the rumen cannulas are described in Chapter 5.2.2. 

The feeds used in this study included the same harvest/sourced arrowleaf clover and 

bladder clover hays (cut into chaff) fed to lambs in the study reported in Chapter 6 and 

the biserrula, biserrula + wheat + field pea and wheat + field pea silages (baled) fed to 

lambs in the study reported in Chapter 7. As previously reported (and discussed) in 

Chapter 7 the silages had some mould contamination; visually mouldy sections were 

removed and not fed to the wethers. 

Prior to the commencement of each experimental period, the wethers were weighed and 

their BCS assessed (see Chapter 5.2.2). The wethers were stratified and allocated to 

blocks based on LW, and randomly assigned (n = 3 lambs/diet) to one of the following 

five diets: (1) arrowleaf clover hay (cv. Cefalu); (2) bladder clover hay (cv. Bartolo); (3) 

24 h ruminal fluid 
collection 

 Metabolism study -  
metabolism crates 

 12 d adaptation – individual pens +  
2 d adaptation – metabolism crates 

1 d 15 d   24 d  
Period 1 

Period 2 
1 d 15 d 24 d 

 

Weigh and  
re-randomise 
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biserrula (cv. Casbah) silage; (4) biserrula + wheat (cv. Lancer) + field pea (cv. Morgan) 

silage; or (5) wheat + field pea silage, in a randomised complete block design structure 

using the Agricolae package (de Mendiburu 2016) in R statistical software (R Core Team 

2016). In Period 2, a restricted randomised complete block design was carried out to avoid 

a repeat allocation of wethers to the same diets as for Period 1. Once allocated to the diets 

for each experimental period, the wethers were randomised to the individual pens. 

The nutritive value of the hays and silages was determined prior to the experimental 

period. Maintenance feeding for individual animals was calculated using the GrazFeed® 

model (Freer et al. 1997) based on the DM and CP contents and ME of each feed and the 

LW of individual animals. The amount of feed calculated for each wether for maintenance 

was then multiplied by 1.2 (for 1.2 times maintenance feeding). 

8.2.3 Diet sampling and nutritive value analyses 

Wethers were fed and orts were collected daily at approximately 09:00 h. When fed in 

the individual pens, samples (500 g) of the feed offered and orts were taken three times a 

week (Monday, Wednesday and Friday) and then bulked (per diet) on a weekly basis 

before drying in a fan forced oven at 80ºC for 24 h to determine feed DM content for the 

calculation of DMI. The DM of silages was corrected to determine true DM content of 

silages (see Chapter 7.2.5). 

The dried samples (feed offered and orts) were ground using a 1 mm screen (Perten, 3100 

Laboratory Mill) and analysed for OM, CP, ADF, NDF, WSC and DOMD and ME using 

NIRS (Bruker multi-purpose NIR analyser, MPA, Bruker Optik GmbH, Ettlingen, 

Germany), OPUS software (version 7.5) and associated calibrations (as described by 

Packer et al. 2011) developed by the NSW DPI Feed Quality Service. Following NIRS 

analyses, samples that gave spectra outside of the normal spectra ranged (based on 

calibrations) underwent further laboratory wet chemistry analyses as described by AFIA 

(2014) to ensure accurate forage quality results were obtained. Metabolisable energy 

(ME) of the hays (1) and silages (2) were estimated from in vitro DOMD using the 

following equations (AFIA 2014): 

(1) ME (MJ/kg DM) = 0.203 x DOMD % – 3.001 

(2) ME (MJ/kg DM) = 0.16 x DOMD % 
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The pH of the silages was measured using an electronic pH meter (Activon model 210; 

Probe TPS serial number 1204-097217) based on the method outlined by AFIA (2014). 

8.2.4 Ruminal fluid collections and analyses 

On day 15 of each experimental period ruminal fluid was collected every 3 h for 24 h to 

determine temporal changes in ruminal NH3-N concentrations, VFA concentrations and 

molar proportions, pH and fluid outflow rates (using Cr-EDTA as a marker). Ruminal 

fluid samples were obtained as previously described in Chapter 5.2.5. 

Measurement of pH and preparation and analyses of ruminal fluid samples for NH3-N 

and Cr-EDTA concentrations and VFA concentrations and molar proportions were as 

described in Chapter 5.2.5. 

8.2.5 Apparent nutrient digestibility and N metabolism study: sample collections 

and analyses 

A 7 d collection period of total urine and faeces outputs (including a 24 h lag phase after 

the 7 d feeding period) was carried in each experimental period to determine apparent 

DOMD (and calculated ME), DMD, OMD, and CPD value and N balance of the wethers 

(n = 15 wethers/period) fed the various hays and silages. Samples of feed offered, orts, 

faeces and urine were collected daily from approximately 09:00 h to 10:00 h. The method 

for the collection of the feed and orts and faeces and urine are described in Chapter 5.2.5. 

The subsequent analyses of the feed and orts samples (DM, OM and CP contents), and 

urine (NH3) and faecal (DM, OM and CP contents) samples were as described in Chapter 

5.2.7. 

8.2.6 Calculations 

Calculations for in vivo apparent DMD, OMD, CPD and DOMD for the hays and silages 

and ME for the hays are described in Chapter 5.2.8.1. Calculations for determining the 

ME for the silages was as described in Chapter 7.2.5. Calculations for the determination 

of ruminal fluid volume and outflow rates are described in Chapter 5.2.8.3. 

8.2.7 Statistical analyses 

All analyses were carried out using ASReml-R version 3.0/64 (Butler 2009; VSN 

International Ltd., United Kingdom; Butler et al. 2007). In preliminary analyses, the 
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model assumptions were tested for normal distribution of the residuals. The model 

assumption of heterogeneity of the residuals was also tested. A weighted analysis was 

applied to data that displayed heteroscedasticity. 

A linear mixed model using REML was used to test all response variables. The 

significance level for all analyses was set at P ≤ 0.05. All results were reported as 

predicted means ± S.E. of the predicted means, when appropriate. Tukey’s pairwise 

comparison with a confidence level of 5% was used to differentiate between the diets for 

each of the parameters tested. 

The models used to analyse the data including main effects, and random effects are shown 

in Table 8.1. The term ‘type’ referred to the diet of either hay or silage, and ‘time’ referred 

to the time in 3 h intervals for 24 h ruminal fluid sampling. 

Table 8.1 Statistical models used to analyse data from the experiment. 

Response variable Model 
Nutritive value Response = diet + type, random = experiment week + period 

Silage pH Response = diet, random = experiment week + period 
Apparent digestibility  
   DOMD% 

Response = diet + type, random = sheep ID + block + period 

   Estimated ME (MJ/kg DM) 
   DMD% 
   OMD% 
N Balance 
N intake 
Faecal N 
Urinary N 
Ruminal fluid volume 
Ruminal fluid outflow rate 
Ruminal fluid parameters  
   pH  

Response = time + diet + type + time:diet, random = sheep ID + 
block + period 

   Propionic acid concentrations 
   Iso-valeric acid concentrations 
   Valeric acid concentrations 
   Hexanoic acid concentrations 
   Total VFA concentrations 
   Iso-butyric acid% 
   Iso-valeric acid% 
   Valeric acid% 
   NH3-N concentrations 

Response = time + diet + type, random = sheep ID + block + 
period 

   Acetic acid concentrations 
   Butyric acid concentrations 
   Iso-butyric acid concentrations 
   Heptanoic acid concentrations 
   P:(A + 2x B) ratio 
   A:P ratio 
   Acetic acid% 
   Propionic acid% 
   Butyric acid% 
   Heptanoic acid% 
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8.3 Results 

8.3.1 Nutritive value 

The DM content of the diets was analysed using a weighted analysis due to 

heteroscedasticity of the residuals. The DM content of the hays were higher (P < 0.001) 

than that of the silages. The DM content of the wheat + field pea silage was higher (P < 

0.001) than the biserrula + wheat + field pea silage. The biserrula silage had a similar (P 

> 0.05) DM content to both the biserrula + wheat + field pea and the wheat + field pea 

silages. The OM content of the wheat + field pea silage was lower (P < 0.001) than the 

other silages and the two hays. All other silages and hays and did not differ (P > 0.05) to 

one another (Table 8.2). 

Table 8.2 Predicted mean (± S.E.) nutritive value of arrowleaf clover hay (AC) and 
bladder clover hay (BC), biserrula silage (B), biserrula + wheat + field pea silage (BWP) 
and wheat + field pea (WP) silage fed to Merino wethers. 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the diets. 
1Standard error of the predicted means. 
2Level of significance for the main effect of diet. 
3Silage DM was corrected using the true DM equation (see Chapter 7.2.5; AFIA 2014). 
DM = dry matter; OM = organic matter; CP = crude protein; ME = metabolisable energy; ADF = acid 
detergent fibre; NDF = neutral detergent fibre; WSC = water soluble carbohydrates. 

The CP contents of the arrowleaf clover hay and biserrula silage were higher (P < 0.01) 

than that of the wheat + field pea silage; however, they did not differ (P > 0.05) to either 

the bladder clover hay or biserrula + wheat + field pea silage. The CP contents of the 

bladder clover hay, biserrula + wheat + field pea silage and wheat + field pea silage were 

similar (P > 0.05) (Table 8.2). 

Parameter Hay Silage S.E.1 P-value2 
AC BC B BWP WP 

DM (%)3 88.5c 88.9c 68.5ab 59.0a 73.3b 2.29 < 0.001 
OM (%) 87.6a 88.9a 88.2a 88.1a 91.3b 0.50 < 0.001 
CP (%) 16.5b 14.0ab 15.6b 14.0ab 12.2a 0.73 < 0.001 

ME (MJ/kg DM) 9.4b 9.8b 8.3a 8.4a 9.6b 0.09 < 0.001 

ADF (%) 32.7a 33.6ab 37.1b 35.8ab 35.5ab 1.00 0.01 

NDF (%) 47.1ab 46.6a 55.7bc 55.9c 53.8abc 1.99 < 0.001 

WSC (%) 7.2 9.5 4.5 4.9 7.1 1.47 0.11 
pH - - 6.2 6.1 5.6 0.33 0.15 
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The ME of the arrowleaf clover and bladder clover hays and the wheat + field pea silage 

were similar (P > 0.05) but higher (P < 0.001) than that of the biserrula and biserrula + 

wheat + field pea silages, which did not differ (P > 0.05) to one another (Table 8.2). 

The ADF content of the arrowleaf clover hay was lower (P = 0.01) than that of the 

biserrula silage, but was similar (P > 0.05) to the bladder clover hay and the other silages. 

The ADF of the biserrula silage was also similar (P > 0.05) to the bladder clover hay and 

the other silages. The NDF content of the biserrula + wheat + field pea silage was higher 

(P < 0.001) than the hays, but was similar (P > 0.05) to the other silages. The NDF content 

of the hays and the wheat + field pea silage did not differ to one another (P > 0.05) (Table 

8.2). 

8.3.2 Apparent nutrient digestibility 

The bladder clover hay had higher (P < 0.001) DOMD (and ME), DMD and OMD than 

the arrowleaf clover hay and the silages, which were similar (P > 0.05) to one another 

(Table 8.3). 

Table 8.3 Predicted mean (± S.E.) apparent in vivo dry organic matter digestibility 
(DOMD) and metabolisable energy (ME), dry matter digestibility (DMD), organic matter 
digestibility (OMD) and crude protein digestibility (CPD), of arrowleaf clover hay (AC), 
bladder clover hay (BC), biserrula silage (B), biserrula + wheat + field pea silage (BWP) 
and wheat + field pea (WP) silage fed to Merino wethers. 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the diets. 
1Standard error of the predicted means. 
2Level of significance for the main effect of diet. 
DOMD = digestible organic matter digestibility; ME = metabolisable energy; DMD = dry matter 
digestibility; OMD = organic matter digestibility; CPD = crude protein digestibility. 

The CPD of the hays and silages was analysed using a weighted analysis due to 

heteroscedasticity of the residuals. The CPD of arrowleaf clover hay was higher (P < 

0.001) than all other diets. The CPD of the wheat + field pea silage was lower (P < 0.001) 

than that of the biserrula + wheat + field pea silage, but was similar (P > 0.05) to the 

Parameter Hay Silage S.E.1 P-value2 
AC BC B BWP WP 

DOMD (%) 57.2a 65.5b 57.7a 56.8a 58.0a 1.16 < 0.001 

ME (MJ/kg DM) 8.6a 10.3b 9.2a 9.1a 9.2a 0.20 < 0.001 

DMD (%) 63.0a 71.0b 61.8a 62.5a 61.3a 1.41 < 0.001 

OMD (%) 64.8a 73.2b 63.2a 63.5a 62.8a 1.31 < 0.001 

CPD (%) 70.7c 

± 1.44 
60.3ab 

± 2.18 
49.5ab 

± 4.89 
61.8b 

± 1.70 
54.8a 

± 1.31 - < 0.001 
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bladder clover hay and biserrula silage. The CPD of the bladder clover hay, biserrula 

silage and wheat + field pea silage were similar (P > 0.05) (Table 8.3). 

8.3.3 Nitrogen balance 

Regardless of which hay or silage was fed, the wethers were all in positive N balance. 

Nitrogen balance was higher (P < 0.001) in the wethers fed arrowleaf clover hay 

compared to those fed either bladder clover hay, biserrula silage or wheat + field pea 

silage. However, it was similar (P > 0.05) to those fed the biserrula + wheat + field pea 

silage. The N balance was similar (P > 0.05) in wethers fed either biserrula silage, 

biserrula + wheat + field pea silage, wheat + field pea silage or bladder clover hay (Table 

8.4). 

Daily N intake was higher (P = 0.03) in the wethers fed arrowleaf clover hay compared 

to those fed biserrula silage, although neither differed (P > 0.05) to those fed the other 

diets. Daily urinary N output of wethers fed bladder clover hay was higher (P = 0.05) 

than those fed either arrowleaf clover hay, biserrula + wheat + field pea silage, or wheat 

+ field pea silage; although was similar (P > 0.05) to those fed biserrula silage. Wethers 

fed biserrula silage had higher (P = 0.05) daily urinary N output than those fed either 

arrowleaf clover hay or biserrula + wheat + field pea silage; although, did not differ (P > 

0.05) to those fed wheat + field pea silage. Wethers fed arrowleaf clover hay or biserrula 

+ wheat + field pea silage or wheat + field pea silage had similar (P > 0.05) daily urinary 

N output (Table 8.4). 

 Table 8.4 Predicted mean (± S.E.) N intake, N output and N balance of Merino wethers 
fed either arrowleaf clover hay (AC), bladder clover hay (BC), biserrula silage (B), 
biserrula + wheat + field pea silage (BWP) or wheat + field pea silage (WP). 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the diets. 
1Standard error of the predicted means. 
2Level of significance for the main effect of diet. 

Parameter Hay Silage S.E.1 P-value2 
AC BC B BWP WP 

N intake (g/d) 18.57b 14.13ab 11.50a 15.70ab 14.41ab 1.71 0.03 
Faecal N (g/d) 5.09 5.46 5.73 5.94 6.42 0.51 0.23 
Urinary N (g/d) 0.27a 0.91c 0.82bc 0.43a 0.50ab 0.18 0.05 
N balance (g/d) 13.12b 7.76a 5.02a 9.32ab 7.50a 1.26 < 0.001 



 

 220 

8.3.4 Ruminal fluid volume and outflow rate 

There was no difference (P > 0.05) in ruminal fluid volume or outflow rates between the 

wethers fed the various hays and silages (Table 8.5). 

