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Abstract 

In a heterogeneous environment, where food occurs as patches, herbivores have the 

opportunity to select at many scales, including vegetation patches, and individual 

plants within patches. The probability that a focal plant will be browsed may 

therefore depend not only upon its own physical and chemical characteristics, but 

also on those of the surrounding vegetation. Consumption of focal plants has been 

related to their own characteristics and to the quality of the neighbouring 

vegetation, but the relative importance of the two has received little attention, and 

as such, forms the focus of this thesis. 

I used a combination of captive animal and field trials to examine the relative 

importance of characteristics of a focal plant and the surrounding vegetation to 

browsing of the former by generalist mammalian herbivores (primarily the red-

bellied pademelon, Thylogale billardierii). This involved manipulating the 

palatability of focal plants, in this case Eucalyptus seedlings, by either fertilising or 

applying a chemical repellent. Consumption of seedlings was then examined, over 

a series of trials, in vegetation patches of varying height, palatability and density, 

and where herbivores had either a choice or no choice of vegetation patches. 

Results were considered in light of various hypotheses predicting plant 

vulnerability, including the associational plant refuge, short-term apparent 

competition, and apparency hypotheses. 

I found that both focal seedling and patch characteristics were important factors 

influencing browsing of seedlings. Seedlings of higher palatability were browsed 

more than those of low palatability. The relative quality, abundance and height of 



neighbouring vegetation all influenced browsing of seedlings through their 

influence on apparency, availability and relative palatability to herbivores. The 

influence of the surrounding vegetation depended on the scale at which herbivores 

were able to, or chose to, make foraging decisions. Seedling and vegetation effects 

were often additive. Many behaviours exhibited in captive animal trials were 

tested and confirmed in the field. 

Results demonstrate that animals can select at both the patch scale and at the scale 

of individual plants within patches. They demonstrate the need to consider 

characteristics of both the focal plant and its neighbouring vegetation when 

predicting the vulnerability of the former to browsing by generalist herbivores. 

Although I tested a number of hypotheses about plant vulnerability, most of these 

could be predicted from the same general foraging theory, i.e. herbivores maximise 

foraging efficiency based on available choices. As such, I demonstrate how many 

of these hypotheses can be combined into a broader, more general foraging model. 

In addition to the fundamental importance of these results, they have applications 

to the forestry industry. Tree seedlings growing in forestry plantations are often 

damaged by mammalian herbivores during the early stages of establishment. This 

damage can reduce plantation productivity and, as such, is typically controlled 

using lethal methods to reduce herbivore populations. Results show that both 

seedling quality and vegetation on plantations can be manipulated to reduce 

browsing of tree seedlings. Seedling and vegetation management therefore has the 

potential to reduce reliance on lethal methods for managing browsing in 

plantations. 
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each of these chapters has needed to be a stand-alone piece of work, aspects of 

them may appear repetitious. To enhance the structure of this thesis, I have 

removed the author addresses, keywords and acknowledgements from each paper, 

but I have maintained the reference section for each. I have used consistent 

formatting for the headings, but kept figure, table and in-text reference formatting 

as in the manuscripts. I am first author on all of these papers, and my co-authors 

are my two supervisors, Dr. Clare McArthur and Dr. Philip Smethurst. Dr. Shao 

Fang Wang is a co-author in chapters two and three as she conducted alkaloid 

analyses on lupins. 

The chapters for publication are as follows: 
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Miller, A.M., McArthur, C., Smethurst, P.J. and Wang, S.F. (2006). Preferences 

of two mammalian herbivores for tree seedlings and potential cover crops in 

plantation forestry. Australian Forestry 69: 114-121. 
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Miller, A.M., McArthur, C., Smethurst, P.J. and Wang, S.F. Alkaloids of two 

Lupinus species: variation in allocation with respect to plant part and growth 
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characteristics on the vulnerability of a plant to herbivory. Oikos DOI: 

10.1111/j.2006.0030-1299.15331.x 

Chapter five 

Miller A.M., McArthur C., and Smethurst P.J. Characteristics influencing 

browsing of focal plants under conditions of patch choice by a generalist 

mammalian herbivore. 

Chapter six 

Miller, A.M., McArthur, C. and Smethurst, P.J. (2006). Characteristics of tree 

seedlings and neighbouring vegetation have an additive influence on browsing by 

generalist herbivores. Forest Ecology and Management 228: 197-205. 
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Chapter One 

Chapter One 

General Introduction 

Plants and animals interact in a variety of ways, and have been doing so for 

hundreds of millions of years (Edwards etal. 1995; Labandeira & Phillips 1996). 

The most common and well-studied plant-animal interaction is herbivory. 

Herbivory is an important process, with an average of 10% or more of the annual 

primary production in terrestrial environments consumed by herbivores (Crawley 

1983; Coley et al. 1985). Herbivores include invertebrate and vertebrate animals, 

from both aquatic and terrestrial environments. Herbivores differ in size by more 

than 10 orders of magnitude (Howe & Westley 1988), ranging from tiny beetles 

and aphids through to giraffe and elephants. Irrespective of the habitat or size of 

the herbivore, all demonstrate preferences and therefore consume more of some 

plants than others (Belovsky 1981). Therefore, in the field of plant-herbivore 

interactions, one of the key questions relating to foraging by individual herbivores 

is what choices do they make and why; and from the plant perspective, how do 

these choices affect the vulnerability of any particular plant (i.e. a focal plant) to 

being eaten. This thesis examines these questions. 

Plant characteristics influencing their vulnerability to herbivory 

Not all plants are eaten to the same extent. Animals show preferences for 

different plant species as well as for individuals of a species, and even plant parts 

(Belovsky 1981; Snyder 1992; Ernest 1994; Hjalten etal. 1996; Lawler etal. 
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1998a; Loney et al. accepted). Such preferences show that not all plants or plant 

parts are equally attractive. Plants vary in their primary and secondary chemistry; 

primary chemicals assist in plant growth, maintenance and reproduction (e.g. 

carbohydrates, fibre, nitrogen, phosphorus and protein), while products of plant 

secondary metabolism (e.g. alkaloids, tannins, phenolics) are not thought to be 

involved with these primary metabolic processes (Harbome 1991). Preferences 

for plant species, individual plants and plant parts are frequently related, at least in 

part, to this variation in chemiAry, as well as variation in physical characteristics 

(such as leaf toughness) that often accompany chemical variation. 

Nitrogen content is often used as an index of plant nutritional quality because it is 

positively correlated with protein content, dry matter digestibility, and digestible 

energy (Mardi et al. 2002), and these are the nutritional factors most commonly 

limiting browsing mammals (Robbins 1993). There is a large amount of work co-

relating preference of herbivores for plants with high nitrogen content (Edenius 

1993; Close etal. 2003; McArthur etal. 2003). Plant quality has also been related 

to other aspects of a plant's primary chemistry; not all of which have a positive 

influence on intake. For example, intake by red deer Cervus elaphus has been 

shown to be negatively related to fibre content (Forsyth et al. 2005). However, 

the relationship between nutritional quality and preference is not always 

straightforward, particularly where plants have physical or chemical defences. 

Plants are immobile and, as such, cannot directly escape herbivores. 

Consequently, plants defend themselves from herbivory with a range of physical 

and chemical defences. There is some debate as to whether such defences 
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evolved to protect plants (Fraenkel 1959; Feeny 1976; Rosenthal & Berenbaum 

1991; Biere et al. 2004), or whether plant protection is simply a side effect of 

another function (Nobel 1980; Fritz et al. 1999; Close et al. 2003). Either way, 

the fact that some plant chemicals and structures can reduce herbivory is 

undisputed. A corollary, then, is that plant defences can influence the 

vulnerability of a plant to herbivory. 

Physical defences, such as thorns, spines or 'tough' leaves, can increase the time 

required for food handling and have been shown to be negatively correlated with 

intake (Feeny 1970; Coley 1983; Stapley 1998; Lucas et al. 2000). Physical 

defences may therefore result in low consumption rates of otherwise palatable 

items (Senft 1989). Plants with physical defences are often avoided because the 

rate of feeding is reduced through a reduction in bite size and biting rate (Cooper 

& Owen-Smith 1986; Belovsky etal. 1991; Bergstrom 1992; Belovslcy & Sclunitz 

1994; Stapley 1998). Plants without such physical defences may also be avoided 

if some other aspect of their morphology reduces availability or feeding rate 

(Hjalten et al. 1996; Hartley et al. 1997). For example, plants with a few large 

stems may be less eaten than those with many small stems (Shipley et al. 1998). 

Almost all plants contain at least small constitutive concentrations of plant 

secondary metabolites (PSMs) or 'chemical defences', although there is great 

variation in types and concentrations of PSMs between plants and plant parts. 

PSMs can reduce intake by either reducing digestibility, by interfering with 

nitrogen availability by complexing with proteins, enzymes and carbohydrates 

(e.g. tannins and phenolics; Mattson 1980), or by providing a toxic load (usually 

3 
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dosage dependent, e.g. alkaloids, formylated phloroglucinol compounds (FPCs); 

McLean et al. 2004). Once ingested, toxic PSMs must be metabolised to enable 

their elimination and so reduce these negative effects (McArthur etal. 1991). The 

ability to, and speed with which, herbivores detoxify PSMs therefore has a 

potentially large effect on a herbivore's diet. 

In addition to constitutive defences, plants subject to herbivory may respond with 

induced defences. Such physical or chemical changes to a plant following attack 

can increase the resistance of that plant to further attack by reducing its 

consumption by herbivores, or their effect on that plant (Karban and Myers 1989; 

Agrawal 1998). Induced defences may be less costly to the plant as resources are 

only allocated to defence when and where they are needed (Karban and Myers 

1989). 

Responses of herbivores to plant defences 

If animals are attempting to survive on a plant-only diet, they must deal with plant 

defences in some way. As most plant species will have some form of defence, 

herbivores cannot simply avoid all defended plants. Rather, herbivores exhibit a 

variety of physiological and behavioural adaptations for dealing with the plant 

defences described above (Howe & Westley 1988). 

Plant physical defences, such as thorns and spines, are probably ineffective 

against insect herbivores, which could simply feed around them. The 

effectiveness of thorns and spines is related to the size of mammalian herbivores 

(Cooper & Owen-Smith 1986; Milewski etal. 1991). Some mammals, such as 
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goats, can deal with thorns by being more selective in their feeding. For example, 

Gowda (1996) found goats can switch from the less selective pruning (using 

molars), to the more selective picking (using lips and tongue) in order to avoid 

spines of Acacia tortilis. 

Physiological methods for dealing with PSMs include binding or metabolising 

them so they cannot exert their action, and/or simply tolerating them (Provenza et 

al. 1992). The larger the variety of plants an animal consumes, the more types of 

PSMs it has to deal with. Some animals, for example most insects, specialise on 

one or a few plant species and have evolved ways of dealing with these particular 

defences (Lindroth 1989; Danell & Bergstrom 2002). In contrast, the majority of 

mammalian herbivores are dietary generalists, feeding on a variety of plant 

species (Freeland 1991). It has been suggested that mammals have adopted 

generalist feeding strategies because they must consume large amounts of food as 

a result of the high maintenance costs of being homeothennic and greater body 

sizes of mammals, and this necessitates the consumption of many plant species to 

fulfil this requirement (Lindroth 1989). It has also been proposed that mammalian 

herbivores are typically generalists to overcome limitations associated with the 

ingestion of PSMs (Westoby 1978). 

Freeland & Janzen (1974) first proposed that the ingestion of plants containing 

PSMs is limited by an animal's capacity to detoxify them. This widely accepted 

theory was finally confirmed by Marsh et al. (2005), who conclusively 

demonstrated that saturation of detoxification pathways can constrain feeding of 

the common brushtail possum Trichosurus vulpecula. Freeland & Janzen (1974) 
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also suggested that detoxification limitations contribute to diet mixing; the 

ingestion of many plant species, and therefore many PSMs, should mean that the 

likelihood of overloading any particular detoxification pathway is reduced 

(Villalba et al. 2004). In support of this, Dearing & Cork (1999) and Wiggins et 

al. (2006) have both demonstrated that consumption of more than one eucalypt 

species allows for increased total intake by the common brushtail possum, 

presumably as herbivores are not limited by detoxification times. 

The alternative to detoxifying PSMs is to avoid or limit their consumption. 

Mammalian herbivores are able to detect PSMs using both pre-ingestive (i.e. 

sight, smell, taste) and post-ingestive (i.e. post-ingestive feedback) mechanisms 

(Provenza 1995; Pfister et al. 1997; Lawler et al. 1998b; Pass & Foley 2000), and 

can learn to avoid particular foods and limit consumption of others so that 

detoxification thresholds are not reached. 

Neighbouring vegetation influences focal plant vulnerability 

Although the morphology and chemistry of a focal plant has a large influence on 

its vulnerability to herbivory (above), plants rarely occur naturally in isolation or 

in monospecific stands. Even apparently homogeneous grassland is usually a 

mixture of various species of grass and forbs. In reality, spatial and temporal 

variation in the distribution of light, temperature, water and nutrients results in 

variation in plant quality and density, i.e. environmental heterogeneity (Danell & 

Bergstrom 2002). This variation is evident from the global scale, resulting in 

biomes (e.g. tundra, rainforest and desert), right down to the scale of individual 

leaves. One of the most obvious and important manifestations of spatial variation 
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in the quality and quantity of food within habitats is the formation of vegetation 

patches (Kotliar and Wiens 1990; Laca and Demment 1991). Such patches have 

an important influence on herbivore foraging behaviour. 

Foraging can be viewed as a hierarchical process, with selection taking place at a 

range of scales including home ranges, habitats, patches, plant species and plant 

parts (Senft et al. 1987). Mammalian herbivores, for example, have been shown 

to make foraging decisions on multiple spatial scales (Kotliar & Wiens 1990; 

Bergman et al. 2005; Alm Bergvall et al. 2006; Searle et al. 2006), and 

consequently feeding preferences are not absolute, but rather are expected to 

depend on what else is available. In addition to its own characteristics, therefore, 

the vulnerability of a focal plant is influenced by characteristics of the 

neighbouring vegetation (Atsatt & O'Dowd 1976; Hjalten etal. 1993; Baraza et 

al. 2006). 

It should be pointed out that division of the environment into various scales is 

often relatively arbitrary and does not necessarily correspond to the way animals 

view it. In relation to this, the definition of a patch varies widely. On the one 

hand, a patch is generally defined as an area within which vegetation structure is 

more similar than surrounding areas, i.e. heterogeneity is greater between- than 

within-patches (Addicott etal. 1987; Shipley & Spalinger 1995). However, 

because a patch can also be defined in relation to the feeding behaviour of the 

animal being studied (Jiang & Hudson 1993; Laca & Ortega 1995), a vegetation 

patch can also be an individual tree (Danell etal. 1991). In this case, there can be 

no selection of individual plants within patches (although there can be selection of 
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plant parts). For the purpose of this introduction, and throughout this thesis, I use 

the former definition of a patch. 

The influence of neighbouring vegetation depends on the scale of examination, 

and the scale(s) at which herbivores make foraging decisions, in addition to the 

cues (sight, smell, taste) a herbivore uses for diet selection, and whether the 

herbivore is a specialist or generalist (Milchunas & Noy-Meir 2002). 

Neighbouring vegetation can influence a focal plant's availability, accessibility, 

and relative palatability to herbivores, and these factors can, in turn, affect the 

focal plants apparency, and the availability of alternative food (Campbell & Evans 

1978; Miller etal. 1982; Sullivan & Sullivan 1982; Gomez etal. 2001; 

Pietrzykowski et al. 2003). Through its influence on herbivore foraging 

behaviour, therefore, neighbouring vegetation may influence the likelihood of a 

focal plant being attacked, as well the amount that is consumed. 

The influence of neighbouring vegetation on the vulnerability of a focal plant to 

browsing is often examined by way of the associational plant refuge hypothesis 

(APRH; Pfister & Hay 1988), and other similar hypotheses (e.g. repellent-plant, 

attractant-decoy, plant defence guilds, neighbour contrast defence and 

susceptibility; Atsatt & O'Dowd 1976; Alm Bergvall etal. 2006), which are 

described later in detail in the relevant chapters. The APRH predicts that a plant 

can gain protection by association with other plants of either higher or lower 

palatability. Additionally, a plant can be either protected from, or more 

susceptible to herbivory due to association with less palatable neighbours. The 

mechanism behind these different outcomes of plant associations was examined 
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by Dane11 et al. (1991) and Hjalten et al. (1993) using optimal patch use theory. 

They found that different outcomes occur depending on the hierarchical level at 

which the herbivore makes foraging decisions. For example, if selection occurs at 

the patch level, focal plants should gain protection from herbivory when 

associated with plants of lower palatability, as this decreases patch quality, and so 

animals spend less time in that patch. On the other hand, if selection occurs 

exclusively at the level of individual plants, focal plants should experience 

increased herbivory when associated with plants of lower palatability as focal 

plants are the most profitable item. 

Associational plant refuges could also be used to help explain patterns in plant 

communities. Herbivore foraging behaviour, resulting from the characteristics of 

an individual plant and its neighbours, could influence plant species assemblages 

and community composition by influencing the likelihood of a particular species 

becoming established and surviving in certain areas or amongst certain types of 

vegetation, e.g. palatable or tall vegetation. This could result in - at least on the 

ecological scale - distinct spatial patterning within plant communities, i.e., patches 

of distinct groups of plant species. Such patterning has been reported before. For 

example, consumption of Cercidium seedlings by herbivores limits the 

establishment of this tree species to refuges provided by canopies of other 

established plants, which provide refuges from herbivory (McAuliffe 1986). 

While associational hypotheses consider plant-herbivore interactions from the 

plant perspective, these interactions can also be examined from the perspective of 

the herbivore. This involves consideration of foraging theory, with a focus on 
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how and why a herbivore chooses its diet. These two contrasting viewpoints have 

developed in parallel, and are generally considered separately. However, 

knowledge of herbivore foraging behaviour is essential for predicting the 

vulnerability of a focal plant to herbivory. 