Table 8.5 Predicted mean (± S.E.) ruminal fluid volume and outflow rates of Merino 
wethers fed either arrowleaf clover hay (AC), bladder clover hay (BC), biserrula silage 
(B), biserrula + wheat + field pea silage (BWP) or wheat + field pea silage (WP). 

Parameter Hay Silage P- value1 AC BC B BWP WP 
Ruminal fluid 
volume (L) 

5.20 
± 0.50 

4.94  
± 0.50 

5.51  
± 0.48 

5.63 
± 0.54 

5.45  
± 0.51 0.70 

Ruminal fluid 
outflow rate (L/d) 

10.00  
± 1.01 

8.98  
± 1.02 

7.52  
± 0.96 

8.79  
± 1.10 

7.77  
± 1.02 0.17 

1Level of significance for the main effect of diet. 

8.3.5 Temporal changes in ruminal parameters 

8.3.5.1 Ruminal pH 

Wethers fed the biserrula silage had higher (P < 0.001) average ruminal pH than those 

fed either arrowleaf clover hay, bladder clover hay or wheat + field pea silage; although, 

did not differ (P > 0.05) to those fed biserrula + wheat + field pea silage. Ruminal pH 

was similar (P > 0.05) in wethers fed either arrowleaf clover hay, bladder clover hay or 

wheat + field pea silage (Table 8.6). 

Table 8.6 Predicted mean (± S.E.) ruminal pH and ruminal ammonia concentrations of 
Merino wethers fed either arrowleaf clover hay (AC), bladder clover hay (BC), biserrula 
silage (B), biserrula + wheat + field pea silage (BWP) or wheat + field pea silage (WP). 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the diets. 
1Level of significance for the main effect of diet. 

The main effect of time after feeding was significant (P < 0.001) in the model for ruminal 

pH, but the interaction between diet and time after feeding was also significant (P < 

0.001); thus only this data is presented (Figure 8.2). Ruminal pH of wethers fed arrowleaf 

clover hay was lower (P < 0.001) than those fed biserrula silage at 6 h after feeding and 

lower (P < 0.001) than the biserrula silage, biserrula + wheat + field pea silage and wheat 

Parameter 
Hay Silage 

P- value1 
AC BC B BWP WP 

Ruminal pH 6.7a 

± 0.06 
6.8ab 

± 0.06 
7.0c 

± 0.06 
6.9bc 

± 0.06 
6.8ab 

± 0.06 < 0.001 

Ruminal ammonia  
concentration (mg NH3-N/L) 

98.7b 

± 13.44 
153.2c 

± 15.60 
71.3a 

± 12.61 
73.2ab 

± 12.86 
86.5ab 

± 13.13 < 0.001 
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+ field pea silage at 9 h after feeding, whilst for all other diets ruminal pH was similar (P 

> 0.05) at both these points in time. 

Figure 8.2 Temporal changes in ruminal pH of Merino wethers fed either arrowleaf 
clover (AC) hay, bladder clover (BC) hay, biserrula silage (B), biserrula + wheat + field 
pea silage (BWP) or wheat + field pea silage (WP). Vertical lines represent S.E. of the 
predicted means.  

8.3.5.2 Ruminal ammonia concentrations 

Ruminal NH3-N concentration was analysed using a weighted analysis due to 

heteroscedasticity of the residuals. Ruminal NH3-N concentrations were higher (P < 

0.001) in wethers fed bladder clover hay compared to those fed either arrowleaf clover 

hay or biserrula, biserrula + wheat + field pea or wheat + field pea silages. Ruminal NH3-

N concentrations were lower (P < 0.001) in wethers fed biserrula silage compared to those 

fed arrowleaf clover hay, but they were similar (P > 0.05) to those fed either biserrula + 

wheat + field pea silage or wheat + field pea silage. Wethers fed either arrowleaf clover 

hay, biserrula + wheat + field pea silage or wheat + field pea silage had similar (P > 0.05) 

ruminal NH3-N concentrations (Table 8.6). 

Average ruminal NH3-N concentrations for wethers fed the various diets were higher (P 

< 0.001) at 6 h (138 ± 14 mg NH3-N/L) compared to either 9 h (103 ± 14 mg NH3-N/L), 

12 h (73 ± 14 mg NH3-N/L), 15 h (71 ± 14 mg NH3-N/L), 18 h (81 ± 14 mg NH3-N/L), 

21 h (92 ± 14 mg NH3-N/L) or 24 h (99 ± 14 mg NH3-N/L) after feeding; although were 

similar (P > 0.05) to 3 h (115 ± 14 mg NH3-N/L) after feeding. Ruminal NH3-N 
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concentrations were lower (P < 0.001) 12 h, 15 h and 18 h after feeding compared to 3 h 

and 6 h after feeding but did not differ (P > 0.05) compared to either 9 h, 21 h or 24 h 

after feeding. The interaction between diet and time after feeding was not significant (P 

> 0.05) in the model. 

8.3.5.3 VFA concentrations and molar proportions 

8.3.5.3.1 Concentrations 

Both the average total VFA and acetic acid concentrations were higher in wethers fed 

bladder clover hay than those fed any of the silages; however, they were similar (P > 

0.05) to those fed arrowleaf clover hay. Average total VFA and acetic acid concentrations 

did not differ (P > 0.05) between the silages. The average total VFA and acetic acid 

concentrations of wethers fed arrowleaf clover hay were higher (P < 0.001) than those 

fed biserrula silage, but were similar (P > 0.05) to those fed the other silages (Table 8.7). 

Table 8.7 Predicted mean (± S.E.) VFA concentrations (mmol/L) and ratios of Merino 
wethers fed either arrowleaf clover hay (AC), bladder clover hay (BC), biserrula silage 
(B), biserrula + wheat + field pea silage (BWP) or wheat + field pea silage (WP). 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the diets. 
1Standard error of the predicted means. 
2Level of significance for the main effect of diet. 

Time after feeding was significant (P < 0.001) in the model for total VFA concentrations, 

but the interaction between diet and time after feeding was also significant (P = 0.02) in 

the model; thus, only these data are presented (Figure 8.3). 

Parameter Hay Silage S.E.1 P-value2 AC BC B BWP WP 
Total VFA 103.6bc 109.6c 81.3a 89.1ab 90.3ab 10.80 < 0.001 
Acetic acid 69.2bc 75.4c 56.2a 62.5ab 62.9ab 4.06 < 0.001 
Propionic acid 24.2b 20.6ab 16.3a 17.2a 17.9a 2.60 < 0.001 
Butyric acid 6.7a 9.0b 5.7a 6.1a 6.6a 0.82 < 0.001 
Iso-butyric acid 1.00ab 1.14b 1.00ab 1.01ab 0.97a 0.07 < 0.01 
Iso-valeric acid 0.9b 0.9b 0.8ab 0.7a 0.7a 0.07 < 0.001 
Valeric acid 1.7b 2.2c 1.0a 1.2a 1.1a 0.18 < 0.001 
Hexanoic acid 0.10a 0.27d 0.13ab 0.16bc 0.18c 0.02 < 0.001 
Heptanoic acid 0.04a 0.06b 0.04a 0.04a 0.05a 0.01 < 0.001 
A:P (ratio) 3.2a 3.9b 3.8b 3.8b 3.7b 0.13 < 0.001 
P:(A + 2x B) (ratio) 0.27b 0.21a 0.23a 0.24ab 0.23a 0.01 < 0.001 
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Figure 8.3 Temporal changes in total VFA concentration (mmol/L) of ruminal fluid in 
Merino wethers fed either arrowleaf clover hay (AC), bladder clover hay (BC), biserrula 
silage (B), biserrula + wheat + field pea silage (BWP) or wheat + field pea silage (WP). 
Vertical lines represent S.E of the predicted means. 

Regardless of diet, average acetic acid concentrations were lowest (P < 0.001) at 18 h 

(55.0 ± 4.18 mmol/L), 21 h (46.0 ± 4.18 mmol/L) and 24 h (42.0 ± 4.19 mmol/L) after 

feeding, which did not differ (P > 0.05) to one another. Conversely, acetic acid 

concentrations were higher (P < 0.001) at 3 h (71.9 ± 4.18 mmol/L), 6 h (77.9 ± 4.18 

mmol/L), 9 h (78.8 ± 4.18 mmol/L), 12 h (78.7 ± 4.18 mmol/L) and 15 h (71.5 ± 4.18 

mmol/L) after feeding, which also did not differ (P > 0.05) to one another. The interaction 

between diet and time after feeding was not significant (P > 0.05) in the model for acetic 

acid concentrations. 

Average propionic acid concentrations were higher (P < 0.001) in wethers fed arrowleaf 

clover hay than those fed any of the silages but did not differ (P > 0.05) to those fed the 

bladder clover hay. Average propionic acid concentrations did not differ (P > 0.05) 

between those fed the bladder clover hay or the silages (Table 8.7). Time after feeding 

was significant (P < 0.001) in the model for propionic acid concentrations. However, the 

interaction between diet and time after feeding was also significant (P = 0.02) in the 

model; thus, only these data are presented (Figure 8.4). 



 

 224 

Figure 8.4 Temporal changes in propionic acid concentration (mmol/L) of ruminal fluid 
in Merino wethers fed either arrowleaf clover hay (AC), bladder clover hay (BC), 
biserrula silage (B), biserrula + wheat + field pea silage (BWP) or wheat + field pea silage 
(WP). Vertical lines represent S.E of the predicted means. 

Average butyric acid concentrations were higher (P > 0.05) in wethers fed bladder clover 

hay than those fed either arrowleaf clover hay or biserrula silage, biserrula + wheat + field 

pea silage or wheat + field pea silage, which did not differ (P > 0.05) to one another 

(Table 8.7). Regardless of the diet, butyric acid concentrations were lowest (P < 0.001) 

at 24 h (5.0 ± 0.83 mmol/L) compared to all other sampling times except for 21 h (5.6 ± 

0.83 mmol/L) after feeding. Conversely, the butyric acid concentrations were highest (P 

< 0.001) at 9 h (7.9 ± 0.86 mmol/L) after feeding compared to 18 h (6.5 ± 0.83 mmol/L), 

21 h and 24 h after feeding but did not differ (P > 0.05) to 3 h (7.0 ± 0.83 mmol/L), 6 h 

(7.2 ± 0.83 mmol/L), 12 h (7.8 ± 0.83 mmol/L) or 15 h (7.6 ± 0.83 mmol/L) after feeding. 

Butyric acid concentrations were similar (P > 0.05) at 3 h, 18 h and 21 h after feeding. 

The interaction between diet and time after feeding was not significant (P > 0.05) in the 

model for butyric acid concentrations. 

Average A:P concentration ratio was lower (P < 0.001) for wethers fed arrowleaf clover 

hay compared to those fed either bladder clover hay, biserrula silage, biserrula + wheat + 

field pea silage or wheat + field pea silage. Average A:P concentration ratio did not vary 

(P > 0.05) between wethers fed either bladder clover hay, biserrula silage, biserrula + 

wheat + field pea silage or wheat + field pea silage (Table 8.7). Regardless of the diet fed, 

with the exception of 6 h (3.3 ± 0.13 mmol/L) and 9 h (3.3 ± 0.13 mmol/L) after feeding, 
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the A:P concentration ratio was lower (P < 0.001) at 3 h (3.2 ± 0.13 mmol/L) after feeding. 

Conversely, with the exception of 15 h (3.8 ± 0.13 mmol/L), the A:P concentration ratio 

was highest (P < 0.001) at 18 h (4.0 ± 0.13 mmol/L), 21 h (4.1 ± 0.13 mmol/L) and 24 h 

(4.1 ± 0.13 mmol/L) after feeding. There was no difference (P > 0.05) in the A:P 

concentration ratio at 6 h, 9 h and 12 h (3.6 ± 0.13 mmol/L) after feeding or 12 h and 15 

h after feeding. The interaction between diet and time after feeding was not significant (P 

> 0.05) in the model for A:P ratio. 

Average P: (A + 2x B) concentration ratio was analysed using a weighted analysis due to 

the heteroscedasticity of the residuals. Average P: (A + 2x B) ratio was higher (P < 0.001) 

in wethers fed arrowleaf clover hay compared to those fed either bladder clover hay, 

biserrula silage or wheat + field pea silage; although, was similar (P > 0.05) to those fed 

biserrula + wheat + field pea silage. Average P: (A + 2x B) ratio was similar (P > 0.05) 

for wethers fed either bladder clover hay, biserrula silage, biserrula + wheat + field pea 

silage or wheat + field pea silage (Table 8.7). 

Regardless of the diet fed, the P: (A + 2x B) ratio was higher (P < 0.001) at 3 h (0.28 ± 

0.01 mmol/L) compared to 12 h (0.24 ± 0.01 mmol/L), 15 h (0.22 ± 0.01 mmol/L), 18 h 

(0.21 ± 0.01 mmol/L), 21 h (0.20 ± 0.01 mmol/L) and 24 h (0.21 ± 0.01 mmol/L) after 

feeding but similar (P > 0.05) to 6 h (0.27 ± 0.01 mmol/L) and 9 h (0.26 ± 0.01 mmol/L) 

after feeding. The P: (A + 2x B) ratio was similar (P > 0.05) 6 h, 9 h and 12 h after 

feeding; 12 h and 15 h after feeding; as well as 15 h, 18 h, 21 h and 24 h after feeding. 

The interaction between diet and time after feeding was not significant (P > 0.05) in the 

model for P:(A + 2x B) ratio. 

8.3.5.3.2 Molar proportions 

The molar proportion of acetic acid and propionic acid were analysed using a weighted 

analysis due to the heteroscedasticity of the residuals. Average molar proportions of 

acetic acid were lower in (P < 0.001) in wethers fed arrowleaf clover hay compared to 

those fed either biserrula silage or wheat + field pea silage, but did not differ to those fed 

either bladder clover hay or biserrula + wheat + field pea silage. The average acetic acid 

molar proportions were similar (P > 0.05) in wethers fed either bladder clover hay or the 

various silages (Table 8.8). Regardless of the diet fed, the molar proportions of acetic acid 

were higher (P > 0.001) at 15 h (63.9 ± 0.93%) compared to 3 h (61.0 ± 0.93%) and 6 h 

(62.0 ± 0.93%) but did not vary (P > 0.05) to those at 9 h (62.4 ± 0.93%), 12 h (63.4 ± 
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0.93%), 18 h (63.2 ± 0.93%), 21 h (62.4 ± 0.93%) or 24 h (62.4 ± 0.93) after feeding. 

Conversely, the molar proportions of acetic acid were lower (P < 0.001) at 3 h compared 

to 12 h, 15 h and 24 h after feeding but did not vary (P > 0.05) to those at 6 h, 9 h, 21 h 

or 24 h after feeding. Molar proportions of acetic acid were similar (P > 0.05) at 6 h, 9 h, 

21 h and 24 h; and 6 h, 9 h, 12 h, 18 h and 21 h after feeding. The interaction between 

diet and time after feeding was not significant (P > 0.05) in the model for acetic acid 

molar proportions. 

Table 8.8 Predicted mean (± S.E.) VFA molar proportions (%) of Merino wethers fed 
either arrowleaf clover hay (AC) or bladder clover hay (BC), biserrula silage (B), 
biserrula + wheat + field pea silage (BWP) or wheat + field pea silage (WP). 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 
0.05) between the diets. 
1Level of significance for the main effect of diet. 

Average molar proportions of propionic acid were higher (P < 0.001) in wethers fed 

arrowleaf clover hay compared to those fed either bladder clover hay or the silages. 

Average molar proportions of propionic acid were higher (P < 0.001) in wethers fed 

wheat + field pea silage than those fed bladder clover hay; although were similar (P > 

0.05) to those fed either biserrula silage or biserrula + wheat + field pea silage. Average 

molar proportions of propionic acid were similar (P > 0.05) for wethers fed either bladder 

clover hay, biserrula silage or biserrula + wheat + field pea silage (Table 8.8). Regardless 

of the diet fed, molar proportions of propionic were higher (P < 0.001) at 3 h (24.2 ± 

0.79%) although was similar (P > 0.05) to 6 h (23.9 ± 0.79%) and 9 h (23.7 ± 0.79%) 

after feeding. Conversely, molar proportions of propionic acid molar were lower (P < 

0.001) at 21 h (19.3 ± 0.79%); although did not differ (P > 0.05) to 18 h (20.2 ± 0.79%) 

or 24 h (19.5 ± 0.79%) after feeding. Molar proportions of propionic acid were similar (P 

> 0.05) at 6 h, 9 h and 12 h (22.4 ± 0.79%); and 12 h and 15 h (21.2 ± 0.79%) after 

VFA Hay Silage P-value1 AC BC B BWP WP 

Acetic acid 60.7a 
± 0.92 

62.2ab 

± 0.88 
63.2b 

± 0.88 
63.3ab 

± 1.40 
63.0b 

± 0.90 < 0.001 

Propionic acid 24.4c 

± 0.84 
20.0a 

± 0.74 
21.2ab 

± 0.76 
21.7ab 

± 1.00 
21.7b 

± 0.82 < 0.001 

Butyric acid 9.1a 

± 0.44 
11.2b 

± 0.44 
9.6a 

± 0.44 
9.5a 

± 0.45 
10.0a 

± 0.45 < 0.001 

Iso-butyric acid 1.5a 

± 0.19 
1.6ab 

± 0.19 
1.9b 

± 0.19 
1.7ab 

± 0.19 
1.5a 

± 0.19 < 0.01 

Iso-valeric acid 1.7ab 

± 0.21 
1.7ab 

± 0.21 
1.9b 

± 0.21 
1.5ab 

± 0.21 
1.4a 

± 0.21 < 0.01 

Valeric acid 2.3b 

± 0.10 
2.9c 

± 0.10 
1.8a 

± 0.10 
2.0ab 

± 0.10 
1.8a 

± 0.10 < 0.001 

Hexanoic acid 0.20a 

± 0.04 
0.47d 

± 0.04 
0.30b 

± 0.04 
0.32bc 

± 0.04 
0.37c 

± 0.04 < 0.001 

Heptanoic acid 0.10 
± 0.02 

0.12 
± 0.02 

0.10 
± 0.02 

0.10 
± 0.02 

0.10 
± 0.02 0.07 
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feeding. The interaction between diet and time after feeding was not significant (P > 0.05) 

in the model for propionic acid molar proportions. 

The difference in average molar proportions of butyric acid between the various diets 

(Table 8.8) were the same as for the average concentrations of butyric acid. Regardless 

of the diet fed, the molar proportions of butyric acid were lowest (P < 0.001) 3 h (8.5 ± 

0.46%) and 6 h (8.4 ± 0.46%) after feeding; although, did not differ (P > 0.05) to 9 h (9.3 

± 0.46%) and 12 h (9.3 ± 0.46%) after feeding. Conversely, molar proportions of butyric 

acid were highest (P < 0.001) 18 h (10.9 ± 0.46%), 21 h (11.3 ± 0.46%) and 24 h (11.0 ± 

0.46%); although, did not differ (P > 0.05) to 15 h (10.1 ± 0.46%) after feeding. The 

molar proportions of butyric acid were similar (P > 0.05) 9 h, 12 h and 15 h after feeding. 

The interaction between diet and time after feeding was not significant (P > 0.05) in the 

model for butyric acid molar proportions. 

8.4 Discussion 

8.4.1 Nutritive value and in vivo apparent digestibility 

The bladder clover hay had higher apparent digestibility of DOM (and estimated ME), 

DM and OM than any of the other diets. This study supports the findings of Chapter 6 

and confirms that greater DMI and ADG of lambs fed bladder clover hay in the Chapter 

6 study was attributable to higher apparent digestibility. High fibre content (particularly 

lignin) in the diet reduces diet digestibility by limiting the breakdown of feed by rumen 

microbes (Kamstra et al. 1958; Jung 1989; Moore and Jung 2001). A diet lower in NDF 

(consisting mainly of lignin, cellulose and hemicellulose) content positively influences 

both forage DMD (Van Soest 1965) and OMD (Bosman 1970). The NDF content of the 

bladder clover hay was lower than the biserrula silage and the biserrula + wheat + field 

pea silage, which likely explains differences in apparent digestibility between these diets. 

However, the NDF content of the arrowleaf clover hay and wheat + field pea silage was 

similar to the bladder clover hay, which cannot account for differences in these apparent 

digestibility values. This is concordant with results in Chapter 6 where bladder clover hay 

had higher apparent digestibility values than both arrowleaf clover and subterranean 

clover hays, despite having similar NDF contents. The apparent digestibility values (with 

the exception of CPD) of the bladder clover hay in this study were similar to those 

reported in Chapter 6. Conversely, the digestibility values (with the exception of CPD, 

that was similar) of arrowleaf clover hay in this study were lower than that reported in 

Chapter 6. The apparent DOMD (and ME), DMD and OMD of the silages in this study 
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did not vary to those reported in Chapter 7, with the exception of the biserrula silage that 

was higher in these parameters. 

The CP content of the arrowleaf clover hay was higher than the wheat + field pea silage. 

This was expected as diets high in legume, tend to be higher in CP content than 

grasses/cereal forages (Minson 1990; Waghorn and Clark 2004). Neither the bladder 

clover hay nor biserrula silage were higher in CP content than the wheat + field pea silage, 

despite being of higher legume content. The CP content of the bladder clover hay was 

much lower in than that previously reported in Chapter 6 (14 vs 20%). The hays and 

silages reported in Chapter 6 and Chapter 7, respectively, were from the same harvest as 

used in this study. Differences in quality between the respective hays or silages may be 

expected due to variation between the bales or deterioration during storage. Although 

comparisons can be made, they do not provide an indication of the potential quality of 

these second generation legumes as conserved forages when grown under varying 

conditions or in different agroecological zones. 

Generally, silages are considered to be of higher quality than hays because they are 

usually cut at an earlier stage of plant maturity. Additionally, usually fewer losses are 

encountered during the conservation process (Doonan et al. 2003). It was expected that 

the quality of the biserrula silage would be similar (or better) to the legume hays used in 

this study. However, the quality of the silages (determined in vivo) was much lower than 

the original parent material that was sampled at time of cutting (Chapter 7, Table 7.1). 

The original nutritive analysis (Table 7.1) was based on in vitro techniques and thus the 

comparison may not be valid. However, there still may have been loss in quality during 

the conservation process (wilting, harvesting and/or storage) (Kaiser and Piltz 2003). The 

high DM content and silage pH and some mould contamination (as described in Section 

8.2.2) throughout the silages also indicates that poor silage fermentation and/or storage 

may have contributed to the loss in quality. 

The ME calculated from apparent DOMD over the metabolism study (Table 8.3) varied 

to that calculated from NIRS analysis (Table 8.2) and varied between the hays and silages. 

The calculated ME from apparent DOMD also varied to those reported in Chapters 6 and 

7 for the same hays and silages, respectively, as previously discussed. The in vivo ME of 

the bladder clover hay, biserrula silage and biserrula + wheat + field pea silages were 

approximately 0.5 MJ/kg DM, 0.9 MJ/kg DM and 0.7 MJ/kg DM greater, respectively, 

than that calculated from NIRS analyses. In contrast, in vivo ME of the arrowleaf clover 
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hay and wheat + field pea silage was approximately 0.8 MJ/kg DM and 0.4 MJ/kg DM, 

less, respectively, than that calculated from NIRS analyses. Due to the relatively novel 

nature of these legumes (even more-so in their conserved forms), it is likely that NIRS 

calibrations developed from common legume hays (e.g., lucerne and subterranean clover) 

and legume and legume + cereal silages may not be suitable for determining the nutritive 

value of these second generation species. Further calibrations using these new species are 

required. 

Differences in the level of feeding may have also contributed to differences in calculated 

ME between this study and those reported in Chapters 6 and 7 where animals were fed 

ad libitum. High DMI will increase the rate of passage, which limits the retention times 

in the rumen thus reducing digestibility (Leaver et al. 1969; McDonald et al. 2002; 

Huhtanen et al. 2008). In general, feeding sheep at maintenance (or 1.2 times 

maintenance) requirements is considered the most accurate measure of feed digestibility 

and is a laboratory standard (Huhtanen et al. 2006). Further studies are warranted to 

investigate the potential quality of these second generation legumes conserved as hay 

and/or silage when grown under varying conditions across a range of agroecological 

zones. This will provide a better understanding of their potential feeding value for 

livestock whilst also allowing the development of more suitable laboratory calibrations 

for quality testing. 

8.4.2 Ruminal pH  

The ruminal pH of the wethers fed the various hays and silages were within the typical 

range (pH 5.0-7.5) of sheep (Briggs et al. 1957). Generally, ruminal pH declines shortly 

after feeding, which is a direct effect of the increase in the production of VFA (and 

sometimes lactic acid) during the fermentation of feeds (Russell and Wilson 1996; 

Dijkstra et al. 2012). Ruminal pH of lambs fed the various diets declined 6 h to 9 h after 

feeding before steadily increasing up to 24 h after feeding. Ruminal pH of wethers fed 

the wheat + field pea silage continued to decline up until 12 h after feeding. It is 

speculated that the wethers fed this diet may have spent a longer period of time consuming 

the offered feed compared to those fed the other diets, resulting in the delayed decline in 

ruminal pH. Ruminal pH 9 h after feeding was lower for the wethers fed arrowleaf clover 

hay compared to those fed the silages, attributable to the higher total VFA concentrations 

(likely from a more rapid fermentation of carbohydrates, particularly WSC). Despite the 

similar total VFA concentrations at 9 h after feeding when fed either arrowleaf clover hay 



 

 230 

or bladder clover hay, ruminal pH of wethers fed the bladder clover hay did not show the 

same degree of decrease in pH (although average pH values were similar). This may be 

attributable to the differences in the concentrations and molar proportions of individual 

VFA. 

Wethers fed bladder clover hay had higher concentrations and molar proportions of 

butyric acid than for all other diets. Butyric acid is an important energy supply for rumen 

epithelium (Kristensen 2005) and impacts on the rate of clearance of acids from the rumen 

(via the rumen wall), potentially assisting in buffering the rumen from an otherwise rapid 

decline in pH (Dijkstra et al. 2012). Furthermore, based on the Henderson-Hasselbalch 

equation, the production of 1 mole of butyric acid from 1 mole of hexose compared to the 

production of 2 moles of propionic acid (which was higher in those fed arrowleaf clover 

hay) or acetic acid from 1 mole of hexose (Ørskov et al. 1968; Dijkstra et al. 2012) would 

result in a marginally lower decline in overall rumen pH (Dijkstra et al. 2012). The higher 

butyric acid concentrations and molar proportions in those fed bladder clover hay may 

have been due to the increase in abundance of butyric acid producing bacteria including 

Butyrivibrio fibrisolvens (Miller and Jenesel 1979), Megasphera elsdenii, Eubacterium 

ruminantium (Hungate 1966) and Pseudobutyrivibrio ruminis species (Van Gylswyk et 

al. 1996; Kopecny et al. 2003). 

Species such as Butyrivibrio fibrisolvens also produce acetic acid (Miller and Jenesel 

1979), with acetic acid concentrations being higher in the wethers fed bladder clover hay 

compared to those fed the silages. When fed roughage-based diets, fermentation of 

cellulose favours both the acetic acid and butyric acid pathways at the expense of 

propionic acid (Murphy 1984). However, when the substrate supply is in excess, 

fermentation patterns shift from acetic acid to butyric acid to dispose the excess reducing 

power (Dijkstra 1994). It is possible that the bladder clover hay had a higher proportion 

of cellulose (Richards and Reid 1953; Sullivan 1966) in the NDF fraction and/or the NDF 

fraction degraded at a more rapid rate than for the other diets, increasing the amount of 

substrate available in the rumen and the proliferation of butyric acid producing species. 

Temporal change in ruminal parameters do not provide any additional evidence to support 

the differences in ADG for lambs fed the various hay diets reported in Chapter 6. Based 

on these findings, it is still reasonable to suggest the likelihood of bladder clover 

containing relatively higher proportions of bypass protein, but further research is 

warranted. 
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Wethers fed biserrula silage had a significantly higher ruminal pH (7.0) than all other 

diets, with the exception of the biserrula + wheat + field pea silage (pH 6.9). As reported 

in Chapter 5, wethers fed fresh-cut biserrula pasture in the flowering to senescing stage 

of plant growth had a higher ruminal pH (pH 6.9) than wethers fed arrowleaf clover (pH 

6.4; vegetative – late vegetative plant growth) pasture. Using in vitro studies, Banik et al. 

(2013a) also reported higher pH of ruminal fluid containing biserrula (pH 6.4) cut at 11 

weeks after sowing (but not when cut at 8 weeks), compared to other pasture species 

including bladder clover (pH 6.1). The higher ruminal pH of the wethers fed biserrula 

may be best explained by the lower total VFA concentrations, which is also supported by 

results reported in Chapter 5. 

8.4.3 Ruminal ammonia concentrations 

The ruminal NH3-N concentrations for both the biserrula silage and biserrula + wheat + 

field pea silage were close to the lower threshold (< 50-80 mg NH3-N/L) required for 

microbial protein synthesis (Satter and Slyter 1974). The average ruminal NH3–N 

concentration of wethers fed biserrula silage (71 mg NH3-N/L) was lower than that of 

wethers fed the legume hays (that ranged between 99 mg-153 mg NH3-N/L), whilst the 

biserrula + wheat + field pea silage (73 mg NH3-N/L) was also lower than the bladder 

clover hay. This cannot be explained by differences in dietary CP as they were of similar 

CP contents. Moreover, the N intake and N balance of wethers fed the biserrula silage 

and the bladder clover hay were similar as were ruminal fluid outflow rates that may also 

influence ruminal NH3-N concentrations (Nolan and Leng 1983; Leng and Nolan 1984; 

Nolan and Dobos 2005). As reported in Chapter 3 (Experiment 2) and Chapter 5, the 

ruminal NH3-N concentrations of sheep fed biserrula pasture were also low (69 mg NH3-

N/L and 76 mg NH3-N/L, respectively), although this varied with stage of plant growth. 

The variations in ruminal NH3-N concentrations associated with the grazing of biserrula 

(Chapter 3, Experiment 2) may have been due to the relative amount of PSC present in 

the pasture at the varying stages of plant growth and their likely inhibitory effect on 

microbial activity (as described in detail in Chapter 3.4). 