Foraging decisions of herbivores 

Decisions made at each scale of the foraging hierarchy will have some influence 

on a herbivores diet. For example, the choice of home range will influence habitat 

availability which, in turn, influences availability of vegetation types. Foraging 

decisions of herbivores are, however, commonly examined at the scales of 

vegetation patches and plant species (although some studies focus on larger 

scales, for example Bergstrom & Hjeljord 1987; Festa-Bianchet 1988; Carter & 

Goldizen 2003; le Mar & McArthur 2005b). This focus on vegetation patches and 

plant species occurs because selection at larger scales is confounded with factors 

such as selection for shelter and water, and may not directly relate to feeding 

preferences (Arnold 1985; Mysterud et al. 1999; Rettie & Messier 2000; Fortin et 

al. 2002). Decisions made at the patch and individual plant scales are therefore 

most likely to correspond to feeding preferences and therefore focal plant 

vulnerability. 

Selection at the individual plant scale 

At the scale of individual plants within patches, selection of a focal plant is likely 

to depend on its characteristics relative to its neighbours. Animals may avoid 

particular plants either because of an aversion, for example due to a bitter taste, or 

simply because they prefer other plants (Provenza et al. 1990). The selection of 
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plant species, or diet selection, is often approached within the context of an 

optimal foraging problem (Hanley 1997). The optimal diet model, also known as 

contingency theory or prey choice model, predicts which types of food should be 

eaten, and in what relative proportion (Stephens & Krebs 1986; Fortin etal. 

2002). Although originally designed for predators, optimal foraging models have 

been applied to herbivore diet selection (Owen-Smith & Novellie 1982; Belovsky 

1984; Farnsworth & Illius 1998). Animals are predicted to consume the most 

profitable prey, where profitability is defined as the total energy contained in the 

prey divided by the time it takes to get that energy (i.e. search and handling time). 

With regards to plant characteristics, therefore, a plant's vulnerability should be 

related to a trade-off between its nutritional content, and any defences reducing 

ingestion or digestion — all, of course, relative to that of neighbouring vegetation. 

The model predicts that a forager should always accept the most profitable food 

type and that it should accept successively less profitable types only when 

availability of higher-ranking types fall below critical levels. The diet therefore 

should expand and contract according to the quality and availability of alternative 

foods (Lacher etal. 1982; Danell etal. 1991; Hughes 1993; Edenius et al. 2002). 

Whether or not a plant is included in the 'optimal' diet of a herbivore will 

therefore depend upon what else is available (i.e. neighbours). 

Selection at the patch scale 

Within-habitat patchiness is an important determinant of animal foraging. A 

forager whose resources are distributed in patches within habitats faces a series of 

local foraging choices, including which patch(es) to visit, how long to spend in 

each patch, and which of the available plants(s) to consume within patches 

11 
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(Hayslette & Mirarchi 2002; Searle etal. 2005). There is a large amount of work 

on the foraging behaviour of generalist herbivores in environments where food is 

found in patches. Selection of vegetation patches has been shown to be 

influenced by factors such as patch quality (Walt& etal. 1993; Duncan et al. 

1994), patch size (Hester & Baillie 1998; Wallis de Vries etal. 1999), and 

predation risk (Newman & Caraco 1987; Kotler & Blaustein 1995). The marginal 

value theorem (MVT, or patch use theory; Charnov 1976) addresses the question 

of when a forager should leave a patch, or how long it should spend in a patch. 

The MVT predicts that, in order to maximise its short-term intake rate, an animal 

should leave a patch when the marginal capture rate in the patch drops to the 

average capture rate for the habitat (Charnov 1976). Herbivores are therefore 

predicted to perceive food as patches, and select and spend more time in high 

quality patches. In this model, plants within a patch are consumed according to 

their availability rather than their palatability, as all plants within a patch are 

assumed to be equally preferable (Danell et al. 1991; Edenius et al. 2002). 

Diet selection and patch use models are therefore seemingly incompatible, 

suggesting that an animal must either make choices at the individual plant scale or 

at the patch scale only. More recent studies have combined elements of diet 

selection and patch use theory to show that animals can make decisions about 

what to eat within patches (Brown & Mitchell 1989; Brown & Morgan 1995). 

Studies have demonstrated that the co-occurrence of different food types within 

patches can influence both patch selection and diet (Holt & Kotler 1987; Kotler et 

al. 1994; Garb etal. 2000). This begs the question of whether characteristics of a 
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focal plant or those of the neighbouring vegetation (i.e. patch) have a greater 

influence on the vulnerability of the focal plant to browsing. 

 

Mammalian herbivores 

Insects and mammals together comprise the majority of all terrestrial herbivores. 

Roughly half of all mammal species are primarily herbivorous (Lindroth 1989; 

Danell & Bergstrom 2002), and they are predominantly generalist herbivores. 

Mammals have a greater capacity for learning than insects, which is likely to be 

reflected in their different feeding strategies (Lindroth 1989). In addition, 

mammalian herbivores, due mainly to their size and generalist habit, are arguably 

expected to have a greater impact on plant communities (Lindroth 1989; Danell & 

Bergstrom 2002). Generalist mammalian herbivores therefore make a good study 

system for examining feeding behaviour. As such, they form the study species of 

my thesis and the focus of the remainder of this introduction. 

Mammalian browsing in forestry plantations 

In addition to its fundamental importance, knowledge of the foraging behaviour of 

herbivores may have management application. Forestry plantations world-wide 

experience costly damage from mammalian herbivores (e.g. roe deer Capreolus 

capreolus, Gill (1992b), moose Alces alces, Edenius (1991), squirrels Sciurus 

spp., Gill (1992a), and voles Microtus montanus, Sullivan etal. (1990)). In 

Tasmania, Australia, seedlings are often damaged in forestry plantations during 

the early stages of their establishment (Coleman etal. 1997). This damage is 

primarily due to native mammalian herbivores, including red-bellied pademelon 

Thylogale billardierii, Bennett's wallaby Macropus rufogriseus, and common 
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brushtail possum Trichosurus vulpecula. This damage can reduce plantation 

productivity by reducing seedling growth rate and survival, and by changing tree 

form (Wilkinson & Neilsen 1995; Bulinsld & McArthur 1999). By understanding 

the decisions made by foraging herbivores, it may be possible to manage 

vegetation on plantations to reduce browsing of the planted and commercially 

important tree seedlings. 

Browsing of plantation seedlings by mammalian herbivores in Tasmania is 

generally controlled using lethal methods, such as shooting and poisoning, to 

reduce herbivore numbers. Most research on non-lethal methods to reduce 

browsing to seedlings has focused on modifying the seedlings themselves, to 

make them less palatable. For eucalypt species, this has included repellents (Witt 

2002), fertilisation to alter chemistry (Close et al. 2004), wind to increase 

toughness (Burton 2003) and selection of genetically resistant stock (O'Reilly-

Wapstra et al. 2002). Another option, which has received little attention, is to 

modify the vegetation surrounding seedlings. Most plantations are sprayed with 

herbicides either or both before and after seedlings are planted to reduce or 

eliminate weeds and therefore minimise competition with seedlings for water, 

light and nutrients (Wilkinson & Neilsen 1990; Richardson 1993). If competing 

vegetation is removed, herbivores have little other vegetation to select from, and it 

reduces the patch component of foraging behaviour. Manipulation of vegetation 

on plantations has the potential to alter herbivore foraging behaviour and therefore 

the likelihood of seedlings being browsed. 
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Gaps in knowledge and scope of thesis 

Despite the large amount of work on feeding on both individual plants and in 

vegetation patches, very little research has considered the relative importance of 

focal plant and patch characteristics to the browsing of a focal plant. Recent work 

in this area has examined the relative importance of inter-specific variation of 

individual plants (where different plant species can be regarded as focal plants of 

different quality) and characteristics of vegetation patches. For example, 

Bergman et al. (2005) looked at browsing of three different tree species in patches 

consisting of different spatial arrangements of two species and found that 

browsing by roe deer Capreolus capreolus was influenced by the quality of the 

tree (i.e., its species), as well as the quality (species) of the patch in which it 

occurred. Likewise, Baraza et al. (2006) demonstrated that the probability of 

palatable (maple Acer opalus subsp. granatense) and unpalatable (black pine 

Pinus nigra) saplings being attacked by wild herbivores was influenced by patch 

type. Unpalatable saplings were seldom attacked, while palatable saplings were 

attacked more in patches of highly palatable shrubs than in patches of unpalatable 

spiny shrubs. 

To the best of my knowledge, despite this recent work on inter-specific variation, 

there is no published work where both focal plant and vegetation quality have 

been altered simultaneously, with the focal plant variation being intra-specific. 

This was therefore the focus of my thesis. Intra-specific variation can occur 

naturally due to genetic variation (O'Reilly-Wapstra et al. 2002) and to variation 

in many environmental factors, including soil nutrient status and shading (Rowe 

& Potter 2000). Environmental variation is also likely to influence the 
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composition of neighbouring vegetation. The success of individual plants is, in 

turn, potentially affected by neighbouring vegetation which influences the 

likelihood of a particular species becoming established and surviving in certain 

areas (McAuliffe 1986; Smit etal. 2006). 

In terms of applying concepts of plant-herbivore interactions to management, it 

had already been ascertained by Pietrzykowski et al. (2002) that lupins (Lupinus 

albus) could be established on a eucalypt plantation and used to reduce browsing 

to seedlings. The mechanism by which this protection occurred is, however, 

unknown, i.e., whether this protection is due to the lupins providing physical 

concealment, due to differences in palatability, or both. It is also unknown if both 

seedling and vegetation characteristics can be altered to reduce browsing in an 

additive, or even synergistic manner, as distinct from one factor overriding the 

influence of the other. The applied component of this thesis was designed to 

answer these questions. 

Study system 

Eucalyptus nitens (`Shining gum') was chosen as the primary study species or 

focal plant. This was because, in addition to being a common plantation species, 

we already had some understanding of its preference by herbivores (McArthur et 

al. 2000), damage by herbivores in the field (Bulinslci & McArthur 1999), its 

primary and secondary chemistry and their effects on palatability, and the 

influence of nutrients on palatability (McArthur et al. 2003; Close etal. 2004). 
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Eucalyptus nitens belongs to the family Myrtaceae, subfamily Leptospermoidae. 

Mature trees are commonly 40-70 m tall, but can reach heights of 90 m. It 

naturally grows in tall open-forest formations, in a scattered distribution in the 

Great Dividing Range and coastal ranges from northern New South Wales, south 

to the Victorian alps. It can grow at elevations up to 1600 m, but grows best at 

elevations of 1000-1300 m. Eucalyptus nitens was introduced to Tasmania as a 

commercial plantation species in the late 1970s, and is the species of choice at 

higher elevations due to its superior frost tolerance and fast growth compared with 

other commercial eucalypts (Naughton 1995). The foliage of eucalypts is 

generally considered to be low in nutrients, high in PSMs and physically tough 

compared with many other plant species (Landsberg & Cork 1997; Hume 1999). 

For captive work, I focussed primarily on the red-bellied pademelon. Red-bellied 

pademelons are abundant and widely distributed in Tasmania. They were once 

also widespread in mainland Australia, but have been extinct here since the early 

1900s. They are medium-sized (4-13 kg), macropodid marsupials that are most 

commonly found in dense vegetation such as wet sclerophyll forest, rainforest, 

and thick scrub. They prefer areas that provide daytime cover adjacent to feeding 

areas (e.g. pasture; Rounsevell et al. 1991; le Mar & McArthur 2005a). 

Pademelons are foregut fennenters (Hume 1982) and, based on dental 

morphology and gut physiology, are classed as mixed feeders or generalist 

browsers; feeding on grasses and forbs as well as leaves of trees and shrubs 

(Sanson 1989; Sprent & McArthur 2002). 
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General objectives 

The first objective of this thesis was to examine the relative importance of focal 

plant and patch characteristics to the browsing of a focal plant. I used a mixture 

of captive animal and field trials to investigate aspects of the foraging behaviour 

of mammalian herbivores in relation to feeding on a focal plant within vegetation 

patches. A second, applied, objective was to determine whether it was possible to 

manipulate herbivore feeding behaviour through modification of seedling and 

plantation characteristics, in order to reduce browsing on plantation seedlings. 

Chapter outline 

I start, in chapter two, by examining the feeding preferences of two major 

herbivores in Tasmania, red-bellied pademelons and common brushtail possums, 

for tree seedlings and crop species which could be grown on plantations to reduce 

browsing to seedlings (i.e. potential cover crops). This was done because many 

foraging models require knowledge of the relative palatability or profitability of 

plant species. Based on these results, I selected a crop species of high (oats/grass) 

and low (bitter lupin) palatability with which to conduct subsequent trials, and 

decided to use only pademelons (captive population) for remaining captive trials. 

Chapter three examines alkaloid concentrations in the two species of lupin that 

showed potential for use as cover crops in chapter two, to see if this could be used 

to explain observed feeding preferences. 

Chapter's four to seven examine the relative importance of focal plant (seedling) 

and surrounding vegetation patch characteristics on browsing of focal plants. 

Chapter four examines feeding behaviour of pademelons when confined to a 
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single vegetation patch, and how this is influenced by vegetation palatability, 

abundance and height. Chapter five examines feeding behaviour of pademelons 

where they have a choice of vegetation patches. It investigates how the 

palatability of both vegetation patches and seedlings influences time spent in, and 

foliage consumed from patches. It also examines browsing within low quality 

patches as a function of the distance to high quality patches. 

Chapters six and seven test if behaviours observed in captivity hold under field 

conditions, and whether vegetation management can be used to reduce browsing 

on plantation seedlings. In chapter six, I examine the effect of tall, unpalatable 

vegetation, while chapter seven examines the effect of palatable and unpalatable 

vegetation on browsing of focal seedlings, hi chapter six, seedling quality was 

altered via repellents, while in chapter seven, it was altered via nursery 

fertilisation regime, as in captive trials. I finish with a general discussion 

examining foraging behaviour of generalist mammalian herbivores in relation to 

the vulnerability of a focal plant to herbivory. 
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Abstract 

Newly established plantations often receive heavy browsing damage. This is a 

major economic problem. Vegetation management, involving the use of cover 

crops, is a potential method for reducing browsing damage to plantation seedlings. 

An important first step in determining whether this is feasible is to determine the 

relative preferences of browsing herbivores for seedlings and crops. 

We conducted a no-choice feeding trial with red-bellied pademelons (Thylogale 

billardierii) and common brushtail possums (Trichosurus vulpecula) to determine 

their relative preferences for two common plantation species: Eucalyptus nitens 

and Pinus radiata, and three potential legume cover crops: bitter lupin (Lupinus 

albus), sweet lupin (L. angustifolius), and broad bean (Vicia faba L. cv Coles 

Dwarf). Pademelons exhibited a strong preference for P. radiata, but did not eat 

much of the legumes. Possums showed no significant preferences for any of the 

plants offered. A paired-choice feeding trial with pademelons demonstrated that 
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bitter lupin was less preferred and oats (Avena sativa variety Esk) were more 

preferred than E. nitens. These results can now be integrated with an 

understanding of feeding behaviour at higher scales (e.g. vegetation patch) in 

order to design effective vegetation management strategies for reducing browsing 

damage. 

Introduction 

Tree seedlings growing in Tasmanian forestry plantations are often damaged by 

mammalian herbivores. Red-bellied pademelons (Thylogale billardierii), 

common brushtail possums (Trichosurus vulpecula) and Bermett's wallabies 

(Macropus rufogriseus rufogriseus) are the three native herbivores shown to be 

responsible for the majority of this damage (Statham 1983). Browsing damage to 

young seedlings can reduce long-term plantation productivity by reducing 

seedling growth rate and survival, and by changing tree form (Wilkinson and 

Neilsen 1995; Coleman etal. 1997). Browsing is generally controlled using lethal 

methods, such is shooting or poisoning with 1080 (sodium monofluroacetate), to 

reduce herbivore numbers. Such lethal methods have received much public 

criticism, increasing the need for alternative, non-lethal methods of reducing 

browsing damage in plantations. 

Usual plantation establishment involves using herbicides to remove vegetation, or 

prevent its growth, before planting seedlings. This is done to minimise 

competition with tree seedlings for light, water and nutrients (Wilkinson and 

Neilsen 1990; Mendham et al. 1999). Total weed control means that tree 

seedlings are the only available food in a new plantation, and that they are 
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visually apparent, but partial weed control is often adequate to avoid severe 

competition between seedlings and weeds (Mendham etal. 1999). There is 

potential for manipulating vegetation in plantations in order to modify herbivore 

feeding behaviour to reduce browsing on seedlings, and thus provide a non-lethal 

alternative for managing browsing. 

Neighbouring vegetation has been shown to influence feeding on a target plant 

(Tahvanainen and Root 1972; Atsatt and O'Dowd 1976; McNaughton 1978; 

Holmes and Jepson-Innes 1989; Hjalten etal. 1993); most commonly by either 

hiding the target plant or providing alternative food. This occurs because 

herbivores can choose to feed at various spatial scales, including vegetation 

patches, individual plants and plant parts (Senft etal. 1987). The particular 

foraging behaviour of a herbivore will determine the influence of neighbouring 

vegetation on a target plant. For example, if an animal makes foraging decisions 

at the patch scale, then a target plant should gain protection from herbivory when 

plants of lower palatability dominate the patch, as the net quality of the patch is 

lower. Conversely, the plant should be more at risk in a patch comprising 

predominantly more palatable neighbours (Pfister and Hay 1988). If an animal 

makes foraging decisions at the individual plant scale, however, the vulnerability 

of a target plant would essentially be reversed. 