The lower ruminal NH3-N concentrations for wethers fed biserrula silage (and the close 

to the lower threshold concentrations for the biserrula + wheat + field pea silage fed 

animals) may be due to the inhibition of AA deamination in the rumen, as supported by 

the lower apparent CPD. It is possible these silages were subjected to heat damage due to 

their high DM content and poor compaction (as further supported by mould 
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contamination), which increased the amount of protein bound to the ADF fraction (known 

as acid detergent insoluble protein; ADIN) that made it unavailable to the animal (Kaiser 

and Piltz 2003). There is a strong negative relationship between protein digestibility and 

ADIN (Yu and Thomas 1976); however, ADIN was not determined in this study. 

8.4.4 VFA concentrations and molar proportions 

On average, for all diets total VFA concentrations were within the normal ranges (70 to 

130 mmol/L); however, at 21 h and 24 h after feeding it was outside of this range. This 

was expected as diurnally total VFA concentrations may decline as low as 30 mmol/L 

(France and Dijkstra 2005) in response to decreases in substrate supply (Williams 1965; 

Faichney 1968). The average total VFA concentrations of wethers fed the bladder clover 

hay was higher than the silages, as would be expected given the differences in the quality 

(particularly apparent digestibility and ME content) of the feeds. Higher total VFA 

concentrations would support greater animal production and would explain why those fed 

bladder clover hay gained more weight over the experimental period than those fed the 

silages in Chapter 7. 

The average total VFA concentrations of those fed the arrowleaf clover hay was only 

higher than those fed the biserrula silage. The total VFA concentrations of those fed 

arrowleaf clover hay and bladder clover hay increased substantially (peaking at 145 to 

148 mmol/L) 9 h after feeding, whilst during the same time the peak in total VFA 

concentrations for those fed the silages only reached 93 to 101 mmol/L. The peak in total 

VFA concentrations for those fed biserrula + wheat + field pea silage occurred 6 h after 

feeding (110 mmol/L) and again 12 h after feeding (104 mmol/L). Following feeding, 

total VFA concentrations increase due to the increase in substrate supply from 

fermentation in the rumen (France and Dijkstra 2005). The greater increase in total VFA 

concentrations in those fed the hays cannot be attributed to DMI as this was the same (1.2 

x maintenance feeding) for all diets. The rate of fermentation (and thus degradation) in 

the rumen and/or the availability of the substrates (including fibre, CP and WSC) in these 

two hays may have been higher, thus promoting higher total VFA concentrations. 

However, this finding is unclear and warrants further investigation. The rapid increase in 

total VFA concentrations in those fed the hays was followed by a more rapid decrease in 

total VFA concentrations (compared to the silages). By 15 h after feeding, total VFA 

concentrations were relatively similar for all diets and remained similar thereafter. The 

rapid decrease in total VFA concentrations for the hays may have been due to an enhanced 
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rate of absorption of VFA in the rumen. Both the ruminal fluid outflow rates (Weston and 

Hogan 1968; Dijkstra et al. 1993; Dijkstra et al. 2012) and ruminal fluid volume (Hall et 

al. 2015) unlikely affected the rate of decline of total VFA concentrations as they were 

similar between the diets. 

The VFA fermentation patterns of the diets varied indicating differences in feed 

utilisation and supply of VFA to the wethers. Both the concentration and molar proportion 

of propionic acid were higher in wethers fed arrowleaf clover hay than those fed the other 

diets, with the exception of bladder clover hay which had similar concentrations of 

propionic acid. The higher overall concentration and molar proportion of propionic acid 

in wethers fed the arrowleaf clover hay were due to the significant increase in propionic 

acid concentrations 6 h and 9 h after feeding that was higher than for the silages. The 

significantly lower ruminal pH (pH 6.2 at 9 h post-feeding) from a presumed increase in 

the rate of carbohydrate fermentation (which occurred at the same time) resulted in a shift 

in fermentation patterns towards propionic acid production at the expense of the acetic 

and butyric acid pathways. The average A:P ratio was also lower and the average P:(A + 

2x B) ratio was higher (with the exception of biserrula + wheat + field pea silage) in 

wethers fed arrowleaf clover hay. In Chapter 6, a higher molar proportion of propionic 

acid and P:(A + 2x B) ratio and lower A:P ratio in lambs fed ad libitum arrowleaf clover 

hay compared to bladder clover, subterranean clover and lucerne + oaten mixed hays was 

also observed. However, this was a single period of measure and could not account for 

temporal changes occurring over a 24 h period. This is important as in this study the 

propionic acid concentrations were similar between all of the diets at 3 h, and from 12 h 

to 24 h after feeding. This may explain why in Chapter 6, lambs fed the arrowleaf clover 

hay had similar ADG to those fed the other hays, despite the higher the molar proportions 

of propionic acid and total VFA concentrations reported in lambs fed the arrowleaf clover 

hay. In Chapter 5 and Chapter 6 (pasture and hay, respectively), the lower ruminal pH 

and higher WSC content of the arrowleaf clover hay supported the higher propionic acid 

molar proportions and/or concentrations in wethers when fed ad libitum. 

Despite the wethers fed the bladder clover hay having similar propionic acid 

concentrations to those fed arrowleaf clover hay the concentrations of acetic acid were 

higher, which was to be expected given the higher fibre nature of the diet (Dijkstra 1994; 

France and Dijkstra 2005); however, the molar proportions of acetic acid did not vary to 

those fed either arrowleaf clover hay or the silages. This is discordant to results in Chapter 

6 where molar proportion of acetic acid were lower in lambs fed bladder clover compared 
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to those fed either arrowleaf clover, subterranean clover or lucerne + oaten mixed hays. 

The A:P ratio of those fed the bladder clover hay was also similar to those fed the various 

silages, despite the higher NDF content of the biserrula and biserrula + wheat + field pea 

silage compared to the bladder clover hay, which is known to favour the acetic acid 

pathway (Ørskov 1975). 

There were no outstanding differences in concentrations and molar proportions of 

individual VFA or VFA ratios in wethers fed the biserrula silage compared to the other 

diets, which is different to both in vivo and in vitro studies of fresh biserrula pasture. As 

reported in Chapter 3 (Experiment 2), sheep grazing biserrula had higher propionic acid 

molar proportions and P:(A + 2x B) ratio than those grazing either arrowleaf clover or 

bladder clover pastures, whilst total VFA concentrations were not affected. In an in vitro 

study, Banik et al. (2013a) found that the fermentation of fresh biserrula resulted in lower 

CH4 production and A:P ratio than bladder clover pasture or several common pasture 

species, which was likely associated to the anti-methanogenic effect of the bioactive 

fraction(s) within the plant (Banik et al. 2016). Differences between these findings and 

the findings in our study are likely due to the forage being ensiled, resulting in the loss of 

volatile plant compound(s) presumed responsible for these changes in fermentation 

pathways during the conservation process. This was also supported by Corlett et al. 

(2016) in a study using biserrula chaff. Feeding ensiled biserrula may reduce primary 

photosensitisation in livestock fed but it is unlikely to have any other benefit for animal 

production (or environmental) in regards to changes in fermentation patterns toward 

propionic acid, unlike those proposed for green biserrula pasture. 

8.5 Conclusion 

In general, when these second generation annual legumes were fed as conserved forages, 

ruminal parameters show temporal change as expected following a period of feeding. 

However, the degree of change in ruminal pH, total VFA concentrations and propionic 

acid concentrations was much more variable between the conserved feeds, particularly 

between the different feed types (hays versus silages). This finding cannot be explained 

by differences in DMI (which were similar), and quality between the feed types. These 

differences between the conserved forages are likely to be associated with the rate of 

degradation of substrates in the rumen and/or the availability of these substrates, which 

would also impact upon animal productivity. 
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Based on the results from this study, feeding biserrula (or biserrula mixed) as a silage 

does not appear to favour fermentation patterns towards propionic acid production and 

thus are unlikely to have any of the animal production (or environmental) benefits as 

those seen with fresh biserrula pastures. This is likely due to a loss in the compound(s) 

responsible for such changes during the conservation process. 

Further studies that compare the temporal change in ruminal parameters in sheep fed these 

second generation annual pasture legumes as conserved forages, when grown under 

varying conditions is warranted to confirm these findings. 
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CHAPTER 9: Degradability of dry matter and crude protein 

of second generation annual pasture legumes using an adapted 

in vitro method in an AnkomTM Daisy II Incubator 

9.1 Introduction 

Digestion of forages by rumen microbes is a time dependent process. Microbes break 

down complex plant carbohydrates into forms that are absorbable by the host animal 

(Hanley 1982; Van Soest 1994; Mertens 2005), supplying energy and essential nutrients 

for the maintenance of body tissues and production (muscle, milk and fibre). Ruminant 

production is a function of the diet nutritive value, availability of microbial nutrients and 

VFI of the animal (Norman et al. 2005). However, structural plant constituents including 

hemicellulose, cellulose and particularly lignin may act as a physical barrier to rumen 

microbes reducing diet digestibility (Kamstra et al. 1958; Jung 1989; Moore and Jung 

2001). Potentially degradable DM in the rumen has been reported to be significantly 

correlated to DMI in sheep, and may be even more closely related than apparent in vivo 

DMD (Hovell et al. 1986). Degradability coefficients have also been shown to be highly 

correlated to growth rates in cattle (Blummel and Orskov 1993) and goats (Kibon and 

Ørskov 1993). 

Dietary CP is extensively degraded by rumen microbes to yield AA and NH3-N (Satter 

and Slyter 1974; Straalen and Tamminga 1990; Hvelplund and Weisbjerg 2000; Nolan 

and Dobos 2005). Ruminal NH3-N is utilised by microbes for the synthesis of microbial 

CP which is the most important protein supply to the animal (Leng and Nolan 2005; Leng 

1993). Forages of high CP content and degradability may not be efficiently utilised by 

microbes, leading to greater excretion of urinary N and poor protein utilisation (Lapierre 

and Lobley 2001). Increased concentration of ruminal NH3-N (and other fermentation by-

products) from rapid digestion of forages may also limit DMI due to aversive feedback 

(Provenza 1996).  However, bypass protein may be advantageous to animal production 

as it is directly absorbed in the small intestines (Leng and Nolan 1984) with greater 

production efficiency (Leng 1993). Measuring CP degradability of forages in the rumen 

provides a greater understanding of the relative proportions of RDP and bypass protein 

and the subsequent impact on animal productivity via protein utilisation. The rate and 

extent of degradability of RDP may also impact upon protein utilisation. 
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As reported in Chapter 3 (Experiment 2), lambs grazing bladder clover pasture had lower 

ruminal NH3-N concentrations (111 mg NH3-N/L) than those grazing arrowleaf clover 

(233 mg NH3-N/L) or lucerne (272 mg NH3-N/L) pastures which could not be explained 

based on dietary CP content. Ruminal NH3-N concentrations were also similar between 

arrowleaf clover and bladder clover hays, despite lambs fed bladder clover hay having a 

higher N intake (Chapter 6). These results suggest bladder clover may contain a 

significant amount of bypass proteins, although there was no response on wool growth 

reported in Chapter 6.  

As reported in Chapter 5, wethers fed arrowleaf clover pasture had significantly higher 

ruminal NH3-N concentrations (325 mg NH3-N/L) than those fed either biserrula (76 mg 

NH3-N/L) or French serradella (123 mg NH3-N/L) pasture. Wethers fed arrowleaf clover 

also had greater excretion of urinary N, indicating poor N utilisation, and a high incidence 

of frothy bloat that was likely due to a high proportion of soluble proteins (Nolan and 

Dobos 2005). There have been no published studies on the degradability of DM and CP 

of these legumes. 

The in sacco technique in ruminally-fistulised animals is frequently used to measure the 

degradability of protein (Ørskov and McDonald 1979), DM, OM and NDF (Stensig et al. 

1997). The percent disappearance of forage constituents is measured over set incubation 

times but is laborious and time consuming (Van Straalen & Tamminga 1990). In vitro 

studies are generally carried out using the same inoculum that enables the comparison of 

forage degradability under the same conditions, using batch or continuous culture 

techniques (López 2005). 

The aim of this study was to determine the comparative rate of degradation of DM and 

CP fractions of arrowleaf clover, biserrula and French serradella pastures, and arrowleaf 

clover, bladder clover, subterranean clover and 50:50 lucerne + oaten mixed hays using 

an adapted method to the in sacco technique in the AnkomTM Daisy II Incubator. 

9.2 Materials and Methods 

The study was carried out at the NSW DPI Animal Nutrition Unit, Wagga Wagga, NSW 

from 13 to 26 October 2017. The steers from which the ruminal fluid was collected were 

approved for use under the DPI ACEC Protocol Number ORA 16/19/004. 
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9.2.1 Forages and experimental design 

The forage types used in this study included pasture samples of arrowleaf clover (cv. 

Arrotas), biserrula (cv. Casbah) and French serradella (cv. Margurita) from Chapter 5, 

Period 1; and hay samples of arrowleaf clover (cv. Cefalu), bladder clover (cv. Bartolo), 

subterranean clover (cv. Mt Barker) and 50:50 mixed lucerne + oaten mixed hay from 

Chapter 6. 

There were three replicates per forage type (and blank samples as control) with each 

forage-replicate consisting of a total nine samples for each incubation time (0, 2, 4, 6, 9, 

12, 24, 36 and 72 h). The forages (and blanks) were randomised to one of the two 

AnkomTM Daisy II incubators and one of the eight digestion jars (nested within each 

incubator) in an incomplete block design structure using the Crossdes package (Sailer 

2013) in R statistical software (R Core Team 2016) (Table 9.1). This design allowed the 

distribution of forage types across the two incubators and the eight digestion jars, 

maximising the possible combinations of forages within each jar. This enhanced the 

validity of comparisons between the forages. Each digestion jar contained 24 filter bags 

(n = 3 forage types/jar; n = 8 filter bags/forage type/jar) containing sample (except for 

blanks). Incubation time 0 h was not incubated. 

Table 9.1 Incubator and jar allocation of arrowleaf clover (AC) pasture and hay, biserrula 
(B) pasture, bladder clover (BC) hay, French serradella (FS) pasture and blank samples 
in the AnkomTM Daisy II using an incomplete block design structure. 

9.2.2 Sample preparation 

All samples had been pre-dried and ground (1 mm grinder; Perten, 3100 Laboratory Mill). 

The pasture forages used (n = 3) consisted of three samples (collected weekly in Period 

1 of the experimental period; Chapter 5) of equal weighted (DM basis) amount (10 g ± 

0.02 g). The hay forages (n = 4) consisted of seven samples (collected weekly over the 

seven-week experimental period; Chapter 6) of equal weighted amount (5 g ± 0.02 g). 

Incubator Digestion jar Samples 
1 1 Blank LO-hay SC-hay 
1 2 AC-pasture AC-hay BC-hay 
1 3 AC-hay FS-pasture LO-hay 
1 4 Blank AC-pasture B-pasture 
2 1 Blank BC-hay LO-hay 
2 2 BC-hay FS-pasture B-pasture 
2 3 AC-pasture FS-pasture SC-hay 
2 4 AC-hay SC-hay B-pasture 
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These bulked samples were a representative sample of the forage diet consumed by the 

sheep over each respective experimental period. Bulked samples were thoroughly mixed 

and re-dried at 80ºC for 2 h to remove any re-gained moisture before being placed into a 

desiccator to cool. The CP content and stage of plant growth of the forages is presented 

in Table 9.2. The CP content of the forages were the calculated average of the individual 

samples (weekly sample) per forage type that had been previously analysed using the 

Dumas (combustion) method (AFIA 2014) in each respective experiment. The forage 

samples consisted of an equal composite of these and thus were not expected to vary. 