Palatability of vegetation is influenced by physical characteristics, such as leaf 

toughness, and chemical characteristics, such as the concentration of secondary 

chemicals (Belovsky 1981; Bergeron and Jodoin 1987; Bucyanayandi and 

Bergeron 1990; McArthur etal. 1993; Hamback et a/. 2002). Formylated 
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phloroglucinol compounds (FPCs) are a group of phenolic compounds that have 

been shown to influence food intake by common ringtail possums (Pseudocheirus 

peregrinus) and koalas (Phascolarctos cinereus) (Lawler et al. 1998). There is 

evidence that brushtail possums are deterred by FPCs (O'Reilly-Wapstra et al. 

2004), phenolics (Marsh et al. 2003; O'Reilly-Wapstra et al. 2005) and essential 

oils such as cineole (Boyle et al. 2000; Wiggins et al. 2003). Meadow voles 

(Microtus pennsylvanicus) select plants with high levels of protein and low levels 

of total phenolics and lignin (Bergeron and Jodoin 1987; Bucyanayandi and 

Bergeron 1990). 

Vegetation management, through selective retention of weeds or planting of cover 

crops, could be used to alter foraging behaviour, and thus reduce browsing 

damage to seedlings. Cover crops have been used in forestry to control weeds and 

prevent erosion (Richardson 1993; Schaller etal. 2003). Leguminous cover crops 

have also been used to increase soil nitrogen levels through nitrogen fixation 

(Turvey and Smethurst 1983; Nambiar and Nethercott 1987). Where browsing is 

a problem, the ideal forestry cover crop would therefore be a rapidly growing 

legume that can be easily controlled, does not compete strongly with tree 

seedlings (Turvey and Smethurst 1980), and reduces browsing. 

A first step in investigating potential forestry cover crops is to determine feeding 

preferences of herbivores for them, relative to plantation tree seedlings. Highly 

preferred cover crops may be effective at reducing browsing by providing 

alternative food if herbivores are selecting at the individual plant level. On the 

other hand, crops strongly selected against or those providing physical protection 
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may be effective if herbivores are selecting at the patch level. This paper reports 

on a series of feeding trials designed to examine the preferences of two common 

herbivores in Tasmanian forestry environments, red-bellied pademelons and 

common brushtail possums, for potential cover crops for reducing browsing of 

plantations seedlings. We undertook chemical analyses to determine whether 

aspects of plant chemistry could help explain preferences, and to enable 

comparisons of primary and secondary chemistry with plants from previous 

experiments. 

Materials and methods 

In an initial no-choice trial, the preferences of cover crops were compared with 

two of the most common plantation tree species in Tasmania: Eucalyptus nitens 

and Pinus radiata. Due to interest in using legumes as cover crops, we used three 

legume species: bitter lupin (Lupinus albus), sweet lupin (L. angustifolius), and 

broad bean (Vicia faba L. cv Coles Dwarf). Because of very low consumption of 

cover crops by pademelons (see results), a second, paired-choice, trial was used to 

further elucidate preferences of pademelons for cover crops in comparison with E. 

nitens. Bitter lupin and oats (Avena sativa variety Esk) were used in this trial, the 

latter because it was expected to be highly preferred. Sweet lupin and broad bean 

were not used because the preference of pademelons for these species was similar 

to that for bitter lupin. 

Animals, basal diets and plants 

We undertook feeding trials with six captive pademelons and five captive 

brushtail possums in an animal enclosure at the School of Zoology, University of 
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Tasmania, Hobart. The pademelons (five males and one female, mean body 

weight 6.78 kg, s.d. 1.76) were part of a captive colony maintained in the 

enclosure. During the trial they were housed in individual open-roofed pens (4 m 

x 8 m) with a shelter at one end. Possums (four males and one female, mean body 

weight 3.46 kg, s.d. 0.74) were wild-caught from Hobart and surrounding areas. 

They were kept in individual pens (4.3 m long, 1.7 m wide and 2.5 m high) with 

concrete floors and polycarbonate roofing. Each possum was provided with a nest 

box and logs for aboveground runways. Fresh drinking water was constantly 

available to all animals. 

During the trials pademelons were fed a basal diet of 'wallaby pellets' (-2.3% 

nitrogen; Roberts Pty Ltd, Hobart), in addition to fresh apple, carrot and silver 

beet. Possums were fed a fresh basal diet, chopped in a food processor and mixed 

to avoid selective feeding. By fresh weight, the basal diet consisted of 46.4% 

grated apple, 35.2% finely chopped silver beet, 9.6% grated carrot, 5.3% lucerne 

chaff (ground through 1 mm mesh) and 3.5% raw sugar. On non-test days, 

animals were provided with enough food to maintain body weight. They were fed 

daily and weighed regularly to monitor condition. 

Eucalyptus nitens seedlings were obtained from Forestry Tasmania's tree nursery, 

Perth, Tasmania, and Pinus radiata were from the Lanoma Estate nursery, 

Westerway, Tasmania. Seedlings were obtained several days before commencing 

trials. Eucalyptus nitens seedlings were grown in Lannen trays (81 cells per tray, 

each 41 mm wide by 73 mm deep, with side slots allowing air-pruning of lateral 

roots). Seedlings for the no-choice and paired-choice trials were from different 
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batches; those for the no-choice trial had an average height of 21.8 cm (s.e. 1.2), 

while those for the paired-choice trial had an average height of 34.3 cm (s.e. 0.8). 

Pinus radiata seedlings were open/bare-rooted seedlings and were transferred to 5 

x 5 x 15 cm pots filled with potting mix several days before use in trials. Average 

seedling height was 33.4 cm (s.e. 1.2). 

Bitter and sweet lupin, broad beans and oats were grown from seed in 30 x 35 cm 

seedling trays filled with potting mix, in an outdoor, unsheltered enclosure. 

Legume seeds were inoculated before sowing to assist nodulation; Group F 

inoculum was used for broad beans and Group G for lupins (Nodulaid 500 moist 

peat inoculant — Bio-care Technology Pty Ltd). Due to large differences in seed 

size, there were approximately 35 broad bean, 60 bitter lupin, 100 sweet lupin 

seeds or 1/2  cup of oats sown per tray. Plants were fertilized regularly with 

Aquasol®  liquid fertilizer (Hortico; NPK 23:4: 18+ Zn + Fe + B + Cu) and hand 

watered for 20 min twice a day using a garden hose. All crop plants were about 6 

weeks old when offered to animals. Average crop height was 19.6 cm (s.e. 0.9) 

for bitter lupin, 20.0 cm (s.e. 0.3) for sweet lupin, 25.1 cm (s.e. 0.6) for broad 

bean and 28.9 cm (s.e. 0.2) for oats. 

Feeding trials 

Animals were given at least one week to acclimate to pens or cages before 

commencing trials. They were offered individuals of each plant species for 

several days before the trials, allowing adequate opportunity to sample them. 

Animals had access to plants on test nights for 18 h for possums, or 24 h for 

pademelons. The shorter access time for possums was because they would not eat 
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during the middle of the day and plants would have wilted, potentially altering 

results, by the time possums commenced feeding. 

No-choice trial 

The no-choice feeding trial with pademelons and possums involved offering 

animals one plant species at a time. An animal may consume only a certain 

amount of a particular plant species due to limitations of pathways used to 

detoxify individual plant secondary compounds (Freeland and Janzen 1974). The 

no-choice trial therefore tested the physiological constraints of animals when 

consuming the different plant species. This allowed plant preferences to be 

ranked based on intake. We tested and compared intake of five plant species: two 

plantation trees, Eucalyptus nitens and Pinus radiata, and three potential legume 

cover crops, bitter lupin (Lupinus albus), sweet lupin (Lupinus angustifolius) and 

broad bean (Viciafaba L. cv Coles Dwarf). 

Each plant species was offered to each animal ad libitum for one night (period) 

only. The amount offered was determined from a test night measuring maximum 

consumption. Most plants were offered in seedling trays, with each animal 

receiving one tray of one plant species. Pines, however, were too large for the 

trays and so were offered in small pots (5 x 5 x 15 cm) presented in a wire rack. 

On test nights we provided some basal diet to ensure animal weight loss was 

minimal even if they did not eat much of the test foods. Possums were given 20% 

of maintenance in addition to test foods. Pademelons were given 10% of pellet 

requirements because there was a small amount of palatable grass in their pens. 
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The trial was a crossover design to take carryover effects into account (Ratkowsky 

et al. 1993). Animals had one non-test night between each of the five test nights, 

in which they were offered their usual basal diet. The trial lasted nine days in 

total. 

Paired-choice trial 

In the paired-choice trial, pademelons (only) were each offered two plant species 

simultaneously. Plants were offered for three consecutive days to allow short-

term preferences to develop. Such short-term preferences most closely mimic 

field damage by possums (unknown for pademelons) (Scott et al. 2002). 

Preferences were determined by the difference in intake of the two plant species. 

Fresh plants were offered each day, ad libitum in seedling trays. The amount 

offered to animals was determined from consumption in the no-choice trial and a 

test feeding of oats. There were two paired treatments: A = E. nitens vs. bitter 

lupin; and B = E. nitens vs. oat. Each animal was offered one tray of E. nitens and 

either three trays of bitter lupin (for treatment A) or five trays of oats (for 

treatment B). Trays of different species were positioned on opposite sides of the 

pen. Species position was randomised for each animal. Treatments were offered 

in a crossover design, and on test nights animals were given 20% of pellet 

requirements in addition to test foods. Between comparisons, animals had three 

nights in which they were offered their basal diet. 

As a complement to determining preferences by intake, we also investigated 

initial feeding preferences by filming the first few hours of feeding once test 
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plants were placed in the pens. One camera was positioned above each pen and 

cameras were connected to a Panasonic ®  Video Cassette Recorder (NV-FJ630 

Series). Video footage was recorded onto EMTEC BASF EQ-300 cassette tapes. 

Filming began as plants were placed into pens, and continued until sunset. The 

amount of time each animal spent feeding on each plant type during the first hour 

was used for analysis. 

Damage to plants 

Plant trays were removed from pens or cages at about 10 am. They were scored 

for feeding damage within 2 h of being removed. For all plant species except 

oats, individual plants in each tray were scored for damage. Feeding damage was 

scored as percentage foliage removed on a scale from 0-6, where: 0 = 0%, 1 = 1— 

5%, 2 = 6-25%, 3 = 26-50%, 4 = 51-75%, 5 = 76-95%, 6 = 96-100%. Damage 

to stems was scored for the no-choice trial only, on a scale from 0-4, where 0= 

0%, 1 = 1-25%, 2= 26-50%, 3 = 51-75% and 4= 76-100%. As damage to 

stems by pademelons was minimal in the no-choice trial, it was not assessed in the 

paired-choice trial. For oats, it was unfeasible to give individual plants a score. 

Ten height measurements per tray were taken before and after offering to animals, 

to calculate height loss, and therefore the proportion of the tray consumed. 

Intake of foliage 

In order to estimate intake from the damage data, samples were taken of each 

plant type offered to animals. These samples were measured to the nearest 0.5 

cm, cut at soil level, placed in labelled paper bags, and dried in a 55 °C oven for 48 

h. For all species except oats, 10 plants per day were taken. Samples were used 
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to determine the average dry matter of foliage offered to animals. Where there 

was a significant regression between plant height and dry matter of foliage or 

stem, the dry matter of each plant offered to animals was calculated based on its 

starting height. Otherwise the average foliage or stem dry matter was used for 

analysis. The feeding damage score for each plant was converted to the midpoint 

of the percentage of foliage removed (e.g. score of 2 = 15.5%); intake was then 

calculated as this percentage of the dry mater of foliage or stem offered. For oats, 

the dry matter of each tray offered to animals was estimated from a 10 x 10 cm 

area cut from each tray. Intake was estimated from the proportion of the tray 

eaten. 

Plant chemistry 

Because very little stem was consumed, chemical analyses were confined to the 

foliage. All plant species were tested for nitrogen, phosphorus and cell wall 

components (fibre). Nitrogen and phosphorous were digested following Lowther 

(1980). Digested samples were colourimetrically analysed for nitrogen 

(QuikChem method 13-107-06-2D, Lachat Instruments, Wisconsin, USA) and 

phosphorous (QuikChem method 10-115-01-2D, Lachat Instruments, Wisconsin, 

USA) on a continuous-flow injection analyser (QuikChem 8000, Lachat 

instruments). Neutral detergent fibre (NDF) and acid detergent fibre (ADF) were 

analysed in an ANKOM22°  fibre analyser (ANKOM Technology, Fairport, NY 

USA), with sodium sulphite in the neutral detergent. Acid detergent lignin 

analysis was performed in ANKOM F57 filter bags in standard glassware. Ash 

content was then determined by burning samples in a 525 °C muffle furnace for 3 
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h. As ash content was always very low, less than 1%, results are not presented 

here. 

Eucalyptus nitens was also tested for two groups of plant secondary metabolites: 

total phenolics and formylated phloroglucinol compounds (FPCs). Total 

phenolics were extracted by sonicating dried ground samples with 70% acetone 

and assayed by the Prussian-blue method using a gallic acid standard (Graham 

1992). FPCs were extracted and quantified following Wallis et al. (2003). 

Dried and ground lupin material from the no-choice trial was treated with acid 

solution, then neutralised with base to give free alkaloids, these were then 

extracted with dichloromethane. The total alkaloid, obtained after concentration 

of solution, was subjected to gas chromatography — mass spectrometry (GC-MS) 

analysis. The alkaloids were identified based on their mass spectrometry data and 

retention time compared to those of authentic standards. The concentration of 

alkaloids was determined using a calibration curve at five concentrations of 

standard mixture using eicosane as an internal standard. Data presented are the 

total alkaloids: the sum of the amount of individual alkaloids. Bitter lupins from 

the paired-choice trial were not analysed for alkaloids due to logistic constraints, 

however, as all plants were raised in similar conditions, alkaloid levels in plants 

from both trials should be comparable. 

Statistical analyses 

To estimate plant biomass offered to animals, regressions of plant height versus 

plant dry matter were performed for foliage and stem separately (PROC REG, 
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SAS Institute Inc. 1990). To allow for the large size range of animals used and 

the different moisture content of plants, analysis of intake was based on grams of 

dry plant matter consumed per kg body mass (gDM.kgBM-I ). For all statistical 

tests, residuals were checked for homoscedasticity and normality, and 

transformations applied where necessary (Zar 1996). 

No-choice trial 

Intakes by pademelons and possums were analysed separately. The general linear 

modelling procedure in SAS (PROC GLM, SAS Institute Inc. 1989) was used to 

examine intake by possums, using the total consumption for each animal in each 

period. Animal, period, plant species and carryover effect were included in the 

model as independent variables. Foliage, stem and total (foliage + stem) intake 

were analysed separately. Where significant (P < 0.05) treatment effects were 

found, pairwise comparisons were made using the Tukey-Kramer adjustment for 

multiple comparisons. Intake by pademelons could not be analysed using GLM 

due to a large proportion of zeros in the data. Instead, it was examined using a 

one-way non-parametric pairwise comparison between plant types (PROC 

NPAR1WAY, SAS Institute Inc. 1989). Foliage, stem and total intake were 

analysed separately. 

Paired-choice trial 

The difference in intake or time spent feeding between each pair of plant species 

from the paired-choice trial was analysed using the univariate procedure in SAS 

(PROC UNIVARIATE, SAS Institute Inc. 1990). Trials A and B were analysed 

separately, using the average data for each animal across the three-day test period. 
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PROC CORR (SAS Institute Inc. 1989) was used to compare daily intake and the 

amount of time in the first hour spent feeding on plants. 

Plant chemistry 

Fibre (neutral detergent fibre (NDF), acid detergent fibre (ADF), and lignin), 

nitrogen, phosphorous and alkaloid levels were compared using PROC GLM with 

plant species as the independent variable. Plants from the no-choice and paired-

choice trial were analysed separately. Where significant (P < 0.05) treatment 

effects were found, pairwise comparisons were made using the Tukey-Kramer 

adjustment for multiple comparisons. 

Results 

No-choice trial 

Both pademelons and possums generally ate much more foliage than stem (Figs 

la, b). The only exception was possums feeding on pines (41% leaf and 59% 

stem). For pademelons, there was a significant plant effect on total intake (x 24  = 

25.2, P < 0.001) as well as foliage (x 24  = 25.2, P < 0.001) and stem (x 24  = 21.0, P 

< 0.001) intake. Pademelons ate more than seven times as much pine as E. nitens 

foliage. They ate very little sweet (0.006 gDM.kgBM-1 ) or bitter lupin (0.004 

gDM.kgBM-1), and no broad bean (Fig. la). Possums ate more of all plant species 

than pademelons (Figs la, b). However, there were no significant differences in 

the total amount of plant material (F4,24= 2.2, P = 0.189), or the amount of foliage 

(F4,24= 1.3, P = 0.378) consumed of each species. There was a significant 

difference in the amount of stem material consumed (F4,24= 13.3, P = 0.004), with 
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significantly more stem of pine eaten than of any other species (Fig. lb). 

Individual possums differed in their rank order of plant consumption, although all 

consumed more stem from pine than the other plants. 

(a) Pademelons 

EN 
	

PR 
	

BL 
	

SL 
	

BB 

(b) Possums 

EN 
	

PR 
	

BL 
	

SL 
	

BB 

Figure 1. Daily intake of plant matter (mean + 1 s.e. of total intake) by (a) pademelons and (b) 

possums during the no choice feeding trial. Note the different scale for the y-axis. EN = E. nitens, 

PR = P. radiata, BL = bitter lupin, SL = sweet lupin, BB = broad bean 
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Leaves of the three cover crops had significantly more nitrogen (F4,14= 284.4, P < 

0.001) and phosphorus (F4,14= 33.2, P < 0.001) than the tree seedlings (Table 1). 