Table 9.2 Stage of plant growth and crude protein content of arrowleaf clover (AC) hay 
and pasture, bladder clover (BC) hay, subterranean clover (SC) hay, lucerne + oat (LO) 
hay, biserrula (B) pasture and French serradella (FS) pasture. 

AnkomTM F57 filter bags (Ankom Technology, Macedon, NY) were pre-rinsed in acetone 

for 3-5 min and air-dried overnight. The filter bags were numbered and dried at 80ºC for 

2 h before being placed into a desiccator to cool. To the pre-weighed (4 d.p.) filter bags 

(Sartorius, Practum224-1S; Sartorius Lab Instruments GmbH & Co. KG 37070 

Goettingen, Germany) was added 0.5 g ± 0.02 g of forage sample. The bags were sealed 

immediately using an electronic heat sealer. Filter bag weight of the blank samples was 

recorded and sealed as per the forage samples. Five additional blank samples were 

included for the 72 h incubation time to place in jars not containing any blank samples. 

9.2.3 Ruminal fluid collection and forage degradability 

The method used for this study was adapted from the NSW DPI method for rumen 

inoculum in vitro digestibility of animal feeds using AnkomTM Daisy II incubator 

protocol (NSW Department of Primary Industries 2017), which is based on the Tilley and 

Terry (1963) method for predicting in vivo digestibility of forages following a 4 d 

digestion process. The method used in this study included incubation times and did not 

include the acid/pepsin stage as this is a second stage digestion process that mimics 

digestion beyond the rumen. 

Ruminal fluid was collected from two Red Poll steers, aged 4 years fed a standard ration 

of 6.8 kg oaten chaff, 6.8 kg lucerne hay, 1.6 kg of oats and 1.6 kg of rolled barley 

 Hay Pastures 
AC BC SC LO AC B FS 

Stage of 
growth 

Late 
vegetative 

Flowering Unknown Unknown Vegetative Flowering Flowering 

Crude 
protein (%) 14.6 19.7 14.9 11.2 21.9 17.1 16.0 
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(estimated ME of 8.4 MJ/kg DM and 12.3% CP; J. Piltz, pers. comm.), daily at 09:00 h 

for a 10 d period prior to collection of the ruminal fluid. The diet ensured high rumen 

inoculum quality for the differing forage types tested (Weiss 1994). On day 10, digestion 

jars, 12.8 L of distilled water, and all glassware and porcelain ware to be used for the 

preparation of ruminal fluid were placed in an incubator set at 38-39ºC to warm overnight. 

On day 11, 1.2 L of warm distilled water was added to each glass AnkomTM digestion jar, 

fitted with an agitator baffle and placed in an AnkomTM Daisy II incubator (Ankom 

Technology, Macedon, NY) set at 39 ± 0.5ºC and allowed to continuously rotate. An 

artificial saliva solution was prepared by dissolving the chemicals listed in Table 9.3, in 

3.2 L of warm distilled water. Once dissolved, 400 mL of artificial saliva was added to 

each digestion jar containing the warm distilled water and placed back into the AnkomTM 

Daisy II incubator. 

Table 9.3 Chemical constituents and measured quantities required to produce artificial 
saliva solution. 

Four litres of ruminal fluid was collected from each steer (8 L total) in two 2 L plastic 

beakers via the fistulae in the dorsal ventral rumen sac. The ruminal fluid was placed 

directly into an incubator (38-39ºC) to maintain temperature until required. Buffered 

ruminal fluid was prepared individually for each AnkomTM Daisy II incubator using 2 L 

of ruminal fluid from each steer. From this, 1 L from each steer was filtered through two 

layers of muslin, supported in a warmed porcelain funnel, into a warmed vacuum flask. 

The remaining ruminal fluid from each beaker was placed in a blender and blended on 

high/pulse to extract microbes present on the feed particles. Blended contents were then 

filtered through the muslin into the filtered ruminal fluid. The digestion jars were removed 

from the AnkomTM Daisy II incubator and 400 mL of ruminal fluid was added to the 1.6 

L of combined distilled water and artificial saliva solution (total jar volume of 2 L). Each 

jar was pumped with CO2 for approximately 1 min, prior to being placed into the 

incubator to ensure an anaerobic environment. This process was repeated for the other 

AnkomTM Daisy II machine. A detailed view of the AnkomTM Daisy II incubator and 

digestion jar are presented in Figure 9.1. 

Chemical Weight (g) 
Sodium dihydrogen phosphate dodecahydrate (Na2HPO4.12H2O) 119 
Sodium bicarbonate (NaHCO3) 125.4 
Sodium chloride (NaCl) 6.0 
Potassium chloride (KCl) 7.3 
Magnesium chloride (MgCl2) 0.76 
Urea 1.6 
Ammonium sulphate ((NH4)2SO4) 1.6 
Calcium chloride (CaCl2) 0.512 
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Figure 9.1 AnkomTM Daisy II incubator and digestion jar details (Source: Ankom 

Technology 2017). 

Samples were placed into the digestion jars in the following order 72, 36, 24, 12, 9, 6, 4 

and 2 h, to ensure samples were all taken out at the same time. Time (h:min) was recorded 

for all samples upon addition to the digestion jars and at the end of the study (time 0 h), 

to establish an accurate degradability timeline. At incubation time 12 h, the jars were re-

gassed with CO2 for 10 sec to account for any CO2 lost when the previous samples were 

added. At the end of the 72 h incubation period, the solution in each jar was drained and 

the jar refilled with water. The samples were then transferred to a clean container and 

rinsed a further nine times (minimum) until the water ran clear and no residue was 

apparent on the outside of the bags. Filter bags for time 0 h were washed separately in 

water using the same method as per the other bags to remove residue associated with 

solubility (washout fraction). All of the filter bags were lightly squeezed to remove excess 

moisture before being arranged flat in a foil tray, without overlapping. They were placed 

in an oven at 80ºC for 24 h and then removed and allowed to cool in a desiccator. 

9.2.4 Laboratory analyses 

The dried filter bags were weighed to determine DM loss. For CP analyses, the filter bags 

were opened and the fibre mat inside was analysed using the Dumas method (AFIA 

2014). Sample weights analysed ranged from 0.08-0.21 g of material. Blank bags were 

also weighed and analysed for CP to determine DM and CP gain, respectively, at the 

varying incubation times. The forage samples at each respective incubation time were 

then corrected by subtracting the average DM and CP content at each incubation time. 
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9.2.5 Data preparation and estimation of degradation parameters 

The percent loss (degradability) of DM and CP were calculated based on the original 

content of these constituents in the forages using the following equation: 

% loss = amount incubated – remaining portion following incubation 

These values were then used to determine degradability coefficients of DM and CP using 

the non-linear regression (exponential) equation by Ørskov and McDonald (1979) as 

follows: 

P = a + b (1 – e-ct) 

Where 

P = the fraction of material degraded at time t 

a = immediately degradable (soluble) fraction 

b = not soluble, but degradable fraction 

c = fractional rate of degradation of fraction b (per h) 

t = incubation time (0, 2, 4, 6, 9, 12, 24, 36, and 72 h) 

e = base for natural logarithm 

The equation was fitted using the non-linear least square (nls) procedure in R statistical 

software (R Core Team 2016). 

The potentially degradable fraction of DM and CP was determined by the equation: 

Potentially degradable = a + b 

For CP degradability coefficients, the nls procedure of R statistical software was unable 

to fit the non-linear regression to either arrowleaf clover pasture replicate one or French 

serradella pasture replicate three. Therefore, these were calculated as missing values in 

the data set. 

9.2.6 Statistical analyses 

All analyses were carried out using ASReml-R version 3.0/64 (Butler 2009; VSN 

International Ltd., United Kingdom; Butler et al. 2007). In preliminary analyses, the 

model assumptions were tested for normal distribution of the residuals. A natural 
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logarithmic scale was applied to the fractional rate of degradation of CP data that did not 

meet model assumptions for normality using the following transformation: 

Response = ln (response) 

A back-transformation was applied to the predicted values of this data, which was 

presented (in the results) as the predicted means. The standard error (S.E.) values of log 

transformed data was not back-transformed. The back-transformed data can thus only be 

considered as approximate values and should be interpreted accordingly. No other data 

was log transformed. The model assumption of heterogeneity of the residuals was also 

tested. A weighted analysis was applied to immediately soluble CP, slowly degraded CP 

and potentially degradable CP data, due to heteroscedasticity of the residuals. 

A linear mixed model using REML was used to test all degradability coefficients. The 

significance level for all analyses was set at P ≤ 0.05. All results were reported as 

predicted means ± S.E. of the predicted means, when appropriate. Tukey’s pairwise 

comparison with a confidence level of 5% was used to differentiate between the diets for 

each of the parameters tested, including log transformed data. 

The models used to analyse the data including main effects, and random effects are shown 

in Table 9.4. The term ‘time’ referred to the incubation time intervals, ‘machine’ referred 

to the the incubator machine number (1 or 2) that the forages were incubated in, and ‘jar’ 

referred to the digestion jar number (1 of 4 in each machine) that the forages were in 

during incubation (Table 9.1). 

Table 9.4 Statistical models used to analyse data from the experiment. 
Response variable Model 
DM degradability Response = forage + time + forage:time, random = replicate + 

machine + machine:jar CP degradability 
DM degradability coefficients Response = forage, random = replicate + machine + machine:jar CP degradability coefficients1 

1Fractional rate of degradation of CP (c) analyses were undertaken on natural logarithmic (ln) scale. 

9.3. Results 

9.3.1 Dry matter degradability 

The forage types varied significantly in immediately soluble DM (P < 0.001; Table 9.5), 

being higher (P < 0.001) in arrowleaf clover pasture than all other forages. Subterranean 
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clover hay had the lowest (P < 0.001) immediately soluble DM, but did not differ (P > 

0.05) to bladder clover hay (Table 9.5). 

The degradable DM varied significantly between the forage types (P < 0.001; Table 9.5). 

Bladder clover hay had the highest (P < 0.001) degradable DM compared to all other 

forages. Biserrula pasture had the lowest (P < 0.001) degradable DM but did not differ 

(P > 0.05) to lucerne + oat hay or French serradella pasture. As a result, potentially 

degradable DM was higher (P < 0.001) for the bladder clover hay and arrowleaf clover 

pasture compared to all other forages, which did not differ (P > 0.05) to one another. 

Fractional rate of degradation of DM was higher (P < 0.001) for subterranean clover hay 

compared to all other forages, with the exception of arrowleaf clover hay. As a result, 

degradation plateaued (P > 0.05) at 24 h after incubation, whilst the other forages 

continued to steadily increase, although the increase in degradation from 24-72 h for the 

other forages was not significant (P > 0.05) (Table 9.5). 

9.3.2 Crude protein degradability 

Immediately soluble CP was lower (P < 0.001) for French serradella pasture than 

arrowleaf clover, bladder clover and lucerne + oat hays and biserrula pasture, but did not 

differ (P > 0.05) to subterranean clover hay or arrowleaf clover pasture. Degradable CP 

was highest (P < 0.001) for arrowleaf clover pasture, but it did not differ (P > 0.05) to 

French serradella pasture. Both degradable and potentially degradable CP was lower (P 

< 0.001) in biserrula pasture, but it did not differ (P > 0.05) to French serradella pasture 

in degradable CP, or arrowleaf clover and French serradella pastures, in potentially 

degradable CP (Table 9.5). 

Fractional rate of degradation of CP did not differ (P > 0.05) between the forages (Table 

9.5). 



 

 245 

Table 9.5 Dry matter (DM) and crude protein (CP) degradability and degradability coefficients of arrowleaf clover (AC) hay and pasture, bladder clover 
(BC) hay, subterranean clover (SC) hay, lucerne + oaten mixed (LO) hay, biserrula (B) pasture and French serradella (FS) pasture incubated in an 
ANKOMTM Daisy II incubator. Values (both predicted means and S.E.) in parentheses are log transformed (ln) data. 

Parameter Hay Pasture P-value 
AC BC SC LO AC B FS Forage Time F:T1 

DM incubation 
degradability (%)        < 0.001 < 0.001 < 0.001 

   2 h  32.5 ± 1.54 27.6 ± 1.54 27.8 ± 1.54 26.0 ± 1.55 38.8 ± 1.54 27.7 ± 1.54 25.7 ± 1.54    
   12 h 50.8 ± 1.54 54.4 ± 1.54 47.0 ± 1.54 39.2 ± 1.55 54.0 ± 1.54 42.6 ± 1.54 38.8 ± 1.54    
   24 h 54.3 ± 1.54 64.1 ± 1.54 48.5 ± 1.54 46.1 ± 1.55 61.4 ± 1.54 46.8 ± 1.54 45.1 ± 1.54    
   36 h 55.0 ± 1.54 66.7 ± 1.54 48.5 ± 1.54 49.2 ± 1.55 64.3 ± 1.54 47.7 ± 1.54 47.5 ± 1.54    
   72 h 55.2 ± 1.54 67.7 ± 1.54 48.5 ± 1.54 51.6 ± 1.55 66.4 ± 1.54 47.9 ± 1.54 49.2 ± 1.54    
DM degradability 
coefficients           

   a (%) 22.7 ± 1.27c 16.9 ± 1.27ab 13.3 ± 1.27a 21.2 ± 1.27bc 33.8 ± 1.27d 22.8 ± 1.27c 20.7 ± 1.27bc < 0.001 - - 
   b (%) 33.8 ± 1.71bc 50.4 ± 1.71d 37.7 ± 1.74c 28.8 ± 1.81ab 33.6 ± 1.75bc 25.7 ± 1.74a 29.4 ± 1.71ab < 0.001 - - 
   a + b (%) 55.9 ± 2.50a 67.3 ± 2.53b 50.5 ± 2.53a 50.4 ± 2.59a 67.3 ± 2.53b 48.4 ± 2.53a 49.7 ± 2.50a < 0.001 - - 
   c (/h) 0.19 ± 0.024bc 0.10 ± 0.024ab 0.24 ± 0.025c 0.11 ± 0.026ab 0.08 ± 0.025a 0.11 ± 0.025ab 0.09 ± 0.024a < 0.001 - - 
CP incubation 
degradability (%)        < 0.001 < 0.001 < 0.001 