Levels of NDF (F4,14= 86.3, P < 0.001) and ADF (F4,14= 33.6, P = 0.001) differed 

significantly between plant species, while lignin (F4,14= 2.1, P = 0.154) did not 

(Table 1). Pine, followed by bitter lupin, had substantially higher fibre levels than 

E. nitens or the other cover crops. Bitter lupin contained two orders of magnitude 

more alkaloid than sweet lupin (F1,4= 51.6, P = 0.006) (Table 1). Total phenolics 

and FPCs were detected in E. nitens (Table 1). 
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Table 1. Chemistry of foliage from the no-choice feeding trial. Values are least squares means (s.e). Different letters within each row indicate significant differences in 

chemical levels at a = 0.05. GA = gallic acid. n.d. = not determined. 

Constituent Units E. nitens P. radiata Bitter lupin Sweet lupin Broad bean 

Nitrogen c'/0 DM 0.79 (0.10)a  1.01 (0.1 0)a  4.00 (0•10)b  3.85 (0.10)b  4.27 (0•10) b  

Phosphorus % DM 0.10 (0.03)a  0.17 (0.03)a  0.29 (0•03)b  0.46 (0.03)b  0.38 (0.03)b  

NDF % DM 13.7 (0.7)a  29.5 (0•7)b  24.7 (0•7)b  16.4 (0.7)a  16.8 (0.7)a  

ADF % DM 10.9 (0.7)a  20.1 (0•7)b  17.7 (0.7)b  11.4 (0.7)a  13.3 (0.7)a  

Lignin % DM 7.5 (2.9)a  13.6 (2.9)a  13.8 (2.9)a  18.3 (2.9)a  17.4 (2.9)a  

Alkaloids pg/g n.d. n.d. 4475.8 (372.8) b  14.1 (3.6)a  n.d. 

Total phenolics Equiv. mg GA.gDM -1  leaf 139.7 (8.7) n.d. n.d. n.d. n.d. 

FPCs Equiv. mg sideroxylonal.gDM -1  leaf 2.0 (0.1) n.d. n.d. n.d. n.d. 
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Paired-choice trial 

There was no significant difference in intake between bitter lupin and E. nitens by 

pademelons (t = -0.12, n = 6, P = 0.912). One particular pademelon (No. 1), was 

the only animal to eat a notable amount of bitter lupin. When this animal was 

excluded from the analysis, E. nitens was significantly preferred (t = -4.06, n = 5, 

P = 0.015) over bitter lupin (Table 2). All pademelons showed a very strong 

preference for oats over E. nitens (t = -9.40, n =6, P < 0.001), consuming on 

average almost 100 times as much. Intake of E. nitens when it was offered with 

bitter lupin was more than three times greater than when it was offered with oats 

(Table 2). 

Table 2. Daily intake of foliage and time spent feeding on plants during the first hour by 

pademelons during two paired-choice feeding trials. Values are least squares means (s.e.). 

Different letters within each column indicate a significant difference at a = 0.05. For comparison 

A, results are presented using all pademelons (n = 6), and for five pademelons with pademelon No. 

I excluded (see text for details). 

Plant species 

Daily intake (gDM.kgBM -1 ) Time spent feeding (min) 

A 
A 

(excl. pad 1) 
B A 

A 

(excl. pad 1) 

E. nitens 

Bitter lupin 

Oats 

0.33 

0.29 

(0.10)a  

(0.29)a  

• 

0.38 (0.10)a  

0.00 (0.00)b  

0.10 

9.50 

(0.02)a  

• 

(1.01)b  

0.30 

0.18 

(0.10)a  

(0.18)a  

0.30 (0.12)a  

0.00 (0.00)a  

• 

0.15 

9.03 

(0.10)a  

(1.85)b  

Video data showed that initial preferences, during the first hour of feeding, were 

similar to total intake results. There was no difference in the amount of time spent 

feeding on E. nitens and bitter lupin (t = -0.58, n =6, P = 0.585); marginally more 
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time was spent feeding on E. nitens when pademelon No. 1 was excluded (t = - 

2.55, n =5, P = 0.063) (Table 2). Significantly more time was spent feeding on 

oats than E. nitens (t = -4.95, n =6, P = 0.004). There was a highly significant 

correlation between intake and time spent feeding (R= 0.78, n = 17, P < 0.001). 

There were significant differences in both nitrogen (F2,11= 343.8, P < 0.001) and 

phosphorus (F2,11= 249.5, P < 0.001) levels between plant species. Bitter lupin 

had significantly more nitrogen than oats, which had significantly more than E. 

nitens (Table 3). Oats had the highest fibre levels, followed by bitter lupin and 

then E. nitens (NDF: F2,11 = 183.2, P < 0.001; ADF: F2,11 = 180.9, P< 0.001; 

lignin: F2,11 = 6.4, P = 0.019). Total phenolics and FPCs were present in E. nitens 

(Table 3). 

Table 3. Chemistry of foliage from the paired-choice feeding trial. Values are least squares 

means (s.e.). Different letters within each row indicate significant differences in chemical levels at 

a = 0.05. GA = gallic acid. n.d. = not determined. 

Constituent Units E. nitens Bitter lupin Oats 

Nitrogen % DM 0.41 (0.09)a  3.68 (0.09)b  2.51 (0.09)b  

Phosphorus % DM 0.07 (0.02)a  0.51 (0.02)b  0.61 (0.02)b  

NDF % DM 17.96 (0.98)a  26.23 (0•98)b  43.81 (0.98)b  

ADF % DM 11.71 (0.49)a  16.86(0.49)" 24.87 (0.49)c  

Lignin % DM 3.80 (1.48)8  10.99(1.48)" 9.09 (1 .48)ab  

Total phenolics Equiv. mg GA.gDM"1  leaf 123.39 (7.55) n.d. n.d. 

FPCs Equiv. mg sideroxylonal.gDM"1  leaf 2.03 (0.08) n.d. n.d. 
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Discussion 

Cover crop potential: pademelons 

All three legume species (bitter lupin, sweet lupin and broad bean) were less 

preferred by pademelons than either of the tree species (E. nitens or P. radiata). 

The preference for P. radiata over E. nitens which we detected has been reported 

previously (McArthur et al. 2000). The highly significant preference of oats over 

E. nitens is not surprising since the usual diet of pademelons consists mostly of 

herbs and grasses, with woody plants making up a smaller proportion (Statham 

1983; Sprent and McArthur 2002). 

The preference results indicate that bitter lupin, sweet lupin and broad bean may 

be useful for reducing browsing in plantations, provided pademelons select at the 

patch scale. There is some evidence that they do: Pietrzykowsld etal. (2003) 

showed that pademelons browse P. radiata seedlings less when they occur in low-

than in high-quality patches. Bitter lupin, sweet lupin and broad bean are also all 

taller than tree seedlings and so have further potential to reduce browsing by 

providing physical protection. Consistent with this, Miller etal. (1982) found that 

tall, conspicuous saplings of Scots pine, silver birch, rowan and juniper were more 

likely to be browsed by red deer (Cervus elaphus L.) than small, inconspicuous 

plants. Likewise, Pinus radiata seedlings are more likely to be damaged by 

browsing macropods, including pademelons, when exposed than when hidden 

amongst tall vegetation (Pietrzykowski et al. 2003). 

Given that pademelons appear to select at the patch scale (Pietrzykowski et al. 

2003), we predict that oats growing in a plantation may exacerbate browsing on 
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seedlings. In similar comparisons, Bulinski and McArthur (2003) found that 

browsing damage in eucalypt plantations was positively correlated to grass cover, 

and Cremer (1969) and Pietrzykowski et al. (2003) both found that tree seedlings 

were more severely browsed in grassy areas. It is possible, however, that oats 

grown near plantations may provide alternative food off-site and reduce the time 

spent on plantations. Diversionary foods successfully reduced feeding damage to 

lodgepole pine seedlings by voles (Microtus spp.) (Sullivan et al. 2001). 

The strong correlation between intake over 24 h and time spent feeding during the 

first hour suggests that visual examination of initial feeding could be used as a 

rapid assessment of preferences. Likewise, Scott et al. (2002) found that short-

term captive trials (three days) could be used as rapid bioassays for determining 

resistance of foliage to browsing in the field over months. 

Cover crop potential: possums 

We were unable to detect any significant preferences by possums for any of the 

plants offered, in terms of foliage or total intake. This contrasts with a previous 

study, in which intake of E. nitens was higher than P. radiata foliage (McArthur 

et al. 2000). The difference may lie in different relative and absolute nutritional 

status of the seedlings in the two studies. It is unclear, therefore, whether any of 

the cover crops would be useful in reducing browsing by possums through an 

influence on patch selection. As with pademelons, however, reduced seedling 

apparency from these taller crops may be effective, though this cannot be 

ascertained from the current trial. 
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Feeding in relation to plant chemistry 

Feeding preferences could not be simply related to any individual measure of 

plant chemistry examined here. For example, nitrogen is often suggested to be 

one of the major positive drivers influencing intake (Mattson 1980), and yet it was 

significantly lower in oats and P. radiata - which were preferred by pademelons - 

than in the rejected cover crops. It is likely that levels of negative factors, such as 

fibre and secondary chemicals, over-rode the primary requirement or preference 

for nitrogen. The low nitrogen content of E. nitens may have made the seedlings 

less preferable than 'typical' seedlings planted in plantations, which generally 

have around 1% nitrogen (Close et al. 2004). 

Pademelons and possums appear to differ in their tolerance to alkaloids. Five of 

the six pademelons ate little or no sweet or bitter lupin, suggesting that they are 

averse to even very low levels of alkaloids. In contrast, possums ate over twice as 

much sweet as bitter lupin (although not statistically significant), presumably due 

to the much lower alkaloid content in sweet than bitter lupin. Many species of 

insects and mammals are deterred by bitter tasting alkaloids, which can often be 

toxic. Wang et al. (2000) found an inverse correlation between the concentrations 

of alkaloids in Lupinus luteus and the damage caused by red-legged earth mites. 

Broad bean foliage has been shown to contain a range of secondary chemicals, 

including terpenoids and flavonoids (WeissenbOck etal. 1984; Lehmann and 

Schwenen 1988). 

Whatever chemical characteristics reduced palatability of the legume crops to 

pademelons, they were more effective than the secondary chemistry known to 
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affect palatability of E. nitens (e.g. FPCs (O'Reilly-Wapstra et al. 2004) and 

phenolics (Marsh etal. 2003; O'Reilly-Wapstra etal. 2005)) and the terpenes in P. 

radiata (Petrakis et al. 2001). FPC levels measured in this study were not as high 

as those reported to reduce browsing by both pademelons and brushtail possums 

in previous captive studies (McArthur et al. 2003). Finally, chemistry effective in 

reducing browsing on legumes by pademelons was not as effective against 

possums. 

Conclusion 

These results represent the first step in investigating potential cover crops for 

reducing browsing damage in plantation forestry. All plant species tested have 

some potential to be used as cover crops. Their effectiveness is likely to be 

strongly dependent upon herbivore feeding behaviour, particularly the level at 

which animals are making foraging decisions. The next step is therefore to test 

their effectiveness in protecting seedlings in field trials. 

The contrasting feeding preferences of pademelons and possums mean that 

vegetation management designed to protect seedlings against one species may not 

work against the other. If cover crops are to be used for reducing browsing 

damage, then the decision as to what type to use, and where and how to apply it, 

would have to be site specific, taking into account the feeding behaviour of the 

dominant browser, and site characteristics such as alternative food. 

The use of cover crops in isolation is unlikely to provide an effective method for 

reducing damage in areas with high browsing pressure. Cover crops are likely to 
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be most useful as part of a complete management plan, which could include 

modification of plantation and seedling characteristics to minimise browsing. For 

example, as small, irregularly-shaped plantations close to protective cover 

generally receive the most damage, browsing could be reduced by increasing 

plantation size, making them more circular, removing windrows, and/or 

positioning away from native forest. Likewise, browsing of seedlings can be 

reduced by application of chemical repellents (Woolhouse and Morgan 1995), 

selection of genetically resistant stock (O'Reilly-Wapstra et al. 2002), or 

manipulation of plant chemistry (Close et al. 2004). 
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Alkaloids of two Lupinus species: variation in allocation with 

respect to plant part and growth stage 

Miller, A.M., McArthur, C., Smethurst, P.J., and Wang, S.F. Alkaloids of two 

Lupinus species: variation in allocation with respect to plant part and growth 

stage. 

Abstract 

A substantial amount of research has focused on toxic alkaloids and how 

concentrations can be reduced to make plants safe for consumption by herbivores. 

Alternatively, mammalian herbivores are often a major pest in plantation forestry, 

and lupins containing unpalatable alkaloids have the potential to deter herbivores 

from these areas and therefore reduce browsing on plantation seedlings. To use 

lupins for such purposes, we need to know how alkaloid concentrations vary with 

plant part and growth stage, to know when they would be unpalatable and 

therefore capable of such deterrence. To this end, we grew, in a common 

environment, two lupin species (Lupinus albus var. 'Lupin? and L. angustifolius 

cv. `Wonga') that had been suggested for use in plantations and harvested them at 

different stages. We then determined alkaloid concentrations in the various plant 

parts and growth stages. The concentrations of total alkaloids were 28 times 

higher in L. albus than L. angustifolius. Mature plants of L. albus (leaves plus 

stem) had higher concentrations of all five alkaloids quantified than L. 
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angustifolius. All plant parts and stages of both species were dominated by the 

alkaloid lupanine. In L. angustifolius, by far the highest alkaloid concentrations 

were found in seed pods. We relate results to herbivore feeding preferences and 

optimal defence theory. 

Introduction 

An alkaloid is a nitrogenous organic molecule usually derived from an amino acid 

that has pharmacological effects on humans and other animals. Alkaloids are a 

large, diverse group of secondary plant substances that are found in 20% of 

flowering plant species (Harbome, 1973; Hartman, 1991). A distinguishing 

feature of many alkaloids is that they are bitter tasting; the alkaloid quinine, for 

example, is one of the most bitter substances known (Harbome, 1973). This 

bitterness is thought to be responsible for deterring feeding by many insect and 

mammalian herbivores. 

Quinolizidine alkaloids (QAs) derived from lysine are the largest single group of 

legume alkaloids (Pelletier, 1983). They are generally abundant in plants of the 

genus Lupinus, and are often referred to as lupine alkaloids (Ralphe and Olsen, 

1985; Hartman, 1991; Wang etal., 2000). Lupanine is the simplest and principal 

quinolizidine alkaloid (Mothes et al., 1985; Ralphe and Olsen, 1985). Sparteine 

and lupanine are reported to be the two most important toxic alkaloids, and are 

thought to be responsible for the poisoning of cattle and sheep (Henry, 1949; 

Duke, 1981; Pelletier, 1983; Grover et al., 1995; Wang et al., 2000). 
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Quinolizidine alkaloids are synthesized in leaf chloroplasts and then translocated 

via the phloem to other plant parts (Pelletier, 1983; Hartman, 1991; Adler and 

Wink, 2001; Ridsdill-Smith et al., 2004). Alkaloids are present in all plant parts 

and accumulate in the epidermis, where they are stored in vacuoles (Mothes et al., 

1985; Hartman, 1991; Adler and Wink, 2001). Alkaloids are in a dynamic state of 

turnover and/or tanslocation (Pelletier, 1983). 

Although all genotypes of lupins contain alkaloids that convey a bitter taste, some 

have low concentrations and are considered sweet and palatable. For example, 

one million tonnes of lupin seed is produced in Australia annually, most of which 

(99%) is used as a high protein animal feed (Putnam, 1993; Brand and Brandt, 

2000). Selective breeding has produced these sweet lupins (Henry, 1949; Ralphe 

and Olsen, 1985), which commonly have around 20 pg/g alkaloid. In contrast, 

bitter seeds have an alkaloid concentration in the range of 15000-22000 gg/g 

(Luckett, 2000). 

Several studies have shown that herbivores prefer sweet varieties to bitter ones 

and that feeding damage is often inversely correlated to the concentration of 

alkaloids (e.g. Ralphe and Olsen, 1985; Wang et al., 2000). For example, rabbits 

and hares tend to avoid consuming bitter lupins, but readily feed on sweet lupins 

which have a lower alkaloid concentration; and range animals avoid feeding on 

alkaloid-containing plants if alternative food is available (Pelletier, 1983; Mothes 

et al., 1985; Hartman, 1991). Brand and Brandt (2000) reported that food 

rejection may occur when the alkaloid concentration of the diet exceeds 30 gg/g. 
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The relative concentrations of various alkaloids differ considerably amongst 

species and between plant parts (Ridsdill-Smith et al., 2004; Wang, pers. obs.). 

High concentrations are generally reported to be in the seeds and seed pods, with 

lower concentrations in stems and leaves (Pelletier, 1983; Bush et al., 1993; 

Grover et al., 1995). Alkaloid concentrations are also reported to vary with plant 

age (Keeler et al., 1976; Ralphe and Olsen, 1985; Bush et al., 1993; Ridsdill-

Smith et al., 2004), although few data are available. 

Variation in alkaloid concentration has important implications for consumption by 

herbivorous mammals. There is a focus in the literature on minimising alkaloid 

concentrations, because most work has attempted to prevent poisoning of 

livestock. The deterrent nature of lupins, however, could be utilised to prevent 

animals feeding in areas where it presents a problem, such as forestry plantations, 

if the correct variety is chosen. One study, in Tasmania, Australia, found that 

Lupinus albus ('Lupini) could be established on a eucalypt plantation, and 

significantly reduced mammal browsing to tree seedlings, while Lupinus 

angustifolius (`Wonga') could not be established due to heavy browsing on young 

plants (Pietrzykowski et al., 2002). It was hypothesised that the difference in 

establishment was due to L. angustifolius having much lower alkaloid 

concentrations and therefore being more palatable. The higher palatability of L. 

angustifolius to one herbivore, the common brushtail possum (Trichosurus 

vulpecula), was demonstrated in a captive trial (Miller et al. 2006b), which also 

demonstrated a strong preference by possums for leaf over stem material. The 

difference in consumption and establishment of L. albus and L. angustifolius was 

most likely due to contrasting alkaloid concentrations; but only the total alkaloid 
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concentration of foliage from six-week old plants of these varieties has been 

reported (Miller et al. 2006b). 

Although there are some data on alkaloid concentrations in both L. albus and L. 

angustifolius (Brand and Brandt, 2000; Luckett, 2000; Aniszewski et al., 2001), 

those reported are usually just for seeds, and the cultivar tested is often not 

specified even though cultivar has a major effect on alkaloid concentration. We 

also found no information on temporal changes in alkaloid concentrations of 

various plant parts of the genotypes being considered for use in forest plantations. 

In addition, growing conditions influence alkaloid concentrations (Hoft et al., 

1996; Ralphs et al., 1998), which necessitates comparisons under similar growing 

conditions. 

The ODT attempts to explain variation in plant secondary compounds between 

different species, different development stages and different parts of individual 

plants. The ODT was developed by McKey (1974) to explain the distribution of 

alkaloids within plants. Because alkaloids contain nitrogen, their production is 

thought to be particularly costly to plants, necessitating their judicial distribution. 

The ODT predicts that a plant allocates defence compounds to the most valuable 

parts of a plant, or those which are most vulnerable to attack by herbivores, in a 

way that maximises fitness, i.e. the benefit of protecting these parts outweighs the 

cost of manufacturing and maintaining defences (McKey, 1974, 1979; Rhoades, 

1979; Zangerl and Bazzaz, 1992). The value of a plant part is related to its current 

and expected contribution to plant fitness. Thus, plant tissues most closely linked 

to fitness, such as reproductive parts, are predicted to be more highly defended 
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than leaf tissue (McKey, 1979; Nitao and Zangerl, 1987; Zangerl and Bazzaz, 

1992; Van Dam et al., 1996; Zangerl and Rutledge, 1996; Ohnmeiss and Baldwin, 

2000). Likewise, parts crucial to the establishment of a plant, i.e. the cotyledons, 

should be heavily defended, and levels of defence in cotyledons should decrease 

with age as the plant becomes established and no longer requires them (Wallace 

and Eigenbrode, 2002). It has also been suggested that chemical defences should 

be most concentrated in the youngest leaves, as these are of greater value to a 

plant than mature leaves (McKey, 1974; Harper, 1989; Van Dam et al., 1996; 

Ohnmeiss and Baldwin, 2000; Laitinen et al., 2002). 

Our objective was to grow two Lupinus species, Lupinus albus var. 'Lupin? and 

Lupinus angustifolius cv. `Wonga', from seed and compare alkaloid 

concentrations in different plant parts at different phenological stages. The 

primary aim was to detennine whether reported feeding patterns of browsing 

mammals important to plantation forestry in Tasmania, Australia could be 

explained by lupin alkaloid concentrations. A secondary aim was to determine 

whether alkaloid distribution within plants could be explained using the optimal 

defence theory (ODT). 

Materials and methods 

Study species 

Lupinus albus var. 'Lupine is a landrace, i.e. a variety derived by traditional 

agricultural methods but not influenced by modern breeding practices, which is 

originally from Italy. Lupini is a generic term for all large seeded bitter L. albus. 

`Lupini beans' are produced for human consumption, and are traditionally 
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marketed as a snack food in Mediterranean countries. The specific variety used in 

this study was `Supa Lupe'. It was imported into Australia in 1995 by Andrew 

Youl and has since been selected for seed size, with larger sizes being preferred 

(Geoff Dean, pers. comm.). A range of seed sizes is normally produced from a 

lupin crop. To be used for human consumption, L. albus seeds must be large; the 

smaller seed sizes have a potential market as cover crops. 

Lupinus angustifolius is an important source of high protein stock feed. The 

alkaloids of L. angustifolius seed appear to be the only plant secondary metabolite 

of significance (Petterson et al., 1986). A breeding program in Western Australia 

has reduced the seed alkaloid concentrations from over 10000 ggig to as low as 10 

ggig (Brooke et al., 1996). L. angustifolius cv. `Wonga' was produced from a 

collaboration between the WA Department of Agriculture and the New South 

Wales Department of Agriculture; marketing commenced in 1996. Wonga was 

bred for yield and adaptation in NSW but had to meet the crucial criteria of low 

seed alkaloid concentrations and Phomopsis resistance. Wonga later turned out to 

have the best resistance to the fungal disease Anthracnose, and the best resistance 

to seed transmission of Cucumber Mosaic Virus; consequently, it has been a 

mainstay variety in NSW since its release (David Luckett pers. comm.). 

The two lupin varieties used were therefore a relatively unaltered form CLupinil 

versus a cultivar (`Wonga') that had undergone intensive breeding to reduce 

alkaloid concentrations. Breeding in the latter has, however, focussed on the seed, 

and, to the best of our knowledge, alkaloid concentrations in other plant parts are 

unknown and have not been directly manipulated by breeding. 
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Growth and preparation of lupins 

Plants of L. albus var. 'Lupin? and L. angustifolius cv. `Wonga' were grown from 

seed in 30 x 35 cm seedling trays filled with four litres of premium potting mix 

(containing composted pine bark, sand, fertiliser, controlled release fertiliser, trace 

elements and wetting agent), in an outdoor, unsheltered enclosure. Lupinus albu,s 

seeds were much larger (average of 0.55 g) than those of L. angustifolius (0.13 g); 

therefore, there were approx. 60 L. albus or 100 L. angustifolius seeds per tray. 

Seeds were sown 1-2 cm deep, and soil was lightly packed. Plants were fertilized 

regularly with Aquasol ®  liquid fertilizer (Hortico; NPK 23: 4: 18 + Zn + Fe + B + 

Cu) and watered twice per day. 

Plants were harvested at four different stages: cotyledon, first leaf, six weeks and 

mature (after flowering), by cutting the stem at soil level. Here we define the 

cotyledon stage as plants that had cotyledons above-ground and open, but no true 

leaves present. The first leaf stage is when the first set of true leaves had fully 

expanded. Plants were dried at 55 °C, and then separated into component parts 

(cotyledon, stem, leaves, and seed pods). Seeds were also set aside for chemical 

analysis. Samples were ground to pass through a 1-mm-mesh sieve using a 

cyclone grinder. There were three replicates of each plant part within each growth 

stage. A replicate consisted 10 trays of plants at a particular growth stage. These 

plants were separated into plant parts. We analysed seed pods of L. angustifolius, 

but we did not have enough material to examine this component of L. albus. Seed 

pods of L albus were harvested before seeds had fully developed, and included 

both the casing and the developing seeds within. 
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Chemical analyses 

The analysis of alkaloids followed the method described in Cardoza et al. (in 

press). Dried and ground lupin material (1 g) was treated with trichloroacetic acid 

solution. The acid solution obtained after filtration of sample was basified with 

NH3H20 to pH 10, before extracting with dichloromethane (DCM) twice. The 

sample was then further basified with 10 M NaOH to pH 14, and extracted with 

DCM twice more. All four extracts were combined and the DCM was evaporated 

under vacuum to yield total alkaloid extract. The extract residue was redissolved 

in ethyl acetate for gas chromatography mass spectrometry (GC-MS) analysis. 

The presence of alkaloids in lupin material was determined by GC-MS using a 

Hewlett Packard (HP5986) GC-MS instrument equipped with a HP-5MS column 

(0.24 pm film thickness, 10 m x 0.35 mm i.d.) using helium as the carrier gas. 

The injector temperatures were kept at 250°C and the oven temperature was 

programmed from 40°C (isothermal for 2 min) to 290°C at a rate of 10°C/min. 

On-column injections of 1 pl were made. Auxiliary temperature was 250°C. 

Electron ionization mass spectra were produced at 70eV and data were recorded 

over the m/z range from 50-500. Compound identifications were made by 

comparison of the mass spectral data and retention times with those of authentic 

standards (lupanine and 13-0H lupanine; provided by David Harris, WA 

Chemistry Centre; Brooke et al., 1996), and co-injection of the standards with 

crude alkaloid samples. The amounts of individual alkaloids were determined 

using calibration curves of the appropriate compounds at five concentrations, 

using eicosane as the internal standard. Data presented are the concentrations 
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(means + SE) of total alkaloids (sum of individual alkaloids), of five individual 

alkaloids (13-0H lupanine, isolupanine, lupanine, multiflorine, sparteine) and of 

other non-identified alkaloids ('others'). 

Statistical analyses 

General linear modelling (PROC GLM, SAS Institute Inc., 1989) was used to 

examine the difference in total alkaloid concentration of mature L. albus and L. 

angustifolius, in addition to the effects of plant phenological stage and plant part 

on the concentration of total alkaloids and each individual alkaloid within both L. 

albus and L. angustifolius. In addition to absolute concentrations, we examined 

the proportional contribution of each individual alkaloid and 'others' to the total 

alkaloid content of whole (leaf + stem) mature lupin plants. For all statistical 

tests, residuals were checked for homoscedasticity and normality, and 

transformations were performed where necessary (Zar, 1996). Where significant 

(P < 0.05) treatment effects were found, pairwise comparisons were made using 

the Tukey-Kramer adjustment for multiple comparisons. 

Results 

Alkaloid composition of whole mature lupin plants 

Mature plants of L. albus (leaves plus stem) had higher concentrations of all five 

alkaloids quantified than L. angustifolius (Figure la) (P < 0.05 for all except 

isolupanine: P = 0.054). The total alkaloid concentration of L. albus was 28 times 

higher than L. angustifolius (5586 and 196 ggig, respectively; F1,11= 47.5, P < 

0.001). 
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(a) 

4000 	 • L albus 
a L. angustifolius 

3000 

2000 

1000 

13-0H 	Isolupanine Ltpanine Mdtiflorine Sparteine 	Others 
kpanine 

13-0H 
lupanine 

lsolupanine Lupanine 	Multiflorine Sparteine 	Others 

FIG. 1. (a) Total allcaloid concentration (ug/g) of, and (b) percentage composition of six categories 

of alkaloid in whole, mature plants (stem + leaf), of L. albus and L. angustifolius. Values are 

means (+ 1 SE). 

Lupanine was the most common alkaloid in both species, accounting for an 

average of 51% of total alkaloid in L. albus and 52% in L. angustifolius. 13-0H 

lupanine made up a greater proportion of total alkaloids in L. angustifolius (41%) 

than L. albus (5%), and this difference was significant (Fij i = 64.5, P < 0.001). 

Lupinus albus had a significantly greater proportion of lupins that were 

unidentified ('others') (26% vs. 0%; F1,11= 32.3, P < 0.001; Figure lb). There 
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was no significant difference in the relative contributions of isolupanine, lupanine, 

multiflorine or sparteine to the total alkaloid concentration of L. albus and L. 

angustifolius (all P> 0.05). 

Total alkaloid concentration 

All plant parts and stages of L. albus contained more total alkaloids than L. 

angustifolius (Figure 2). Leaves in all stages of L. albus contained more total 

alkaloids than stems (Figure 2a), although this was only significant for the first 

leaf and mature stages (Table la). Alkaloid concentration of L. albus stem 

decreased as plants matured (Figure 2a). Alkaloid concentration of cotyledons of 

both species significantly decreased from the cotyledon to the first leaf stage 

(Figure 2, Table 1). By far the highest alkaloid concentration in L. angustifolius 

was found in seed pods (Figure 2b). 
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FIG. 2. Total alkaloid concentration (gg/g) of different plant parts within five growth stages of (a) 

L. albus and (b) L. angustifolius. Values are means (± 1 SE). Note the order of magnitude 

difference in the scale of the y-axis. 
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TABLE 1. PAIRWISE COMPARISONS OF TOTAL ALKALOID CONCENTRATIONS IN DIFFERENT PLANT 

PARTS AT DIFFERENT GROWTH STAGES OF (A) L. albus AND (B) L. angustifolius 

(a) L. albus 

PART 

STAGE 	Seed Cotyledons Stem 	Leaves 

Seed 	n.c. 

Cotyledons 	 b, y 	a, z 

First leaf 	 a, x 	b, y 	C, z 

Six weeks 	 a, x 	a, x 

Mature 	 a, x 	b, y 

(b) L. angustifolius 

PART 

STAGE 	Seed Cotyledons Stem 	Leaves Seed pods 

Seed 	n.c. 

Cotyledons 	 a, y 	b, z 

First leaf 	 a, x 	b, xy 	a, xy 

Six weeks 	 a, x 	a, x 

Mature 	 a, yz 	a, y 	b 

Within a stage (row), a, b and c denote plant parts which are significantly different at P = 0.05 

after Tukey-Kramer adjustment; x, y and z denote plant stages within a part (column) which are 

significantly different. n.c. = no comparison available. 
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Alkaloid types 

All plant parts and stages of both species were dominated by lupanine, 

isolupanine was the least common, always accounting for less than 5% of total 

alkaloids (Table 2). All parts and stages of L. albus contained a substantial 

proportion of uthdentified alkaloids (others), while these were only found in the 

cotyledon and first leaf stages of L. angustifolius (Table 2). Within L. albus, 

seeds were unique in containing proportionately more 13-0H lupanine (Table 2a). 

Within L. angustifolius, sparteine was restricted to the leaves and seed, being 

proportionately abundant, accounting for almost 37% of total alkaloids, in leaves 

of six-week old plants (Table 2b). 13-0H lupanine was proportionately important 

in the mature stage of L. angustifolius (Table 2b). 
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TABLE 2. PERCENTAGE OF TOTAL ALKALOID FOR EACH TYPE IN PLANT PARTS OF VARYING GROWTH STAGES IN (A) L. albus AND (B) L. angustifolius. 

(a) L. albus 

STAGE PART 

13 OH 

lupanine 
Isolupanine Lupanine Multiflorine Sparteine Others 

Seed Seed 15.71 0.42 53.32 12.75 1.00 16.80 

Cotyledons Cotyledons 5.73 0.46 45.33 17.77 0.54 30.17 

Stem 2.95 0.83 57.93 10.81 0.65 26.82 

First leaf Cotyledons 2.70 0.65 53.12 14.93 0.72 27.89 

Stem 2.06 0.81 58.64 11.76 0.97 25.77 

Leaves 2.35 0.00 51.97 15.64 0.35 29.69 

Six weeks Stem 5.20 0.00 65.80 4.57 2.47 21.94 

Leaves 1.95 0.00 52.04 3.27 1.12 41.61 

Mature Stem 8.61 0.00 53.10 6.09 6.92 25.28 

Leaves 2.29 0.65 48.98 15.99 4.99 27.09 



(b)L. angustifolius 

STAGE PART 

130H 

lupanine 
lsolupanine Lupanine Multiflorine Sparteine Others 

Seed Seed 13.05 0.00 68.34 17.05 1.56 0.00 

Cotyledons Cotyledons 24.40 0.00 41.76 8.36 0.00 25.48 

Stem 11.91 0.00 57.09 2.19 0.00 28.81 

First leaf Cotyledons 0.00 0.00 57.51 6.81 0.00 35.68 

Stem 23.38 0.00 46.34 2.73 0.00 27.55 

Leaves 17.92 4.04 34.12 0.00 2.38 41.54 

Six weeks Stem 0.00 0.00 100 0.00 0.00 0.00 

Leaves 0.00 0.00 63.05 0.00 36.95 0.00 

Mature Stem 38.98 0.00 55.58 5.45 0.00 0.00 

Leaves 42.64 0.85 47.48 3.43 5.61 0.00 

Seed pods 46.57 0.00 47.02 6.26 0.00 0.00 
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Discussion 

Total alkaloid concentrations were higher in L. albus than L. angustifolius. 

Results from this study suggest that the preference of possums forL. angustifolius 

over L. albus reported in Miller et al. (2006b) was most likely due to the much 

lower concentrations of total alkaloids and each individual alkaloid in L. 

angustifolius. While possums readily consumed both lupin species, pademelons 

would not consume either (Miller et al., 2006b). The lack of consumption of 

either by pademelons suggests these animals are deterred by even the very low 

concentration of alkaloids in L. angustifolius, relative to L. albus. It should be 

noted that this 'very low' concentration in L. angustifolius is still higher than the 

30 ptg/g reported as deterrent (Brand and Brandt 2000). Pfister et al. (1996) also 

detected differences in the capacity of different herbivore species to consume 

alkaloids. Consumption of tall larkspur (Delphinium spp.) by sheep was 

negatively influenced by alkaloid concentration, while consumption by cattle was 

not correlated with the concentration of alkaloids. 

Miller et al. (2006b) found that the red-bellied pademelon finds all plant parts and 

growth stages of lupins unpalatable, while common brushtail possums readily 

consumed all growth stages offered, but only consumed cotyledons and leaves; 

they did not eat stem material. The preference of leaves over stem by possums 

cannot be explained by total alkaloid concentrations, which were often higher in 

leaves. There are several, not necessarily mutually exclusive explanations for this 

preference. First, leaf material had lower concentrations of the toxic alkaloid 

lupanine than stem. Second, it is likely that leaves were higher in nitrogen and 

lower in fibre than stems than because the main purpose of the stem is to provide 
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structure. Preference could be related to the combination of less fibre and high 

nutrient content as found by Loney et al. (2006) for pademelons and possums 

feeding on Eucalyptus nitens seedlings. 

These results suggest that the usefulness of lupins as cover crops in plantation 

forestry will depend upon herbivore populations. In areas dominated by 

pademelons, either lupin species has the potential to deter browsing, while in 

areas dominated by possums, L. albus is likely to be more effective. Vegetation 

height has been shown to be an important factor in preventing browsing (Miller et 

al., 2006a), therefore, despite the fact the alkaloid content declines with age in L.

•  albus, the six-week and mature stages should provide the best protection. The 

high alkaloid content of young plants is important in allowing them to become 

established. It should be noted that neither species is likely to be able to establish 

successfully in areas with high browsing pressure. This was observed on a field 

site, where L. albus was unable to establish due to heavy browsing on young 

plants (Miller et al., 2006a). 