   2 h 71.3 ± 2.68 64.9 ± 2.68 62.7 ± 2.68 63.4 ± 2.68 49.6 ± 3.09 65.5 ± 2.68 53.9 ± 3.08    
   12 h 75.7 ± 2.68 73.4 ± 2.68 73.2 ± 2.68 74.9 ± 2.68 67.6 ± 3.09 70.0 ± 2.68 56.7 ± 3.08    
   24 h 78.4 ± 2.68 78.6 ± 2.68 77.3 ± 2.68 81.6 ± 2.68 73.0 ± 3.09 73.0 ± 2.68 59.7 ± 3.08    
   36 h 80.3 ± 2.68 81.2 ± 2.68 79.1 ± 2.68 84.9 ± 2.68 75.6 ± 3.09 74.6 ± 2.68 62.3 ± 3.08    
   72 h 83.9 ± 2.68 84.0 ± 2.68 80.6 ± 2.68 88.2 ± 2.68 80.8 ± 3.09 76.4 ± 2.68 68.4 ± 3.08    
CP degradability 
coefficients           

   a (%) 64.3 ± 2.11b 61.9 ± 1.40b 57.8 ± 1.60ab 60.4 ± 0.98b 42.5 ± 12.55ab 63.7 ± 1.44b 53.3 ± 0.33a < 0.001 - - 
   b (%) 19.6 ± 2.52b 23.7 ± 2.63bc 23.2 ± 2.77bc 28.5 ± 3.08c 45.9 ± 4.81d 13.4 ± 2.36a 28.0 ± 9.86abcd < 0.001 - - 
   a + b (%) 84.3 ± 2.40b 86.8 ± 3.02b 81.7 ± 2.45b 88.8 ± 2.86b 89.1 ± 7.99ab 75.7 ± 2.18a 81.3 ± 10.17ab < 0.001 - - 
   c (/h)2 0.085 (-2.47) 

± (0.50) 
0.035 (-3.35) 

± (0.50) 
0.076 (-2.58) ± 

(0.52) 
0.059 (-2.83) ± 

(0.52) 
0.032 (-3.45) ± 

(0.61) 
0.079 (-2.53) 

± (0.51) 
0.010 (-4.58) ± 

(0.60) 0.28 - - 

Different superscripts within rows for each parameter indicates that there is a significant difference (P ≤ 0.05) between the forages. 
1Level of significance for the interaction between forage type (F) and incubation time (T). 
2Crude protein rate of degradability was undertaken on natural logarithmic (ln) scale. 
a = soluble fraction; b = not soluble but degradable fraction; a + b = potentially degradable fraction; c = fractional rate of degradation of degradable fraction b (/h) from the fitted 
exponential equation P = a + b (1-e-ct); where P = degradability. 
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9.4 Discussion 

The method used in this study to measure DM and CP degradability of the forages is 

novel and has not yet been formally tested. The NSW Department of Primary Industries 

Feed Quality Service testing laboratory, Wagga Wagga, adapted the Tilley and Terry 

(1963) method used to predict in vivo digestibility using a Ankom™ Daisy II incubator 

(NSW Department of Primary Industries 2017) to measure the in vitro digestibility of 

animal feeds after a 4 d digestion process. The method used in this study was a further 

modification of the Ankom™ Daisy II method which exposed a forage sample to rumen 

inoculum over set time intervals without the acid/pepsin stage. The aim of this method 

was to simulate a digestion process in the rumen to the in sacco technique that requires 

the use of ruminally-fistulised animals. Despite this rationale, the results of this study 

should be interpreted within the limitations of the methodology. 

9.4.1 Dry matter degradability 

The close relationship between potentially degradable DM and DMI has been recognised 

in a number of studies in various ruminant species (Hovell et al. 1986; Blümmel and 

Ørskov 1993; Kibon and Ørskov 1993), as has its correlation to animal growth rates 

(Blümmel and Ørskov 1993; Kibon and Ørskov 1993). However, Blümmel and Ørskov 

(1993) also reported that immediately soluble DM contributes significantly to the 

variation in DMI (r = 0.87).  

In this study, arrowleaf clover pasture and bladder clover hay had higher potentially 

degradable DM than all other forages; the immediately soluble fraction was also higher 

in arrowleaf clover pasture. The higher immediately soluble DM of the arrowleaf clover 

hay compared to the bladder clover hay may account for why lambs fed these two hays 

had similar DMI and growth rates in the experiment reported in Chapter 6 using the same 

hays, despite lower DMD of arrowleaf clover hay. 

Bladder clover, arrowleaf clover, subterranean clover and lucerne + oat hays had 

potentially degradable DM of 67.3%, 55.9%, 50.5% and 50.4%, respectively, which 

aligns to DMI reported in Chapter 6 of 1.50 kg, 1.34 kg, 1.31 kg and 1.26 kg, respectively, 

and DMD 73%, 68%, 65%, 56%, respectively. The latter three hays did not vary to one 

another in potentially degradable DM or in DM/kg LW in either studies, but DMD was 

higher in arrowleaf clover than subterranean clover and lucerne + oat hays. Results 



 

 247 

indicate that both potentially degradable DM and DMD may influence the relative 

differences in DMI. 

In Chapter 5, using the same pastures, the apparent in vivo DMD of arrowleaf clover, 

biserrula and French serradella pastures were 76.0%, 68.7% and 70.0% respectively, and 

did not differ to one another, whilst potentially degradable DM of pastures in this study 

were 67.3%, 48.4% and 49.7%, respectively, of which arrowleaf clover pasture was 

higher. In Chapter 5, DMI of those lambs fed arrowleaf clover was much lower than 

predicted based on DM, DMD, ME and CP and individual animal LW that was likely due 

to the incidence of frothy bloat and subsequent aversion. However, predicted DMI of 

lambs in Chapter 5 was 1.54 kg, 1.21 kg and 1.27 kg, respectively, that aligns with the 

differences in both the DMD and potentially degradable DM between the pastures. 

Fractional rate of DM degradation of subterranean clover hay was much higher than all 

other forages, with the exception of arrowleaf clover hay. As a result, degradability of 

subterranean clover plateaued 24 h after incubation and did not change thereafter, whilst 

forages with lower fractional rate of degradation continued to degrade. Based on the 

potential degradability, the other forages were nearing completion by 72 h. 

Potential degradability of DM has not been previously reported for these second 

generation legumes. However, for the subterranean clover hay immediately soluble 

(13%) and slowly degradable (38%) DM were lower than those previously reported for 

irrigated subterranean clover pasture incubated in sacco by Cohen (2001) (21-35% and 

47-55%, respectively) and Stockdale (1992) (35-38% and 50-54%, respectively). This 

may have also been associated with differences in forage form (i.e. pasture vs hay). The 

fractional rate of DM degradation of the subterranean clover hay in this study (0.24/h) 

was also higher than that reported by Cohen (2001) (0.052-0.092/h) and Stockdale (1992) 

(0.032-0.063/h). 

9.4.2 Crude protein degradability 

Overall, immediately soluble CP of the forages was high (ranging between 53 and 64%) 

and substantially higher than those reported for subterranean clover (17-30%) and Persian 

clover (23-32%) pastures (Cohen 2001), although comparable with lucerne pasture in 

primary growth (41-61%) (Antoniewicz et al. 1995). Potentially degradable CP of the 

forages in this study (76-89%) were within the ranges of those previously reported by 

these authors for the respective forages (75-99% and 69-97%, respectively). Fractional 
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rate of CP degradation of bladder clover hay (0.035/h) and arrowleaf clover (0.032/h) and 

French serradella (0.010/h) pastures were lower than subterranean clover (0.063-0.108/h) 

and Persian clover (0.073-0.122/h) pastures (Cohen 2001), whilst the other forages in the 

study tended to fall within this range (0.059-0.085/h). Conversely, fractional rate of 

degradation of CP of lucerne (0.16-0.25/h) as reported by Antoniewicz et al. (1995) was 

higher than that reported for all forages in this study. There are no studies that have 

compared CP degradability in these second generation legumes, which limits the capacity 

to make comparisons. 

High degradation of CP in the rumen would result in large yield of AA and ruminal NH3-

N (Satter and Slyter 1974; Straalen and Tamminga 1990; Hvelplund and Weisbjerg 2000; 

Nolan and Dobos 2005). However, high degradation of protein may also reduce the 

amount of protein that reaches the duodenum (Ulyatt 1997) in the form of microbial 

protein with excess NH3-N being absorbed through the rumen wall and excreted as 

urinary N (Nolan and Dobos 2005), resulting in poor protein utilisation (Lapierre and 

Lobley 2001). 

As reported in Chapter 5, wethers fed arrowleaf clover pasture had higher average ruminal 

NH3-N concentrations and urinary N loss (325 mg NH3-N/L and 6 g/d, respectively) than 

those fed biserrula (76 mg NH3-N/L and 0.9 g/d, respectively) or French serradella 

pastures (123 mg NH3-N/L and 2.3 g/d, respectively). Additionally, 100% of wethers fed 

arrowleaf clover pasture experienced frothy bloat, which was thought to be associated 

with a high proportion of soluble CP in the pasture. Based on the CP degradability 

coefficients derived from this study, immediately soluble CP of arrowleaf clover pasture 

did not vary to any of the other forages and was lower than arrowleaf clover hay. 

However, degradable CP was higher than all forages except French serradella pasture. 

Arrowleaf clover pasture contained 22% CP, which was significantly higher than the 

other pastures in the study. The high CP content in conjunction with high degradable and 

potentially degradable CP may be responsible for the bloating effects in the wethers fed 

arrowleaf clover in the Chapter 5 study. However, this is unlikely to be the only factor 

causing frothy bloat. The greater selection of leaves than stem and the extensive rupture 

of plant chloroplasts into fine particles (Colvin and Backus 1988), changes in rumen 

conditions favouring the production of exopolysaccharides (bacterial slime) (Cheng et al. 

1998) and/or PSM such as saponins (Sen et al. 1998) may have also contributed to the 

stable foam formation. Further investigation is warranted to better understand risk factors 

involved to help mitigate its incidence in grazing ruminants. 
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Slowly degradable CP was lower in biserrula than all other forages (with the exception 

of French serradella as a result of a large S.E.) and the potentially degradable CP was 

lower than all hay forages. In Chapter 5, ruminal NH3-N concentrations were lowest in 

wethers fed biserrula compared to those fed the other two pastures, yet CPD was similar 

(75-82%). In Chapter 3 (Experiment 2), lambs grazing biserrula pasture in the flowering 

stage of growth were also reported to have lower ruminal NH3-N (105 mg NH3-N/L) than 

those fed arrowleaf clover (233 mg NH3-N/L), lucerne (272 mg NH3-N/L) or lucerne + 

phalaris (178 mg NH3-N/L) pastures. In the latter study, lower ruminal NH3-N was 

thought to be associated with changes in microbial population in response to the toxic 

compound(s) in the plant responsible for primary photosensitisation. Bioactive fractions 

in the plant are known to impact upon methanogens and reduce CH4 production, but their 

effect on other ruminal species is unknown. Further research is warranted to better 

understand the reasons for the lower degradability of biserrula, including whether toxic 

compound(s) in the plant are capable of forming RUP complexes that are absorbed post-

ruminally. However, the toxic compound(s) are still yet to be identified and thus their 

capacity to form such complexes with dietary proteins is unknown, although they may 

have significant advantage for protein utilisation, provided they can be absorbed post-

rumen. 

Based on results for pasture (Chapter 3, Experiment 2) and hay (Chapter 6), it was 

speculated that bladder clover contained a higher proportion of bypass protein as reflected 

by the lower ruminal ammonia concentrations relative to dietary CP and/or N intake than 

lambs fed other legume forages. However, in this study, the potential degradability of CP 

was high (87%) and did not vary to the other forages (with the exception of biserrula 

pasture that was lower) indicating that bypass proteins are unlikely to involved. Due to 

the novelty of this method, targeted studies that directly measure bypass protein content 

are still warranted to better understand protein utilisation in animals fed bladder clover as 

both grazed and conserved forage.  

Based on our results, the method used in this study appears to be capable of determining 

the relative differences in degradability of DM that coincide with previously reported 

apparent DMD and/or DMI of sheep. However, the small initial sample size (0.5 ± 0.02 

g) significantly limits subsequent analyses of other dietary constituents, such as CP 

content. In this study, samples that underwent CP analyses following incubation (and 

NDF digestion – data not presented) ranged from 0.08-0.21 g in size, which may have 

reduced the integrity of the results. Further degradability studies of these second 
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generation species is warranted using standard methods to clarify these findings. 

Comparative studies are also warranted to determine whether this method is a useful 

alternative to the current in sacco method without the labour intensity, cost and need for 

ruminally-fistulised animals. 

9.5 Conclusion 

The use of the Ankom™ Daisy II incubator to mimic rumen degradability is novel and is 

not validated as an alternative method to the in sacco technique. The results of this study 

can only be interpreted as relative differences in DM and CP degradability for the forages 

tested, not true apparent degradability values. 

Based on the results from this study, differences in potentially degradable DM correspond 

with relative differences in DMD and/or DMI reported in previous studies using the same 

legume forages. The higher potential degradability of bladder clover hay reported in this 

study and DMD reported previously appears to be advantageous to DMI and/or animal 

growth rates. Immediately soluble DM may also result in an increase DMI and growth 

rates, as shown in arrowleaf clover hay, despite being of lower apparent DMD. However, 

there are some discrepancies in the degradability coefficients, particularly for fractional 

rate of degradation of DM, which may be attributable to the method used. 

Coefficients for immediately soluble and potentially degradable CP of arrowleaf clover 

pasture did not indicate that either of these factors contribute to frothy bloat in lambs fed 

arrowleaf clover. Furthermore, due to the high potentially degradable CP in bladder 

clover hay, there was also no indication that this forage contains significant bypass 

proteins as previously speculated. However, due to the novelty of this method, further 

investigation specifically targeted at determining bypass protein content is warranted. 
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CHAPTER 10: General discussion 

For any ruminant livestock system, long-term permanent pastures and those in short 

pasture-crop rotations need to be managed appropriately to maximise both herbage yield 

and quality for greater livestock productivity. The seasonal supply of feed needs to suit 

individual farm practices including specific breeding systems (i.e. autumn or spring 

lambing) or meet specific markets (i.e., late spring-early summer finishing of lambs for 

slaughter). In mixed farming (pasture-crop rotation) systems, legume pastures that can 

support livestock, whilst fixing N and serving as disease breaks between cropping cycles 

are important to overall farm productivity (Dear and Ewing 2008). 

Second generation annual legume pastures arrowleaf clover, biserrula, bladder clover and 

French serradella have the ability to establish, grow and set enough seed for annual 

regeneration in adverse climatic conditions (drought and below average rainfall years) 

due to their deeper root systems and their high levels of hard seed (Loi et al. 2005; 2008). 

They also have acid-tolerant symbioses that are more capable of growing in acid soil 

conditions (Howieson 1995; Loi et al. 2005; Hackney et al. 2013a; 2013c), making them 

advantageous compared to traditional legumes. Although well suited to ruminant grazing 

systems (both sheep and cattle) due to their capacity to produce large amounts of high 

quality herbage (e.g., Revell and Thomas 2004; Loi et al. 2008; Hackney et al. 2013a; 

2013b; 2013c; 2013d); few studies prior to this research had investigated the growth rates 

of sheep (or any livestock) grazing these legumes under the same growing conditions, at 

the same time. Almost all published studies have measured the growth rate of sheep 

grazing a single second generation annual legume compared to subterranean clover. 

The experiments outlined in this thesis demonstrated the comparative production of sheep 

fed these second generation annual legumes as grazed pastures and conserved forages. At 

maximum green herbage biomass and nutritive value lambs grazing early maturing 

bladder clover cv. Bartolo, early-mid maturing biserrula cv. Casbah, or late maturing 

arrowleaf clover cv. Arrotas pasture performed similarly to traditionally used lucerne cv. 

SARDI 10 pasture, but they varied to one another on a seasonal basis (Chapter 3). 