Lupinus albus and L. angustifolius exhibited different patterns in total alkaloid 

concentration with growth stage, but neither pattern is consistent with that 

reported by Keeler et al. (1976), who found that total alkaloid concentration in 

above-ground parts (leaves and stems) of L. caudatus was low during the early 

stages of plant growth, and increased to a peak prior to flowering, before dropping 

to a low level during the seed-pod stage. These three contrasting patterns from 

three different species suggest that there is no 'typical' pattern with regards to 

change in alkaloid content during lupin development. 
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Alkaloid concentrations of Lupinus albus and L. angustifolius also differed 

between plant parts. Keeler et al. (1976) found that total alkaloid concentration of 

L. caudatus was highest in seeds by a significant margin, followed by young 

leaves and stems, which were not separated; roots were lowest with mature leaves 

and stems only slightly higher than roots. We did not measure alkaloid 

concentration of root material because we had no evidence that our herbivores 

consumed this below-ground plant part. In our study, concentrations in leaves and 

stems of young L. albus were much higher than in leaves of mature plants, but L. 

angustifolius showed the opposite pattern. In both, seed concentrations were 

intermediate. As with development then, it appears that there is no 'typical' 

pattern with regards to alkaloid content in different plant parts. 

Grover et al. (1995) found that total alkaloid concentration in arctic (L. arcticus 

subsp. arcticus) and Nootka lupine (L. nootkatensis var. nootkatensis) was highest 

in pods, with the lowest concentration in the root and stem. Likewise, alkaloid 

concentrations in L. angustifolius seed pods were significantly and substantially 

higher than in stem material (or any other plant part for that matter) of any stage. 

Higher levels of defence in reproductive than non-productive parts has been 

reported in a number of studies (e.g. Hyvarinen et al., 2000; Brathen et al., 2004; 

Strauss et al., 2004), and are often used to support predictions of the Optimal 

Defence Theory. In contrast to predictions of the ODT, L. albus did not have a 

higher total alkaloid concentration in seeds (concentrations in seed pods were not 

measured for this species) than vegetative parts. It could be that concentrations of 

specific alkaloids were more important than the total, as different alkaloid have 
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differing levels of toxicity (Wink 1998). For example L. albus seeds had a higher 

proportion of 13-0H lupanine than vegetative parts. Because L. angustifolius has 

been subject to intensive breeding to reduce alkaloid concentrations, we can not 

realistically relate the results of this plant to the optimal defence theory. 

In line with predictions in regards to the Optimal Defence Theory, alkaloid 

concentration of the cotyledons of both species did decrease with age, which 

coincides with a reduction in their value to the plant, i.e. as new leaves develop 

(Wallace and Eigenbrode 2002). Patterns in older plants also appear consistent 

with the ODT. All leaves in plants of the first leaf stage were young, while plants 

of six-weeks and mature stages consisted predominantly of mature leaves. 

Youngest leaves of L. albus (first leaf stage) had a higher alkaloid content than 

older leaves from plants at the six-week and mature stages. 
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Chapter Four 

Effects of within-patch characteristics on the vulnerability of a 

plant to herbivory 

Miller, A.M., McArthur, C., and Smethurst, P.J. Effects of within-patch 

characteristics on the vulnerability of a plant to herbivory. Oikos DOI: 

10.1111/j.2006.0030-1299.15331.x 

Abstract 

Consumption of a focal plant by herbivores depends, not only on the physical and 

chemical characteristics of that plant, but also on the characteristics of the 

neighbouring vegetation. Consumption of focal plants has been related to their 

own characteristics and to the quality of the neighbouring vegetation, but the two 

have not been combined to examine the relative importance of focal plant and 

neighbouring vegetation characteristics. 

We conducted a series of feeding trials to examine the relative importance of focal 

plant and various characteristics of neighbouring vegetation to browsing of a focal 

plant within vegetation patches. We planted Eucalyptus nitens seedlings of high 

and low nutrient status amongst vegetation patches differing in palatability, 

abundance and height. Generalist mammalian herbivores, red-bellied pademelons 

(Thylogale billardierii), were allowed to feed in each of these patches one at a 

time, and seedling consumption was recorded. Results were considered in light of 
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the attractant-decoy and apparency hypotheses, which focus on the outcome to 

plants, and in terms of foraging theory, which is process-focussed. 

Seedling and vegetation characteristics were both important. Seedlings of high 

nutrient status were preferred over those of low nutrient status. The relative 

quality, abundance and height of neighbouring vegetation all influenced browsing 

of a focal plant. Seedlings were more vulnerable amongst vegetation that was low 

palatability, of low abundance, or was short. Seedling and vegetation effects were 

additive in two of three trials. 

Results were consistent with both the attractant-decoy and apparency hypotheses, 

and could be explained in terms of maximising foraging efficiency. They 

demonstrate the need to consider characteristics of both the focal plant and its 

neighbouring vegetation when predicting the vulnerability of the former to 

browsing by generalist herbivores. 

Introduction 

Consumption of a focal plant by herbivores is influenced by the morphological 

and chemical characteristics of that plant (Fraenkel 1959, Freeland and Janzen 

1974, Radwan and Crouch 1974). Plants with physical defences, such as thorns or 

spines, are often avoided because the rate of feeding is reduced through a 

reduction in bite size and biting rate (Bergstrom 1992). Plants without such 

physical defences may also be avoided if some other aspect of their morphology 

reduces availability or feeding rate (Hjalten et al. 1996). For example, plants with 
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a few large stems may be eaten less than those with many small stems (Shipley et 

al. 1998). 

In terms of plant chemical characteristics, feeding is commonly related to a trade-

off between the nutritional quality of a plant, often defined as nitrogen content, 

and any secondary compounds, such as phenolics (Bergeron and Jodoin 1987, 

Lawler et al. 1998, Villalba et al. 2002). Nitrogen content is often used as an 

index of plant palatability because it is positively correlated with protein content, 

dry matter digestibility, and digestible energy (Marell et al. 2002). Plant 

secondary compounds reduce intake by either reducing digestibility, through 

interfering with nitrogen availability (e.g. phenolics, Mattson 1980), or by 

providing a toxic load (e.g. formyl phloroglucinol compounds (FPCs), McLean et 

al. 2004, O'Reilly-Wapstra et al. 2004; oils, Wiggins et al. 2003). 

While the morphology and chemistry of a focal plant can explain intake by 

herbivores in simple no-choice scenarios, the situation becomes more complicated 

in environments where there are a number of plant species available. The quality 

of a focal plant is not absolute, but rather depends upon characteristics of the 

neighbouring vegetation, i.e. patch (Atsatt and O'Dowd 1976). As a result, 

feeding on a focal plant is influenced not only by its own characteristics, but also 

by those of its neighbours. 

Characteristics of neighbouring vegetation can influence feeding on particular 

plants because herbivores interact with vegetation at a range of ecological scales, 

and can preferentially select between vegetation patches, between individual 
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plants within patches and between parts of individual plants (Senft et al. 1987, 

Hjalton et al. 1993; Loney et al. accepted). A plant that is susceptible to herbivory 

can gain protection from herbivory when it is associated with another plant. This 

is referred to as an associational plant refuge (Pfister and Hay 1988); one of many 

forms of grazing refuge in which plants avoid herbivory (Milchunas and Noy-

Meir 2002). Associational refuges can operate in a number of ways. A focal 

plant can become either more or less vulnerable to herbivory, depending upon the 

relative palatability of the neighbouring vegetation (e.g. Pusenius et al. 2003). 

Associational refuges can also occur if neighbouring vegetation reduces the 

apparency of a focal plant (Cremer 1969, Hamback et al. 2000), i.e., its likelihood 

of being found by herbivores (Feeny 1976). Palatability, abundance and height of 

such vegetation should therefore all be important qualities influencing the 

browsing of a focal plant, because they influence focal plant relative palatability, 

availability, accessibility and apparency. 

The influence of different vegetation characteristics, and the relative importance 

of focal plant and neighbour characteristics on foraging, are likely to depend upon 

the scale at which these effects are examined and the scale(s) at which herbivores 

can make choices. It is well known that, when animals have a choice of patches, 

and make decisions at this scale, patches with the lowest density of palatable food 

are least preferred (e.g. Shipley and Spalinger 1995, Ball et al. 2000). It has also 

been shown that a focal plant is less vulnerable to herbivory in such low quality 

patches, and this is often referred to as the repellent-plant hypothesis 

(McNaughton 1978, Hay 1986, Pfister and Hay 1988). Low quality patches are 

thought to act by reducing the ability of herbivores to find and/or utilise the more 
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palatable focal plant (Wahl and Hay 1995), as well as reducing the overall benefit 

derived from feeding within such a patch compared with other, more profitable 

patches. 

It is important to note, however, that this decreased vulnerability within low 

quality patches only occurs when animals are making foraging decisions at the 

scale of vegetation patches. If an animal does not select at the patch scale (Alm 

Bergvall et al. 2006), or does not have a choice of patches, foraging outcomes are 

likely to differ. In this scenario, consumption of a focal plant is expected to be 

lower in high than low quality patches, because the neighbouring vegetation of the 

former provides an alternative food source. This is referred to as the attractant-

decoy hypothesis (Tahvanainen and Root 1972, Atsatt and O'Dowd 1976). 

The repellent-plant and the attractant-decoy hypotheses are, therefore, both 

effectively sub-sets of the associational plant refuge hypothesis (Pfister and Hay 

1988), but they lead to opposite predictions in relation to the vulnerability of a 

particular plant to herbivory. The repellent-plant hypothesis depends on the 

capacity to choose between patches, whereas the attractant-decoy hypothesis 

relates to within-patch choices. Which hypothesis operates is clearly a function of 

the scale at which the herbivores are making choices (Hjalten et al. 1993). 

In addition to understanding outcomes of plant-herbivore interactions from the 

plant perspective (above), browsing is usefully examined by incorporating 

foraging theory, i.e., from the perspective of the herbivore. Optimal foraging 

theory states that animals should forage in a way that maximises intake of energy, 
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or some other relevant currency, by minimising associated costs of travel, 

searching and food handling (Chamov 1976, Stephens and Krebs 1986). 

Although traditional foraging theory has many assumptions that make it 

unsuitable to herbivores, the basic principals can be modified in order to make it 

applicable (e.g. Lacher et al. 1982, Lundberg and Astrom 1990). Therefore, with 

regards to feeding in vegetation patches, herbivores should concentrate on the 

most profitable items in each patch, and those which are readily available, 

apparent, and easily obtained. It is possible that many, if not all of the outcomes 

predicted by various plant-perspective hypotheses (e.g. attractant-decoy, repellent-

plant) can be explained by a simple set of foraging rules. 

Many studies have used foraging models, such as the marginal value theorem 

(Charnov 1976), to relate feeding in vegetation patches to patch characteristics 

such as quality and size (e.g. Jiang and Hudson 1993, Distel et al. 1995, Shipley 

and Spalinger 1995). Such models assume that characteristics of individual plants 

do not influence their likelihood of being browsed. Studies investigating 

browsing of a focal plant are mostly in relation to associational refuges, have all 

kept focal plant palatability fixed (e.g. Hjalten et al. 1993, Pietrzykowslci et al. 

2003, Bergman et al. 2005), and have been conducted under conditions where 

herbivores have a choice of patches; a situation that does not always occur in 

nature. The relative importance of focal plant or vegetation patch characteristics 

has not been examined in detail with respect to browsing of a focal plant within 

patches. In addition, although it has been firmly established that characteristics of 

both individual plants and vegetation patches are important, very little work has 

been done on the relative importance of these to browsing of a focal plant. 
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Our aim was to test whether, within a given vegetation patch, and in the absence 

of choice between patches, characteristics of neighbouring vegetation influence 

seedling consumption or likelihood of being browsed, and to determine the 

relative importance of seedling and vegetation characteristics. Our model system 

comprised Eucalyptus nitens seedlings as the focal plant, various types of 

neighbouring vegetation, and red-bellied pademelons (Thylogale billardierii) as 

the herbivore species. Eucalyptus nitens was used as the focal plant species 

because we already have some understanding of it in terms of preferences by 

herbivores (McArthur et al. 2000), damage by herbivores in the field (Bulinski 

and McArthur 1999), its primary and secondary chemistry and their effects on 

palatability, and the influence of nutrients (fertiliser) on altering its palatability 

(Close et al. 2003, Close et al. 2004). We chose to look at the feeding behaviour 

of red-bellied pademelons because this species is a common herbivore of E. nitens 

in forest plantations in Tasmania. 

We conducted three captive animal trials investigating, respectively, the effect of 

palatability, abundance and height of vegetation patches on the browsing of E. 

nitens seedlings by red-bellied pademelons. For the purpose of this study, we 

defined a patch as an area of 12 m 2, within which the predominant vegetation was 

of relatively uniform palatability, density and height. In each of these trials we 

examined, not only a different vegetation characteristic, but also its effect 

compared to that of the seedling characteristic itself (whether high or low nutrient 

status). 
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The three trials all compared the likelihood of being browsed and consumption of 

seedlings of high or low nutrient status, but the patch characteristics differed: 

Trial 1: used high or low palatability vegetation. This tested the attractant-decoy 

hypothesis. 

Trial 2: used high or low abundance of palatable food. This also tested the 

attractant-decoy hypothesis, but in this case examined the importance of the 

amount of alternative palatable food. 

Trial 3: used short or tall unpalatable vegetation. This examined plant apparency 

theory, because seedlings were physically concealed (hidden), or not, amongst 

vegetation depending on its height. 

In this study, since we only offered variation (choice) within patches, we could 

only test the attractant-decoy, and not the repellent-plant hypothesis. Due to the 

relatively generalist feeding behaviour of our model herbivore, we predicted that 

results would support both the attractant-decoy and apparency hypotheses, with 

both seedling and vegetation characteristics influencing browsing. 

Material and methods 

Animals and basal diets 

Red-bellied pademelons are abundant and widely distributed in Tasmania. These 

are medium-sized (4-13 kg), macropodid marsupials, which are most commonly 

found in dense vegetation such as wet sclerophyll forest, rainforest, and thick 

scrub, favouring areas that provide daytime cover adjacent to feeding 

areas/pasture (Rounsevell et al. 1991, le Mar and McArthur 2005). Pademelons 

are foregut fermenters (Hume 1982) and, based on dental morphology and gut 

physiology, are classed as mixed feeders or generalist browsers; feeding on 
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grasses and forbs as well as leaves of trees and shrubs (Sanson 1989; Sprent and 

McArthur 2002). 

Feeding trials were performed with seven captive pademelons in an animal 

enclosure at the School of Zoology, University of Tasmania, Hobart. The 

pademelons (six males and one female (trials 1 and 3, mean 7.01 kg SE 0.78); or 

seven males (trial 2 mean 7.42 kg SE 1.06)) were part of a captive colony 

maintained in the enclosure. During the study they were housed in individual 

open-roofed pens (4 m x 8 m) with a shelter at one end. Fresh drinking water was 

constantly available to all animals. 

Between trials pademelons were fed a basal diet of 'wallaby pellets' 2.3% 

nitrogen; Roberts Pty Ltd, Hobart), fresh apple, carrot and silverbeet. On non-test 

days, animals were provided with enough food to maintain body weight. They 

were fed daily and weighed regularly to monitor condition. Animals were 

provided with 20% of their pellet requirements on test days. Pademelons were 

kept in holding pens for a week before starting the trial to allow them to acclimate 

to these conditions. 

Experimental design 

All experiments were conducted under conditions of no patch choice. Each 

animal was confined to a pen with a single patch, and the only selection possible 

was within this patch. 
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For each trial there were two factors (seedling and patch characteristics), each 

with two levels, resulting in four treatments (Table 1). Seedlings were always low 

versus high nutrient status; patch characteristics depended on the trial and 

included palatability (low or high), abundance (low or high) and height (short or 

tall). Treatments were offered to animals in a cross-over design with seven 

pademelons and four periods within each trial (Ratkowslcy et al. 1993). 

Table 1. Seedling nutrient status and patch characteristics for each of the three feeding trials with 

red-bellied pademelons. Seedlings were E. nitens. For definitions of palatability, abundance and 

height, see text. 

Seedling characteristic 	Patch characteristic 
Trial Treatment 

Nutrient status 	Palatability 	Abundance 	Height 

A 	 low 	 low 	high 	short 

B high 	 low 	high 	short 

C 	 low 	 high 	high 	short 

D high 	 high 	high 	short 

A 	 low 	 high 	low 	short 

B high 	 high 	low 	short 
2 

C 	 low 	 high 	high 	short 

D high 	 high 	high 	short 

A 	 low 	 low 	high 	tall 

B high 	 low 	high 	tall 
3 

C 	 low 	 low 	high 	short 

D high 	 low 	high 	short 

We used bitter lupin (Lupinus albus) as low palatability vegetation, and a 

combination of grass (Poa spp.) and oats (Avena sativa variety Esk) as high 
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palatability vegetation. These plants are significantly less (lupins) and more 

(grass and oats) preferred by red-bellied pademelons than E. nitens (Miller et al. 

2006). Grass is a common plantation weed, while bitter lupin and oats are being 

tested for use as cover crops on plantations. 

A 3 x 4 m area in each experimental pen (4 m x 8 m) was set up as a vegetation 

patch. Twelve holes were dug in each patch, with 1 m spacing. At the start of 

each testing period, 12 pots, each containing two E. nitens seedlings of known 

height, were placed in these holes, resulting in a total of 24 seedlings per patch. 

Pademelons were allowed to feed in each vegetation patch for approximately 18 

h. This included the periods of dusk and dawn, during which the majority of 

feeding took place (A. Miller, personal observation). Seedlings were then 

removed from pens, scored for browsing damage, and height was remeasured, to 

the nearest 0.5 cm. 