Enhancing forage diversity and allowing livestock to selectively graze mitigated primary 

photosensitisation in lambs grazing biserrula (Chapter 4). This strategy may also mitigate 

other health related disorders such as frothy bloat, which was identified for the first time 

in wethers fed arrowleaf clover cv. Arrotas pasture. Bladder clover cv. Bartolo and 

arrowleaf clover cv. Cefalu hay have a high feeding value, which is higher or comparable, 
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respectively, to subterranean clover hay making it a valuable resource as a supplementary 

feed for livestock. Further research is warranted on biserrula and biserrula + wheat + field 

pea silages, particularly in regards to making a better quality silage from biserrula.  

The results of the experiments reported in this thesis provide the first comparative studies 

on ruminal parameters in sheep fed these second generation annual legume pastures as 

grazed and conserved forages. Favouring of the propionic acid pathway in those grazing 

biserrula pasture agreed with previous in vitro and in vivo studies, but differences in 

animal growth between the legume pastures could not be accounted for by differences in 

ruminal fermentation patterns and further research is warranted. 

10.1 Implications for practice by livestock producers 

10.1.1 Grazing second generation annual legumes as monoculture pastures 

Measuring growth rates of sheep grazing arrowleaf clover, biserrula and bladder clover 

pastures simultaneously, under the same pasture growing conditions (rain-fed) and across 

varying seasons (late winter-late spring) and stages of plant maturity (Chapter 3) provided 

the opportunity to see how these pastures may fit in an overall farming system. 

Early-mid maturing biserrula (115-120 d to flowering in Wagga Wagga; Hackney et al. 

2007) pasture in late winter-early spring (vegetative stage of growth; Chapter 3, 

Experiment 1) and mid spring (flowering stage of growth; Chapter 3, Experiment 2) was 

capable of supporting high lamb growth rates, when herbage biomass was non-limiting 

and nutritive value was high. However, the high incidence of primary photosensitisation 

in lambs grazing biserrula during both these stages of growth reduced the capacity to 

maintain animals on the pasture long-term without negatively impacting on animal 

welfare (Chapter 3, Experiment 1); as supported by Quinn et al. (2018). Primary 

photosensitisation may occur as soon as 3 d from commencement of grazing (Chapter 3; 

Quinn et al. 2018). Animals may develop aversion to the plant in the vegetative (Chapter 

3, Experiment 1 – greater selection of weed species; Thomas et al. 2014) and flowering 

stage of growth (Chapter 5), which is thought to be associated with the toxic plant 

compound(s) (Thomas et al. 2014). This may suppress VFI (Chapter 5) or increase the 

selection of weeds of presumably lower nutritive value, affecting lamb growth rates 

(Chapter 3, Experiment 1). The time at which this aversion develops, i.e., within the 

vegetative or reproductive (flowering) stages of plant growth, is not well understood and 
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was shown to vary between the studies presented in this PhD research (Chapters 3, 4 and 

5) and that reported by Thomas et al. (2014).  

It is unclear when the plant is at its most toxic stage of growth. Current reports show that 

photosensitisation may occur within all phenological stages of growth prior to pasture 

senescence (Chapter 3, Quinn et al. 2018). Environmental stresses, for example, frosts in 

winter (Chapter 3, Experiment 1) or waterlogging (Chapter 5), may also play a significant 

role in the toxicity of biserrula pastures prior to pasture senescence; however, these effects 

have not been quantified. This needs to be further investigated if producers are to 

successfully utilise biserrula monoculture pastures by identifying ‘high risk’ grazing 

periods. Producers should monitor animals every 2-3 d following their introduction to 

biserrula pastures. Despite these limitations, biserrula (and French serradella) is 

indeterminate in growth that may extend the green, flowering and pod producing (and 

seeds) phase and thus, nutritive value of the pasture. This generally occurs under high 

moisture (or following a rainfall event; as observed in biserrula in the final week of 

Experiment 2 in Chapter 3) and ideal temperature conditions (less than 30ºC) for 

temperate pastures. This makes the expected pattern of growth and nutritive value later 

in the season (late spring) difficult to predict (Chapter 5) but may provide producers with 

the opportunity to graze livestock on pastures of higher nutritive value for longer periods, 

if it is to persist in its green growing phase. 

In late winter-early spring, late-maturing (170 d to flowering in Perth, WA; Ovalle et al. 

2010) arrowleaf clover cv. Arrotas was unable to support grazing (or long grazing 

intervals of greater than 2 weeks) as herbage biomass production became limiting (FOO 

less than 700 kg DM/ha; Chapter 3, Experiment 1) due to its overall slower winter growth 

rate compared to other Trifolium spp. (Caradus 1995; Evers 1999; Evans 2001). Earlier 

maturing bladder clover (110 d to flowering in Wagga Wagga; Lattimore and McCormick 

2012) and highly winter active SARDI 10 (Lattimore 2013) lucerne pastures were more 

suitable for grazing during this period with higher biomass production (greater than 1800 

kg DM/ha) under grazed conditions. The nutritive value of bladder clover and lucerne 

pastures also remained consistently high over this period, which supported greater lamb 

growth rates (Chapter 3, Experiment 1). However, earlier maturing cv. Cefalu arrowleaf 

clover (135 d to flowering in Perth, WA; Ovalle et al. 2010) may also be capable of 

producing a greater proportion of total herbage biomass production during this period for 

earlier season grazing. The mixed lucerne + phalaris pasture was also capable of 

producing high herbage biomass in late winter-early spring (2262-3226 kg DM/ha) and 
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also spring (2703-7633 kg DM/ha). However, during both grazing intervals, the nutritive 

value rapidly declined due to the depletion of lucerne within the pasture mix and the 

accumulation of mature herbage biomass (Chapter 3, Experiments 1 and 2). 

As annual legumes progress towards reproductive maturity and into senescence in mid-

late spring (depending on individual species/cultivar maturity), the nutritive value of 

pastures rapidly declines. Biserrula and bladder clover pastures rapidly declined in 

nutritive value during mid-late spring as they progressed from reproductive (flowering) 

stage of maturity to senescence (Chapter 3, Experiment 2). The rate of decline in DOMD 

of lucerne was similar to biserrula pasture in spring, which was likely due to the 

proportion of stem to leaf in response to grazing. Conversely, arrowleaf clover cv. Arrotas 

was less variable and higher in nutritive value due to the longer period of vegetative 

growth, and consequently a higher proportion of green FOO (Chapter 3, Experiment 2). 

As a result, the growth rate of lambs grazing arrowleaf clover cv. Arrotas in late October 

and mid November (322 g/d and 58g/d, respectively) was generally higher than those 

grazing either biserrula (244 g/d and -165 g/d), bladder clover (200 g/d and 12 g/d), 

lucerne (280 g/d and -2 g/d, respectively) or lucerne + phalaris (48 g/d and -186 g/d, 

respectively) pastures (Chapter 3, Experiment 2). Thus, arrowleaf clover cv. Arrotas may 

be a suitable option for finishing lambs in late spring; supporting the results of Thompson 

et al. (2010). 

Strategically grazing lambs on early maturing pastures such as bladder clover or winter 

active lucerne in late winter-early/mid spring (vegetative growth) season and rotating to 

arrowleaf clover in the late spring-early summer period offers opportunity to support high 

lamb growth rates over an extended period by ensuring a consistent supply of pasture of 

high nutritive value. This may also limit or reduce the need for supplementary feeding to 

meet market specifications later in the season. However, the species and/or cultivar 

selected also needs to take into consideration soil, climatic and topography and/or 

suitability to pasture-crop rotations as lucerne in particular offers little flexibility for use 

in short pasture-crop rotations. 

Despite bladder clover having lower DOMD and CP content in spring, lamb growth rates 

were higher than predicted based on pasture nutritive value (Chapter 3, Experiment 2); 

supporting the results of McGrath et al. (2015a). The mechanisms promoting higher 

growth rates in lambs grazing senesced bladder clover is unclear. In the late stages of 

plant maturity (senescing/senesced stage of plant growth) bladder clover was still able to 
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support lamb growth comparable to the other legume pastures. At this stage of growth 

bladder clover may be better suited to supporting livestock with lower nutrient 

requirements, such as wethers or dry ewes, whilst also limiting the need for 

supplementary feed. Although lucerne + phalaris pasture was shown to be the least 

successful in maintaining nutritive value and supporting high growth rates in lambs 

compared to the annual legumes or lucerne pastures, it may be better suited to the 

maintenance of livestock with lower nutritional requirements, with the capacity also to 

graze at higher stocking rates (Chapter 3, Experiment 2). Sowing lucerne at a higher rate 

than phalaris within the mixed pasture may enhance its overall nutritive value and thus 

promote higher growth rates than those reported in this PhD research. A stable 

combination of legume and grass in a pasture; however, may not be sustainable in the 

long-term due to competition for moisture between species, particularly in drought 

(McKenzie et al. 1990), and selective grazing of livestock encouraging a grass dominant 

pasture. 

Allowing annual pastures to seed set is important for yearly regeneration. Reducing 

stocking rates (Chapter 3, Experiment 2), time spent grazing or ceasing grazing all 

together during seed set, enables the seed to develop and fully mature. However, if 

sufficient seed is allowed to set in the first establishment year, the pasture, by virtue of a 

large seed bank for future regeneration, may be capable of tolerating more intensive 

grazing in subsequent years with and occasional more lenient year of grazing to facilitate 

seed bank replenishment (although this was not measured in this research). Livestock 

may be reintroduced to these annual pastures once seed set has occurred, providing 

additional opportunity for grazing on legume residues (Hackney et al. 2013a). This was 

a limitation to the study reported in Chapter 3, Experiment 1, which is explained in more 

detail in Section 10.2. 

10.1.2 Grazing second generation annual legumes oversown with oats 

Cereal forages such as forage oats are often sown to reduce shortfalls in winter herbage 

production (Dove and Kelman 2015) as it is more winter active than annual legumes. In 

general, oversowing forage oats into regenerating annual pastures (Chapter 4) resulted in 

higher levels of total herbage biomass (ranging between 2225-4579 kg DM/ha) compared 

to the late-winter early spring herbage biomass production of arrowleaf clover, biserrula 

and bladder clover monoculture pastures (ranging between 671-3499 kg DM/ha; Chapter 

3, Experiment 1) in the previous year. Additionally, the legume + oat swards supported a 
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greater number of total grazing days (more sheep/ha x days spent grazing) in the winter 

of 2016 compared to the monocultures in 2015. Oversowing oats into the late maturing 

arrowleaf clover pasture substantially improved winter biomass production compared to 

the monoculture pasture (2343 kg DM/ha greater biomass), whilst the increase in total 

biomass was only marginally improved for bladder clover (506 kg DM/ha greater). Thus, 

based on the results reported in this PhD research, there does not appear to be any 

advantage of oversowing oats into bladder clover to enhance total herbage biomass 

production. However, it is difficult to make comparisons between varying seasons, which 

was a limitation to this study. The herbage biomass production of French serradella as a 

monoculture pasture under grazed (and ungrazed) conditions in the late winter period is 

yet to be investigated. French serradella + oat sward had similar herbage biomass as the 

other annual legume + oat swards (Chapter 4). Due to the annual nature of the legume 

and later maturity (121 d to flowering, Wagga Wagga; Hackney et al. 2013c) compared 

to biserrula and particularly bladder clover, the inclusion of oats into regenerating 

pastures of French serradella may also enhance winter herbage biomass production of this 

legume compared to a monoculture pasture. 

Although the incorporation of oats into regenerating pastures increases herbage biomass, 

maintaining well balanced composition within a mixed sward is difficult to achieve due 

to differences in seasonal growth rates, and competition between species for moisture, 

nutrients and/or sunlight and preferential grazing by livestock. This often results in a 

greater proportion of one species within a sward. Legumes generally have higher 

digestibility and CP content than cereals and/or grasses that improves the overall nutritive 

value of the sward and promotes higher intakes (Kasier et al. 2007; Eskandari et al. 2009). 

Thus, greater biomass of forage oats than legume in a mixed sward may reduce the 

nutritive value. Based on the results reported in Chapter 4, French serradella may be less 

vigorous (267-485 kg DM/ha) than the other second generation annual legumes in the 

study, particularly bladder clover (737-921 kg DM/ha) when grown as a companion to 

forage oats. This is concordant with Hackney et al. (2013b) who reported bladder clover 

had a greater competitive ability during its establishment under a cereal cover crop 

compared to both biserrula and French serradella pastures. The earlier maturity of the 

bladder clover pasture compared to French serradella cv. Margurita combined with its 

ability to produce higher seed numbers than many other annuals (Loi et al. 2012), may 

increase its capacity to form a dense pasture, with greater competition against forage oats. 

Slower growing, late-maturing annuals (e.g., arrowleaf clover cv. Arrotas) may also be 
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compromised during early pasture establishment by competition with annual grass weeds 

(Chapter 3, Experiment 1).  

Such factors are important for producers to consider when establishing a mixed sward as 

low legume biomass availability (less than 500 kg DM/ha) may limit the capacity of 

lambs to selectively graze legume species and impact upon their growth rates. This was 

not the case in this study (Chapter 4) as the lambs grazing the French serradella + oat 

sward had similar growth rates to the other legume + oat swards, despite a lower 

proportion of legume (based on faecal n-alkane estimates) selected by lambs grazing 

French serradella + oat sward. Furthermore, despite differences in legume composition, 

the annual legume pastures oversown with oats did not vary to one another in nutritive 

value (Chapter 4). When given the opportunity to do so, sheep may select a diet of higher 

nutritive value than that indicated by standard pluck sampling assessments (Chapter 4). 

Thus, determining the nutritive value of individual sward species and combining with 

dietary composition estimates may give a better indication of the nutritive value of the 

diet selected by lambs grazing mixed swards.  

However, significant rainfall events that occurred throughout this study may have 

confounded these results, as the overall growth rate of the lambs was also lower than 

expected based on GrazFeed® predictions. Growth rates of lambs were also lower than 

those reported in previous studies on oat monoculture forages (Dove et al. 2002; Dove 

and Kelman 2015), which would be expected to be lower due to the absence of legumes 

(of known higher quality than cereals).  

Further research is warranted before recommendations can be made regarding 

oversowing forage oats into regenerating second generation annual pasture legumes. 

Additionally, no studies exist that identify the optimal sowing rates when oversowing 

oats (or other cereal forages) into regenerating annual legume pastures. Further research 

is also warranted regarding the competitiveness of these annual legumes when grown as 

companion species if they are to be grown successfully in mixed swards and/or pastures. 

The use of dual purpose cereal crops should also be recognised as an option for winter 

grazing to fill feed gaps (Moore et al. 2009) and may be an option for mixed farm 

operations that utilise pasture-crop rotation systems. Spatial separation may improve 

productivity of both the crop and pasture rather than attempting to grow them in 



 

 258 

combination. Such monocultures may also be easier to manage from a grazing and weed 

management (i.e. herbicide compatibility) perspective. 

Based on the results reported in Chapter 4, grazing biserrula with companion species, 

such as forage oats, may reduce the incidence of primary photosensitisation (no primary 

photosensitisation reported). Dietary preference of animals is driven by feedback 

mechanisms resulting in transient aversions and decreased intake of feeds. Even when 

biserrula was grazed with other forages (such as forage oats), animals limited the 

proportion of biserrula in their diet, when in the vegetative stage of growth (Chapter 4) 

indicating a transient aversion to the plant. Results from Chapter 4 showed that this 

transient aversion is reduced after longer grazing intervals (42 d grazing vs 28 d grazing). 