For trials 1 and 3, four pens were allocated to two blocks, and a vegetation 

treatment was randomly assigned to each pen within each block. Because only 

four pens were available for vegetation treatments, animals were split into two 

groups. The first group of four animals was run through the design and then 

released before starting with the second group of three animals. Seedling nutrient 

status treatments were switched among pens for successive animals to minimise 

any potential pen effect. Each animal had one test day, followed by one rest day 

back in its holding pen with ad libitum food. This was to help the pademelons 

maintain body weight and to avoid carryover effects. During the rest day, 

vegetation in the trial pens was watered and extra vegetation (grown in trays in an 
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adjacent enclosure) was added to the pens to replace that trampled or eaten. As 

each trial lasted a maximum of three weeks, vegetation did not change enough to 

alter treatments (e.g. 'short' vegetation was still substantially shorter than 

seedlings at the end of the trial). 

It was not feasible to run trial 2 in this manner because the small amount of 

vegetation in the 'low abundance' treatment would have been largely consumed 

by the first animal in that patch. For this trial, rather than being grown in pens, 

vegetation (oats) was grown in 30 x 35 cm seedling trays in an adjacent enclosure. 

The oats were removed from trays and placed within the 'patch' amongst 

seedlings. For the 'high abundance' treatment, we placed six trays (ad lib) of oats 

within the 3 x 4 m patch, while for the `low abundance' treatment animals were 

supplied with only a quarter of a tray. There were two rest days between each test 

day in this trial for logistic reasons. 

Patch treatments 

Vegetation was cleared from pens in preparation for each trial. Pens for trials 1 

and 3 were then sown with either bitter lupin (700 kg/ha) or esk oats (720 kg/ha), 

depending on the treatment. Sowing rates were chosen to obtain an even, dense 

cover. Group G inoculum was added to lupin seeds before broadcasting. The 

height treatments were achieved by sowing seeds for the 'tall' treatment several 

months before those for the 'short' treatment. Lupin height was defined relative 

to seedlings; 'tall' lupins were taller than the seedlings, while 'short' lupins were 

substantially shorter. Height of the two vegetation types was similar in trial 1; the 

low palatability treatment (lupin) averaged 10.8 cm, while the high palatability 
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treatment (see below) averaged 9.9 cm. An automatic watering system watered 

pens twice daily during and between trials. Pens were fertilized monthly with 

NPK 4.6.7 (100 g.m2). Weeds were removed before each trial. 

High palatability vegetation patches were covered with bird netting after sowing 

oats. Unfortunately, birds and rodents still ate a considerable amount of seed. 

The resulting patches ended up a mixture of oats and grasses (Poa spp.), all of 

which are highly palatable to pademelons. 

Seedling treatments 

Eucalyptus nitens seedlings (-9 months old) were obtained from Forestry 

Tasmania's tree nursery, Perth, Tasmania. They were grown in Lannen trays (81 

cells per tray, each 41 mm wide by 73 mm deep, with side slots allowing air-

pruning of lateral roots). Seedlings were either starved (low nutrient) or fertilized 

(high nutrient) regularly for three to five months, depending on the trial, before 

commencing. Foliage of low nutrient seedlings contained less than 0.6%, and 

high nutrient seedlings had more than 2.2% nitrogen on an oven dry weight basis 

(Appendix 1). In previous trials, we had established that pademelons consumed 

more foliage from fertilised seedlings, and that this was associated with higher 

nitrogen and lower tannin levels (e.g. Close et al. 2003, Close et al. 2004). For the 

high nutrient status treatment, seedlings were fertilized three times a week with 

Peters Excel®  water-soluble fertilizer (NPK 20:2.2:6.6), receiving approximately 

2.25 mg each time. All plants were watered for 20 minutes twice a day. 
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• Low nutrient seedlings had thicker and tougher leaves and stems, higher 

percentage dry matter and were also, on average, half the height and weight of 

high nutrient seedlings (Appendix 1). Patterns were the same for each trial. In all 

trials, low nutrient seedlings had significantly less nitrogen and phosphorus. 

There was generally little difference between the fibre content of the seedlings. 

Low nutrient seedlings had less cineole and total oils, and higher total phenolics 

levels than those of high nutrient status. Low nutrient seedlings generally had 

lower sideroxylonals than high nutrient seedlings (Appendix 1). 

Seedling damage and intake 

Seedlings were scored for browsing damage within 2 h of being removed from 

pens. Browsing damage was scored as percentage foliage removed on a scale 

from 0-6, where 0 = 0%, 1 = 1-5%, 2 = 6-25%, 3 = 26-50%, 4 = 51-75%, 5 = 

76-95%, and 6 = 96-100%. The amount of stem removed was assessed as the 

difference between the start and final seedling height. 

In order to estimate intake from the damage data, a sub-sample of seedlings (5-10 

per day, depending on the trial) was taken. Seedling height was measured before 

cutting at soil level, separating into stem and foliage and drying at 55°C for 48 h. 

Relationships between seedling height and dry matter of stem and foliage were 

then examined. There were significant regressions between plant height and dry 

matter for all treatments. Regression equations were used to calculate the dry 

matter of each plant offered to animals based on its starting height. The browsing 

damage score for each plant was converted to the midpoint of the percentage of 

foliage removed (e.g. score of 2 = 15.5%). Intake was then calculated as this 

107 



Chapter Four 

percentage of the dry matter of foliage offered. Likewise, the length of stem 

removed was converted to percentage of total stem removed, ignoring stem taper, 

and intake was calculated as this percentage of the dry matter of stem offered. 

As a matter of interest, the amount oats consumed by pademelons in trial 2 was 

estimated. This was not done for lupins in trials 1 or 3 as lupins were never 

observed to be eaten, nor was it done for the grass/oats in trial 1, as this could not 

be accurately estimated. For trial 2, the amount of oats offered to each animal was 

estimated by harvesting eight trays of oats. This involved cutting all vegetation at 

soil level and drying at 55 °C for 48 h. The intake of oats by pademelons was then 

estimated at the end of trial 2 by scoring each tray for the percentage of oats 

removed (as for seedling foliage above) and then calculating the percentage eaten 

of the dry matter offered. 

Statistical analysis 

To estimate plant biomass offered to animals, regressions of plant height versus 

plant dry matter were performed for foliage and stem separately (PROC REG, 

SAS Institute Inc. 1990). To allow for the size range of animals used and the 

different moisture content of high and low nutrient seedlings (and therefore 

different percentage dry matter), analysis of intake was based on grams of dry 

plant matter consumed per kg body mass (gDM.kgBM-1). For all statistical tests, 

residuals were checked for homoscedasticity and normality, and transformations 

were performed where necessary (Zar 1996). 
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The three trials were analysed separately. General linear modelling (PROC GLM, 

SAS Institute Inc. 1989) was used to examine seedling, patch, period (day within 

trial), animal and carryover effects on the total consumption of foliage and stem 

for each animal, as well as the percentage of seedlings browsed. The animal 

effect adjusts for differences in intake between animals regardless of treatment. 

Where treatment effects were significant (P <0.05), pairwise comparisons were 

made using the Tukey-Kramer adjustment for multiple comparisons. Unless 

stated otherwise, there were no significant period, animal, or carryover effects (P 

> 0.05). 

Results 

Trial 1: seedling nutrient status vs. patch vegetation palatability 

There was a significant interaction between seedling nutrient status and 

palatability of the neighbouring vegetation for consumption of both foliage (F1,27= 

6.7, P = 0.021) and stem (F1,27= 4.9, P = 0.042). Substantially and significantly 

more foliage (1.3 gDM.kgBM-1 ) and stem (0.2 gDM.kgBM-1) was consumed from 

high nutrient seedlings amongst low palatability vegetation (bitter lupin) than in 

the other three treatments, which did not significantly differ from each other (Figs 

la & b). The presence of high palatability vegetation reduced browsing of high 

nutrient seedlings by 72% and 81% for foliage and stem respectively. 
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Fig. 1. Effect of seedling nutrient status (seedling) and palatability (vegetation) of the 

neighbouring vegetation on browsing of E. nitens seedlings by pademelons in trial 1. (a) foliage 

intake, (b) stem intake and (c) percentage of seedlings browsed. In all treatments, vegetation was 

short and of high abundance. Values are arithmetic means +1 SE. Treatments with a common 

letter are not significantly different at P = 0.05. 
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Significantly more high nutrient (49%) than low nutrient (18%) seedlings were 

browsed (F1,27= 9.7, P = 0.009; Fig. 1c), but the proportion of seedlings that were 

browsed was not affected by the palatability of the neighbouring vegetation (F1,27 

= 0.5, P = 0.509). There was no significant interaction between seedling nutrient 

status and vegetation palatability (F1,27= 1.5, P = 0.252). 

Trial 2: seedling nutrient status vs. patch vegetation abundance 

Consumption of foliage was significantly influenced by seedling nutrient status 

(F1,27= 25.7, P <0.001), vegetation abundance (F1,27 =43.1, P <0.001) and 

animal (F6,27= 9.9, P <0.001). Seedlings of high nutrient status were preferred 

over those of low nutrient status, regardless of vegetation treatment, with an 

average of 2.0 and 0.8 gDM.kgBM -1  foliage consumed respectively (i.e., foliage 

consumed from low nutrient seedlings was 32% that of high nutrient seedlings; 

Fig. 2a). Where there was abundant neighbouring palatable vegetation, browsing 

of seedlings was reduced by an average of 73% (Fig. 2a). There was no 

interaction between seedling nutrient status and vegetation abundance (F1,27 = 2.7, 

P = 0.127). 

There was a significant interaction between seedling nutrient status and vegetation 

abundance for stem consumption (F1,27 = 8.3, P = 0.014) and a significant animal 

effect (F6,27= 3.4, P = 0.034). At least 3 times more stem was consumed from 

high nutrient seedlings amongst low abundance vegetation (0.7 gDM.kgBM -1 ) 

than in the other three treatments (Fig. 2b). 
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Pademelons consumed, on average, 31.0 gDM.kgBM -I  of oats in 'high 

abundance' patches, which was approximately 33% of the amount offered. In 

contrast, in the 'low abundance' treatment, pademelons consumed an average of 

only 4.0 gDM.kgBM-I  of oats, which was 98% of the amount offered, with the 

remaining 2% being tougher stem material. 

There were significant vegetation abundance (F1,27= 18.3, P = 0.001) and animal 

(F6,27= 8.3, P = 0.001) effects on the percentage of seedlings browsed. There was 

no effect of seedling nutrient status (F1,27= 3.7, P = 0.080), and no interaction 

between seedling nutrient status and vegetation abundance (F1,27= 0.3, P = 0.597). 

More seedlings tended to be browsed amongst low (84%) than high (57%) 

abundance vegetation (Fig. 2c). 
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Fig. 2. Effect of seedling nutrient status (seedling) and abundance (vegetation) of the 

neighbouring vegetation on browsing of E. Wiens seedlings by pademelons in trial 2. (a) foliage 

intake, (b) stem intake and (c) percentage of seedlings browsed. In all treatments, vegetation was 

short and of high palatability. Values are arithmetic means +1 SE. Treatments with a common 

letter are not significantly different at P = 0.05. 
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Trial 3: seedling nutrient status vs. patch vegetation height 

There were highly significant effects of seedling nutrient status (F1,27= 14.5, P = 

0.002), patch vegetation height (F1,27= 7.8, P = 0.014) and animal (F6,27= 11.9, P 

<0.001) on the amount of foliage consumed. There was no interaction between 

seedling nutrient status and vegetation height (F1,27= 1.6, P = 0.222). 

Consumption of high nutrient seedlings was 42% greater than that of low nutrient 

seedlings, and tall vegetation reduced foliage consumption by 29% compared with 

short vegetation (Fig. 3a). 

For stem consumption, there was a significant effect of seedling nutrient status 

(F1,27= 22.1, P <0.001) and animal (F1,27= 4.2, P = 0.011). There was no effect 

of vegetation height (F1,27= 0.1, P = 0.740), and no interaction between seedling 

nutrient status and vegetation height (F 1 ,27 = 2.0, P = 0.177). Consumption of 

stem from high nutrient seedlings was 79% higher than from low nutrient 

seedlings (Fig. 3b). 

Seedling nutrient status had a marginal effect on the number of seedlings browsed 

(F1,2 ,7= 4.2, P = 0.063). Significantly more seedlings (F1,27= 6.8, P = 0.023) were 

browsed in short (71%) than tall (54%) vegetation (Fig. 3c). There was no 

significant interaction between seedling nutrient status and vegetation height on 

the percentage of seedlings browsed (F1,27= 2.4, P = 0.151). 
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Discussion 

Our results show that browsing of a focal plant, in this case E. nitens seedlings, 

within a vegetation patch is influenced by characteristics of both the focal plant 

and the neighbouring vegetation. Pademelons usually preferred high nutrient 

seedlings, but intake was strongly dependent upon characteristics of the 

neighbouring vegetation. 

Focal plant characteristics 

As expected from previous work (Close et al. 2004), seedlings of high and low 

nutrient status corresponded to high and low palatability to pademelons. Further, 

foliage intake was always much greater than stem intake. This is most likely due 

to the much higher levels of fibre in the latter, which, although not measured, was 

obvious from the toughness of stems. Stems of the species used here have been 

found to contain substantially more fibre than leaves (Loney et al. accepted). 

Focal plant nutrient status had a stronger effect on how much foliage and stem 

was eaten (i.e. consumption) than on how many seedlings were browsed (i.e. 

percentage). Although substantially more foliage and stem was consumed from 

high nutrient than low nutrient seedlings in most treatments, the percentage of 

high versus low nutrient seedlings browsed was often similar. Therefore, 

although seedling nutrient status did not necessarily influence whether or not a 

seedling was browsed in the first place, it did affect how much of a seedling was 

subsequently consumed. Consistent with our results, Hartley et al. (1997) found 

that differences in plant chemistry did not influence the probability of sitka spruce 

saplings (Picea sitchensis) being attacked by red deer (Cervus elaphus). Once the 
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effects of plant morphology had been taken into account, however, plant 

chemistry did not influence the biomass consumed by deer either, and greater 

consumption of fertilised seedlings was related to their larger size. As nutrient 

status of seedlings reflects both plant 'size and chemistry in our trials, we are 

unable to unequivocally tease apart the relative influence of the two. 

Vegetation characteristics 

Palatability, abundance and height of vegetation within a patch were all found to 

be important characteristics influencing browsing of seedlings. Although direct 

statistical comparisons could not be made of the relative importance of these three 

characteristics in the current study, based on the significance levels and relative 

differences between vegetation treatments, vegetation abundance appeared to be 

most influential for both seedling intake and the number of seedlings browsed. 

The effects of vegetation palatability and abundance on browsing of seedlings 

were likely due to the fact that they determined the amount of alternative, 

preferred food available. In 'high abundance' patches in trial 2, pademelons 

consumed over nine times more oats than were offered in the 'low abundance' 

patches, and while animals were frequently observed feeding on grass/oats in 

'high palatability' patches in trial 1, there was no evidence of consumption of 

bitter lupin in trials 1 or 3. These results are in accordance with the attractant-

decoy hypothesis. More specifically, they are consistent with effects that have 

recently been termed 'neighbour contrast defence', i.e. reduced browsing of focal 

plants within high palatability patches in trial 1, and 'neighbour contrast 

susceptibility' i.e. increased browsing of focal plants within low palatability 
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patches in trial 1 (Alm Bergvall et al. 2006). Studies with a range of herbivore 

species have reported reduced browsing in the presence of alternative food 

sources. For example, Campbell and Evans (1978) found that the establishment 

of highly palatable native forbs reduced browsing by black-tailed deer on 

Douglas-fir seedlings. Likewise, the use of sunflower seeds as an alternative food 

successfully reduced pine seed predation by small mammals (Sullivan and 

Sullivan 1982), and seedling predation by voles was lower in food-supplemented 

(alfalfa cubes) than non-supplemented patches (Pusenius et al. 2000). 

Reduced browsing of seedlings amongst tall neighbouring vegetation (trial 3) was 

probably a result of reduced seedling apparency to pademelons. This effect seems 

to occur regardless of whether or not animals have a choice of patches. For 

example, Pietrzykowski et al. (2003) found that browsing of palatable pine 

seedlings by pademelons was greater amongst short than tall vegetation patches in 

a plantation setting. However, it also seems to depend on both focal plant and 

vegetation palatability. Smit et al. (2006) showed that an unpalatable focal plant 

that was tall, and therefore visually apparent, was actually less vulnerable to 

herbivory than shorter focal plants which, because of reduced apparency, were 

eaten 'accidentally'. Where there is no choice of patches, the effect of tall, 

palatable vegetation is likely to be the same as that observed here with tall, 

unpalatable vegetation, i.e. reduced browsing due to reduced apparency. 

Conversely, where animals have a choice of patches, tall, palatable vegetation 

could result in increased browsing to palatable focal plants, if more herbivores are 

attracted to the larger biomass of food. 
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Combined effects of focal plant and vegetation characteristics 

Seedling and vegetation characteristics were both important to the browsing of 

seedlings, and were additive in two (trials 2 and 3) of the three trials. 

Interestingly, in trial 1, the non-additivity, i.e. significant interaction between 

seedling and vegetation characteristics, suggests 'parallel processing' of foraging 

decisions in relation to both focal plant and vegetation characteristics. This 

contrasts with the two individual, 'sequential' decisions made in trials 2 and 3, 

where effects were additive. Browsing of seedlings was greatest where they were 

of high nutrient status, and surrounded by either a small amount of short palatable 

vegetation, or by short, unpalatable vegetation. This is an important finding 

because the relative importance of intra-specific variation of individual plants and 

characteristics of vegetation patches was previously unknown. 

The relative importance of inter-specific variation of individual plants and 

characteristics of vegetation patches was recently demonstrated by Baraza et al. 