This may be as result of the absence of a negative experience, i.e., no primary 

photosensitisation, changes in the concentrations of compounds in the plant overtime, or 

the dilution of compounds when eaten in combination with other plant species. These 

factors would influence feedback responses, but cannot be confirmed by this results in 

this study. Growing biserrula as a companion with other species and providing animals 

with the opportunity to select may help to reduce transient aversions and enable animals 

to select a greater proportion of biserrula in their diet (consuming up to 59% of biserrula 

in their biserrula and oat mixed diet) for greater growth rates without the risk of primary 

photosensitisation (Chapter 4). It is not well understood whether the capacity of animals 

to consume biserrula and not photosensitise was associated with a dilution or 

neutralisation effect of the toxic compound(s), which requires further investigation. 

Establishment of long-term pasture systems of biserrula as a companion with grass and/or 

other legume pastures may be a more suitable option to allow longer livestock grazing 

intervals on biserrula pasture, without the heightened risk of primary photosensitisation 

rather than short-term grazing intervals of livestock on biserrula monoculture pastures in 

a 1:1 pasture-crop rotation system. Further research is warranted to find optimal 

companion species when grazing biserrula pastures, or further plant breeding programs 

that develop cultivars that do not cause photosensitisation in grazing livestock. 

10.1.3 Second generation annual legumes as conserved forages 

The high biomass production of these second generation legumes (based on Chapter 3, 

Experiment 2 and pasture cut based studies e.g., Hackney et al. 2013a; 2013b; 2013d) 

also provides the opportunity for forage conservation (hay and silage). Conserved forages 

are often fed to livestock in ‘feed gaps’ (periods when feed supply is unable to meet 
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livestock demands) particularly in the summer and winter periods or during drought, often 

in combination with other feeds. High quality conserved forages limits the need for 

additional supplementation with expensive protein feeds. No studies prior to this PhD 

research had investigated the comparative growth of lambs fed these annual pasture 

legumes as conserved forages. Further research should investigate the utilisation of these 

conserved forages as a supplementary feed for livestock, including optimal proportion of 

the diet. 

As reported in Chapter 6, high growth of lambs were achieved when fed either arrowleaf 

clover cv. Cefalu (204 g/d) or bladder clover (248 g/d) hay, which was comparable or 

higher, respectively, to those fed either subterranean clover (181 g/d) or lucerne + oat 

mixed hays (188 g/d). Bladder clover hay used in the study was cut at 40% flowering; 

however, the apparent digestibility values and ME were greater than arrowleaf clover cv. 

Cefalu (cut at vegetative growth) and subterranean clover hays, which were not explained 

by differences in NDF content. As reported in  Chapter 9, bladder clover hay had higher 

potentially degradable DM than the other hays, which is closely associated to higher DMI 

(Hovell et al. 1986; Blümmel and Ørskov 1993; Kibon and Ørskov 1993) and growth 

rates (Blümmel and Ørskov 1993; Kibon and Ørskov 1993), which support these findings. 

Further research is warranted to investigate the optimal time of cutting for both arrowleaf 

clover and bladder clover hay to capture high digestibility and achieve optimal feeding 

value for livestock. The current results are promising for producers seeking alternative 

high quality supplementary feed. 

Forage conservation may reduce toxicity of problematic pastures (Quinn et al. 2014). 

Thus, conserving green biserrula pastures may be an alternative feeding option to reduce 

the incidence of primary photosensitisation in livestock. Conserving biserrula as hay may 

be difficult due to the small fern-like leaves of the plant that increase the risk of extensive 

leaf shatter and the subsequent loss in nutritive value. Ensiling biserrula may be a more 

suitable option. Ensiling also provides opportunity to conserve a feed of greater feeding 

value as they are generally cut earlier than hays resulting in higher digestibility and CP 

content (Doonan et al. 2003). However, as for all forage conservation methods, there are 

risks associated with the wilting and/or ensiling and storage process that may compromise 

its final nutritive value. Results from Chapter 7 showed lambs offered biserrula or 

biserrula + oat silage had very low growth rates or maintained weight, which was 

reflected by the lower feed intake of lambs that more closely resembled maintenance level 

feeding. The silages in this study were affected by fermentation quality that reduced ME 
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and mould contamination that also reduced DMI. Further research is warranted on ensiled 

biserrula silages before recommendations can be made regarding its use as conserved 

forage. 

10.1.4 Ruminal parameters 

Vegetative and/or flowering biserrula pastures favoured the fermentation pathway toward 

propionic acid, resulting in high molar proportions of propionic acid, high concentration 

ratio of P:(A + 2x B) and a decrease the concentration ratio of A:P in ruminal fluid in vivo 

compared to other legume pastures (Chapter 3, Experiment 2). This finding concurred 

with in vitro studies (Banik et al. 2013a) using fresh freeze-dried biserrula and an in vivo 

study by Corlett et al. (2016) using biserrula chaff. Based on the study reported in Chapter 

3 (Experiment 2), there was no apparent benefit of this change in fermentation pattern on 

growth rates of lambs grazing the biserrula pasture; however, further research is 

warranted to support these findings. When ensiled, biserrula does not appear to have the 

same effect on ruminal fermentation patterns as it is likely that the compound(s) 

responsible dissipate upon conservation. Thus any potential animal production benefits 

in livestock grazing biserrula from changes in fermentation patterns toward propionic 

acid are likely to be negated by the conservation process. 

10.1.5 Animal health disorders 

There is always a risk when introducing livestock to new pasture species, including health 

risks such as bloat, and those associated with the presence of plant secondary compounds 

(as previously described for biserrula). However, simple plant screening (such as 

phytoestrogen screening) (Revell and Revell 2007) or standard analyses of nutritive plant 

profiles are often incapable of predicting the risk of some animal health disorders, such 

as bloat. No studies have reported bloat in livestock grazing this suite of second 

generation annual pasture legumes. However, both arrowleaf clover and bladder clover 

belong to a species group (Trifolium spp.) known to cause bloat (Wang et al. 2012). 

Previously, arrowleaf clover was considered a ‘bloat-free’ legume (Thompson 2005) and 

thought to contain condensed tannins, although this has only been quantified in the cv. 

Yucchi (Hoveland 1972).  

As reported in Chapter 5, a high incidence (100%) of frothy bloat occurred in the 

ruminally-fistulised sheep fed fresh-cut arrowleaf clover pasture. Conversely, no animals 

grazing arrowleaf clover pasture presented signs of frothy bloat (Chapter 3, Experiments 
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1 and 2). These results show for the first time that arrowleaf in the vegetative stage of 

growth may present a significant risk of frothy bloat. This may be associated with the 

high protein content (or more specifically soluble protein content; Wang et al. 2012) of 

the pasture as indicated by significantly higher ruminal NH3-N concentrations compared 

to wethers fed biserrula or French serradella pastures (no bloat reported). Yet results 

reported in Chapter 9 indicated that immediately soluble and potentially degradable CP 

in arrowleaf clover pasture were not higher than the other legume pastures; and were thus 

unlikely to contribute to bloat. Further research is warranted to clarify these findings due 

to the novelty of the technique used to measure degradability in the study. Studies that 

frequently measure ruminal fluid fermentation patterns and by-products, and changes in 

DMI in livestock grazing arrowleaf clover pastures may identify sub-clinical effects of 

bloat that were not evident in the grazing studies in this thesis. Appropriate management 

practices should be implemented when introducing animals to arrowleaf clover pastures, 

as for all legume-based pastures. 

10.2 Limitations of the research 

Studies over 6 week grazing intervals in legume pastures are difficult to interpret because 

the pattern of growth of the annual legumes changes with plant maturity and the days to 

flowering for the species. Longer grazing intervals would enable a greater understanding 

of how these pastures maybe utilised in the overall seasonal grazing system and their 

contribution to the feedbase at varying times throughout their individual growing season. 

Furthermore, it is difficult to make any recommendations from a grazing study carried 

out at a single site during a single growing season as varying climatic conditions, such as 

timing of autumn break, growing season rainfall and temperature, and soil chemistry 

factors may alter pasture growth and animal production. This was particularly evident in 

the Chapter 4 study whereby inclement weather (high rainfall) may have negatively 

impacted upon animal intakes and subsequent growth rates of lambs grazing the various 

legume + oat swards. Additionally, managing the biserrula and bladder clover 

monoculture pastures for seed set in spring (Chapter 3, Experiment 2) resulted in reduced 

stocking densities. Thus, subsequent year studies would have provided a greater 

indication of the potential total animal production/ha of these pastures where a recurrent 

seed bank exists and pastures need not to be as tightly managed for seed set. 

The mould contamination in the biserrula, biserrula + wheat + field pea and field pea 

silages used in the studies reported in Chapters 7 and 8 also compromised the potential 
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growth of lambs fed these silages. These studies should be interpreted accordingly and 

further studies are warranted to quantify the usefulness of biserrula as silage. 

The GrazFeed® model was used to predict DMI and ADG of the animals for comparison 

with actual experimental values. Inputs into GrazFeed® only account for basic forage 

nutritive value attributes and animal factors such as breed, weight and age. Comparisons 

are thus limited as many other factors may influence DMI and ADG of animals. A more 

robust modelling system validated for these second generation annual legumes would 

provide more accurate predictions and warrants further investigation.  

10.3 Implications for future research 

The research present in this PhD thesis has highlighted some interesting opportunities for 

further research in livestock fed this suite of second generation annual legumes as both 

grazed and conserved forages. This PhD research only evaluated growing lambs and 

further research is warranted in different classes and sub-classes of livestock. 

There is opportunity to further explore the comparative growth rates of livestock (both 

sheep and cattle) grazing these annual legume pastures in varying climates and 

agroecological zones and varying seasons. Future studies are also warranted to investigate 

suitable pasture and/or forage species to grow as companions with these legumes to 

improve animal performance, with particular focus on maintaining a balanced 

composition of species within a sward. Incorporating these legumes into mixed pastures 

and allowing selective grazing by livestock is important to mitigate negative effects 

associated with grazing them as monocultures. This is particularly relevant for biserrula 

due to the incidence of primary photosensitisation (Chapters 3 and 4), and arrowleaf 

clover in relation to frothy bloat (Chapter 5). This should also be a major area of research 

focus if we are to successfully utilise these legumes in grazing systems. Building upon 

the current (and limited) knowledge in grazing studies will help to support farmers in 

their decision making with regards to the inclusion of these pastures in their livestock 

and/or cropping systems with maximum production benefits. 

The research findings have also presented further research opportunities in the area of 

ruminant nutrition and metabolism in sheep (and cattle) fed these legumes. Particularly 

with regard to biserrula, bladder clover and arrowleaf clover. Results from Chapter 3 

(Experiment 2) demonstrated that the compound(s) responsible for primary 

photosensitisation in lambs grazing biserrula may also be linked to changes in ruminal 
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fermentation patterns and the concentration of ruminal NH3-N. These findings further 

supported in vitro studies by Banik et al. (2016) that identified bioactive fractions in 

biserrula to have anti-methanogenic effects which alter fermentation patterns in vitro 

(Banik et al. 2013a). The main areas for future research regarding biserrula include the 

following: 

1. Identifying the plant compound(s) responsible for primary photosensitisation in 

grazing livestock. 

2. Investigating the likely inhibitory effect of these compound(s) in vivo on 

microbial populations, with particular reference to methanogens and protozoa 

populations and the subsequent effects on ruminal fermentation patterns as 

identified in Chapter 3 (Experiment 2). 

3. Examining the toxic profile of the plant at the varying phenological stages of 

growth to assist farmers in identifying periods of “higher” risk when grazing as 

monoculture pastures. This may also help to reduce aversion of animals to the 

plant that may have subsequent implications on animal production, as identified 

in Chapter 3, Experiment 1 and Experiment 2, and Chapter 5. 

4. Investigating companion species to graze with biserrula to help mitigate primary 

photosensitisation, whilst maintaining a balanced sward that does not limit legume 

intakes, as identified in Chapter 4. 

5. Investigating the potential benefits of gradually introducing livestock to biserrula-

dominant pastures and/or the capacity of rumen microbes to adapt and/or detoxify 

toxic compound(s) within the plant after grazing exposure. 

6. Plant breeding programs that develop cultivars that do not cause 

photosensitisation in livestock, without compromising plant vigour. 

This research also identified the first documented case of frothy bloat in sheep fed new 

cultivars of arrowleaf clover (Chapter 5). Further research needs to be targeted at 

identifying if these new cultivars contain condensed tannins, as reported in cultivars not 

used in Australia (cv. Yucchi; Hoveland 1972) and/or whether the proposed 

concentrations within the plant may be capable of suppressing bloat in livestock.  

Based on results from Chapter 3 (Experiment 2) (low ruminal NH3-N concentrations with 

adequate dietary CP) and Chapter 6 (lower ruminal NH3-N concentrations relative to N 

intake), there is some reason to suggest that bladder clover may contain a significant 

amount of bypass proteins that are advantageous for lamb growth rates and potentially 
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wool growth compared to other legume pastures investigated in this PhD research. This 

is also evident when bladder clover is in a later stage of plant maturity and significantly 

lower in quality than other legumes (Chapter 3, Experiment 2), which needs to be 

quantified. The CP degradability results of bladder clover hay reported in Chapter 9 do 

not support this; however, further research is needed due to the novelty of the technique 

used. 

Livestock production parameters, including meat quality should also be explored in 

livestock fed these annual pasture legumes as both grazed and/or conserved forages to 

identify their usefulness to finish livestock. The optimal proportion of these annual 

legumes in the diet of livestock needs to also be quantified when feeding as a conserved 

forage as they are not commonly used as a sole feed supply. 

10.4 Conclusion 

The results from this PhD show lambs fed these second generation legumes as grazed 

(monocultures and legume + oat swards) and conserved forages (hays and silages) may 

have similar or better growth rates than those fed traditional legume species. The 

evaluation of these legumes in two successive experiments encompassing the late winter-

late spring season (2015) has provided greater understanding of how they may be 

strategically utilised in long-term pastures or pasture-crop rotation systems to ensure that 

on-farm feed supply meets the intake and nutritional requirements of livestock, 

particularly those with higher demands (i.e. growing lambs or pregnant and lambing 

ewes). This may include their complementary use with other pasture species (second 

generation and/or traditional) that vary in their pattern of growth as either separate 

monoculture pastures (paddock level) or as a single mixed pasture. The utilisation of these 

legumes as conserved forages may also lessen feed quality and quantity gaps that are 

common in this region, whilst maintaining or improving animal LW. Additionally, earlier 

agronomic evaluation has demonstrated that these legumes may and be utilised at a sub-

farm level in areas not suited to traditional species such as difficult soils (e.g., acid soils). 

Their utilisation on-farm has the potential to contribute to greater overall farm 

productivity, whilst also being more flexible and sustainable in short 1:1 pasture crop 

rotations than traditional legumes due to their annual life cycle and high hard seed levels. 

Examining differences in ruminal parameters in sheep fed these legumes as both grazed 

and conserved forages has provided greater understanding of how these legumes are 
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fermented in the rumen and the subsequent (or potential) impact on animal production 

and/or animal health. However, many of the findings reported in this area of the research 

require further investigation before any solid conclusions can be made. 
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