(2006). They demonstrated that the probability of palatable (maple Acer opalus 

subsp. granatense) and unpalatable (black pine Pinus nigra) saplings being 

attacked was influenced by patch type. Consistent with our results, palatable 

saplings were attacked more than unpalatable saplings. However, in contrast to 

our results, they found that palatable saplings were attacked more in patches of 

highly palatable shrubs, than in patches of unpalatable spiny shrubs. The 

difference is likely due to the scale of investigation. The degree of protection 

offered by shrubs increased as shrub palatability decreased with respect to a focal 

plant. 
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We predicted that the effect of seedling nutrient status on browsing would be 

greatest in low quality patches. In our trials, 'low quality' patches were those that 

offered little or no alternative palatable food, i.e. the 'low palatability' patches in 

trial 1, all patches in trial 3, and the 'low abundance' patches in trial 2. As 

predicted, the effect of seedling nutrient status on browsing was greater in these 

patches than in patches where neighbouring vegetation was of higher quality (i.e., 

'high palatability' patches in trial 1 and 'high abundance' patches in trial 2). This 

result confirms that the attractiveness or palatability of a particular plant is not 

absolute, but also depends upon what else is available (Atsatt and O'Dowd 1976). 

Within vegetation patches, the relative importance of seedling and vegetation 

characteristics appeared to depend upon the characteristics in question. Seedling 

characteristics were more important than those of the neighbouring vegetation 

where there was no alternative palatable food available (trial 3 all treatments, and 

trial 1 low palatability treatments). This is probably because, as mentioned above, 

seedlings were the most profitable food item in these patches, and so their 

absolute palatability was more important. Vegetation characteristics appeared 

more important in influencing consumption of high than low nutrient seedlings. 

This could be because the potential range in intake of low nutrient seedlings was 

much narrower than that of high nutrient seedlings. Seedling intake has been 

suggested to reflect the capacity of the herbivore to metabolise and/or eliminate 

secondary compounds which, in turn, appears to be related to the associated 

nitrogen intake (Close et al. 2003), which was of course much higher in high 

nutrient seedlings. 
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The foraging patterns demonstrated here with pademelons suggest that, for 

animals that select at this scale only, focal plants are more likely to establish and 

survive amongst palatable or tall vegetation. This could result in - at least on the 

ecological scale - distinct spatial patterning within plant communities, i.e., patches 

of distinct groups of plant species. Such patterning has been reported before. For 

example, consumption of Cercidium seedlings by herbivores limits the 

establishment of this tree species to refuges provided by canopies of other 

established plants, which provide refuges from herbivory (McAuliffe 1986). 

Foraging hypotheses 

Based on the above discussion, it is clear that our results support both the 

attractant-decoy (trials 1 and 2) and the apparency (trial 3) hypotheses. The plant 

apparency, attractant-decoy, and repellent-plant hypotheses have been proposed 

independently. Thus, in many ways they appear different and, in the case of the 

latter two, even contradictory. However, these hypotheses are in fact quite 

similar. They all predict outcomes that, in a heterogeneous environment, arise 

when herbivores attempt to consume the best of what is available to them, i.e. 

forage optimally in relation to conditions and capability (Charnov 1976, Belovsky 

1981, Lacher et al. 1982, Belovsky 1984, Stephens and Krebs 1986, Lundberg and 

Astrom 1990, Bell 1991). Each of these alternative hypotheses simply focuses on 

a different aspect of the mechanism of the interaction. We suggest that the use of 

foraging theory, i.e., incorporating decisions of foraging herbivores, is a powerful 

way in which to understand and predict the vulnerability of focal plants to being 

eaten. Its use should lead to an over-arching synthesis of the many plant-

perspective foraging-outcome hypotheses. 
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Appendix 1. Chemistry of E. nitens foliage from low and high nutrient seedlings. Nitrogen, neutral detergent fibre (NDF), acid detergent fibre (ADF), lignin, total essential 

oils, cineole, total phenolics and fomiylated phloroglucinol compounds (FPCs) were analysed as in O'Reilly-Wapstra et al. (2005). Phosphorus was analysed as for nitrogen. 

Composition of low and high nutrient seedlings was compared using one-way ANOVAs (PROC UNIVARIATE, SAS Institute Inc., 1990). Values are least-squares means (+ 

1 SE). 	n =2 per treatment. Within each trial, superscript letters indicate a significant difference at P = 0.05 for each seedling characteristic. 

TRIAL 

SEEDLING NUTRIENT STATUS low 

1 

high low 

2 

high low 

3 

high 

Height 

Foliage weight 

Dry matter' 

Nitrogen 

Phosphorus 

NDF 

ADF 

Lignin 

Total oils 

Cineole 

Total phenolics 

FPCs 

CM 

gDM 

% of FM 

% of DM 

% of DM 

% of DM 

% of DM 

% of DM 

mg total oil.gDM" 1  

mg cineole.gDM -1  

Equiv. mg GA.gDM -1  

Equiv. mg sideroxylonal.gDM -1  

13.0 (1.07)a  

0.38 (0.08)a  

46.2 

0.38 (0.04)a  

0.06 (0.01)a  

15.8 (0.40)a  

11.4 (0.21)a  

4.79 (1.87)a  

0.09 (0.23)a  

0.03 (0.1 1 )a  

160 (7.03)a  

1.67 (0.16)a  

35.7 (1.07)b  

1.44 (0.08) b  

36.4 

2.45 (0.04)b  

0.31 (0.01)b  

18.8 (0.40)b  

12.5 (0.21)b  

9.19 (1.87)a  

3.35 (0.23) 

1.83 (0.11)b  

104 (7.03)b  

3.95 (0•16)b  

18.0 (0.81) x  

1.30 (0.14) x  

45.8 

0.50 (0.07)x  

0.16 (0.01) x  

13.7 (0.52)x  

9.16 (0.20) x  

2.23 (0.12) x  

0.77 (0.28) 1x  

0.08 (0.13) 1x  

114 (8.43) x  

1.10 (0.15)x  

32.3 (0.81)Y 

1.99 (0.14)Y 

36.2 

2.37 (0.07)Y  

0.28 (0.01)Y  

13.7 (0.52) x  

10.1 (0.20)Y 

2.74 (0.12)Y 

2.52 (0.28) 1x  

0.91 (0.13) 1x  

104 (8.43) x  

2.21 (0.15)Y  

12.6 (0.51) m  

0.84 (0.08) m  

40.9 

0.57 (0.04) m  

0.23 (0.01)m  

14.4 (0.42)m  

9.16 (0.37) m  

7.97 (1.53) m  

0.88 (0.28) 1m  

0.13 (0.13) 1m  

128 (12.40)m  

0.79 (1.78) m  

19.4 (0.51) 

1.48 (0.08) 

37.8 

2.24 (0.04) 

0.30 (0.01) n  

15.7 (0.42)m  

9.17 (0.37) m  

9.39 (1.53) m  

2.51 (0.28) 1n  

0.97 (0.13) 1n  

123 (12.40)m  

1.10 (1.78)m 
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Characteristics influencing browsing of focal plants under 

conditions of patch choice by a generalist mammalian herbivore 

Miller, A.M., McArthur, C., and Smethurst, P.J. Characteristics influencing 

browsing of focal plants under conditions of patch choice by a generalist 

mammalian herbivore. 

Abstract 

In a heterogeneous environment, where food occurs as patches, herbivores can 

select at many scales, including vegetation patches and individual plants within 

patches. The probability that a focal plant will be browsed may therefore depend 

not only upon its own characteristics, but also those of the surrounding vegetation. 

The relative importance of the two, however, has received little attention. 

We conducted two trials to examine and compare the importance of three factors 

that potentially influence browsing on focal plants by a mammalian herbivore: 

focal plant nutrient status, patch quality, and distance between patches. In trial 1, 

Eucalyptus nitens seedlings of high and low nutrient status were planted in high 

(grass) and low (herbicided) quality patches. In a replicated design, a generalist 

mammalian herbivore, the red-bellied pademelon (Thylogale billardierii), was 

then allowed to choose where it fed and what it ate. Intake of seedlings was 

measured and animal behaviour recorded. In trial 2, intake of E. nitens seedlings 
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in low quality patches was examined as a function of distance to the high quality 

patch. 

We found that both focal seedling and patch characteristics were important factors 

influencing browsing on seedlings. Pademelons fed more on high than low 

nutrient seedlings, and seedlings were more vulnerable in high quality patches, 

where animals spent most of their time. The proximity of low to high quality 

patches did not influence feeding, but, a posteriori, there was some evidence that 

their proximity to safety did. Animals were selecting at both the patch scale and 

the scale of individual plants within patches. This behaviour resulted in 

concentration of resources and, therefore, increased foraging efficiency by the 

herbivores, with consequent increased vulnerability of focal plants to browsing. 

Introduction 

Browsing on a focal plant is most commonly related to characteristics of that 

plant, such as its morphology and chemistry. For the latter, intake is often related 

to a trade-off between beneficial primary constituents and costly secondary 

metabolites (Bergeron and Jodoin 1987; Hamback etal. 2002; Villalba et al. 

2002). Intake of a focal plant, however, can also depend upon its palatability and 

availability relative to the plants around it. This dependence, in turn, is shaped by 

characteristics of the neighbouring vegetation, or 'patch', in which the focal plant 

is found. 

Patches arise due to spatial variation in the quality (e.g. nutrients, secondary 

metabolites) and quantity of vegetation (Kotliar and Wiens 1990; Laca and 
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Demment 1991). This 'patchiness' is an important determinant of animal 

foraging. A large amount of research has been devoted to learning how animals 

choose which patches to feed in, and how long to remain in a given patch. 

The extent to which a patch is used has been quantified by measuring giving up 

times, total time spent in a patch, quitting harvest rates and the giving up density 

of resources (Brown 1988). Selection of vegetation patches by mammalian 

herbivores is generally related to overall patch quality (Hjalten et al. 1993; 

Duncan et al. 1994) and size (Hester and Baillie 1998; Wallis de Vries et al. 

1999). It has also been related to patch location (Clarke et al. 1995; Hester et al. 

1999), predation risk (Newman and Caraco 1987; Kotler and Blaustein 1995), 

proximity to other patches (Shipley and Spalinger 1995; Ball et al. 2000), patch 

intake rate (Black and Kenney 1984), and availability of alternative patches 

(Distel et al. 1995). 

Most patch studies have therefore examined either patch use or patch selection in 

reference to overall patch quality, without considering internal patch structure (but 

see Danell et al. 1991, Bommarco and Banks 2003, Bergman et al. 2005, Poore 

and Hill 2005). In these studies, the quality of individual plants within such 

patches either does not vary or, if it does, the assumption is made that it does not 

influence their likelihood of being attacked. This is despite the fact that 

characteristics of individual plants greatly influence the extent to which they are 

eaten. The literature on associational plant refuges (e.g. Atsatt and O'Dowd 1976; 

McNaughton 1978; Hay 1986; Pfister and Hay 1988) shows that the relative 

palatability of a focal plant of fixed quality, in relation to the patch vegetation 
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within which it occurs, strongly influences the likelihood of the focal plant being 

browsed. 

Animals that select at the patch scale are also capable of making selections 

between individual plants within patches. From the plant perspective, this is 

likely to have repercussions on browsing of particular plants. An obvious 

question then is, 'what is the relative importance of focal plant and patch 

characteristics to browsing of a focal plant, when animals have the opportunity to 

select at both individual plant and patch scales?' In addition, less preferred 

vegetation may be more vulnerable to herbivory the closer it is to more preferred 

vegetation (Clarke et al. 1995; Hester and Baillie 1998; Palmer et al. 2003), 

presumably as a result of 'flow-over' time spent foraging in the general area. A 

logical extension of this observation is that the vulnerability of focal plants of 

fixed quality within less preferred (low quality) patches may also be influenced by 

the distance of such patches to preferred vegetation (high quality) patches. 

Here we studied the foraging behaviour of the red-bellied pademelon (Thylogale 

billardierii) as it relates to the questions posed above. We have already 

established that this species makes foraging decisions at the patch scale, and that 

both size and quality of patches are important (Pietrzykowski et al. 2003). We 

have also established that patch vegetation height, palatability and abundance all 

influence feeding on a focal plant (Miller et al. 2006; Miller et al. in press). 

In this study, we sought to examine intake of a focal plant, and the likelihood of it 

being browsed, as a function of: 
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1. its own characteristics; 

2. characteristics of the patch it occupies, including the proximity to other 

patches; and 

3. the relative importance of its own characteristics and the characteristics of 

the patch it occupies. 

From the herbivore perspective, we also examined whether total time and time 

spent performing different activities within vegetation patches was related to 

characteristics of vegetation patches and/or seedlings. 

We addressed these questions by conducting two feeding trials, examining the 

selection and use of high and low quality vegetation patches by the red-bellied 

pademelon, with particular focus on browsing of eucalypt seedlings within each 

patch. Eucalyptus nitens was used as the focal plant species because we already 

have some understanding of it in terms of preferences by herbivores (McArthur et 

al. 2000), damage by herbivores in the field (Bulinslci and McArthur 1999), its 

primary and secondary chemistry and their effects on palatability, and the 

influence of nutrients (fertiliser) on its palatability (Close et al. 2003; Close et al. 

2004). It should be noted that E. nitens was the 'focal plant' from our perspective, 

not necessarily that of the animals. We used grass for high quality patches 

because it is consumed in preference to E. nitens seedlings (Miller et al. in press); 

low quality patches were bare ground. In the first trial we examined browsing as 

a function of focal plant nutrient status and patch quality. In the second trial we 

fixed seedling nutrient status, and examined the effect of proximity of high and 

low quality patches to one another on browsing. 
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Broadly speaking, plant-animal interactions such as those investigated here can be 

examined from two perspectives: that of the plant, and that of the herbivore, or to 

be more precise, the level of damage that plants receive, and the behavioural 

mechanisms resulting in any observed differences. We therefore consider results 

in light of two hypotheses: the associational plant refuge hypothesis (from the 

plant perspective; Pfister and Hay 1988) and short-term apparent competition 

(from the herbivore perspective; Holt and Kotler 1987). The associational plant 

refuge hypothesis predicts that a plant that is susceptible to herbivory can gain 

protection when it is associated with another plant. This can be partitioned further 

into the repellent-plant hypothesis (McNaughton 1978) and the attractant-decoy 

hypothesis (Tahvanainen and Root 1972; Atsatt and O'Dowd 1976), depending 

upon the scale of selection by herbivores and therefore the relative palatability of 

the surrounding vegetation that will reduce herbivory (Pusenius et al. 2003). 

Short-term apparent competition (Holt and Kotler 1987) is a negative indirect 

interaction between plant species which can resemble the effects of resource 

competition, but rather than resulting from competition, results from the feeding 

behaviour of the herbivore, hence the tenn 'apparent'. 

We hypothesized that, as relatively generalist herbivores, pademelons would 

select at multiple levels, both between and within patches, in order to concentrate 

resources and forage efficiently. The resource-concentration hypothesis (Root 

1972) predicts that optimal foragers will focus their browsing effort at sites where 

resources are highly concentrated. If animals are foraging efficiently and their 

main basis for foraging decisions is to concentrate resources in order to maximise 

energy intake (Belovsky 1984; Stephens and Krebs 1986), then we would expect 
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this strategy to result in greatest browsing on seedlings of high nutrient status 

within high quality patches. 

Materials and methods 

Animals and basal diets 

Red-bellied pademelons are medium-sized (adults 4-13 kg) macropodid 

marsupials, which are now confined to Tasmania where they are abundant and 

widely distributed (Rounsevell et al. 1991). They are most commonly found in 

dense vegetation such as wet sclerophyll forest, rainforest, and thick scrub, 

favouring areas that provide daytime cover adjacent to night-time feeding areas (le 

Mar and McArthur 2005). Pademelons are foregut fermenters (Hume 1982) and, 

based on dental morphology and gut physiology, are classed as mixed feeders or 

generalist browsers; feeding on grasses and forbs as well as leaves of trees and 

shrubs (Sanson 1989; Sprent and McArthur 2002). 

Feeding trials were performed with captive pademelons in animal enclosures at 

the School of Zoology, University of Tasmania, Hobart. The pademelons (six 

males and one female, mean body weight 8.8 ± 0.9 kg for trial 1; four males, 

mean body weight 10.8 ± 0.5 kg for trial 2) were part of a captive colony 

maintained at the university. Although seven animals were used in trial 1, due to 

logistic constraints only four were available for trial 2. Before each trial, 

pademelons were housed in individual open-roofed pens (4 m x 8 m) with a 

shelter at one end. Pademelons were kept in these holding pens for four days to 

allow them to acclimate to these conditions. During this period they were fed a 

basal diet of 'wallaby pellets' (-2.3% nitrogen; Roberts, Hobart), fresh apple, 
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carrot and silverbeet, and were offered eucalypt seedlings to sample. Animals 

were provided with enough food to maintain body weight; they were fed daily and 

weighed regularly to monitor condition. Fresh drinking water was constantly 

available to all animals. 

Focal plant (seedling) characteristics 

For trial 1, two types of Eucalyptus nitens were prepared, using previously 

established fertiliser regimes (Close et al. 2003; Close et al. 2004). Seedlings 

were obtained from Forestry Tasmania's tree nursery, Perth, Tasmania. They 

were grown in Lannen trays (81 cells per tray, each 41 mm wide by 73 mm deep). 

Seedlings were either starved (low nutrient) or fertilized (high nutrient) regularly 

for three months before commencing. Previous studies have found fertilised 

seedlings to be consumed in preference to unfertilised ones (Close et al. 2004). 

High nutrient seedlings were fertilized three times a week with Peters Excel ®  

water-soluble fertilizer (NPK 20:2.2:6.6), receiving approximately 2.25 mg each 

time. All plants were watered for 20 minutes twice a day. Once the trial began, 

fertilising was reduced to once a week to keep the difference between high and 

low nutrient seedlings as constant as possible throughout the trial. Levels of 

nitrogen, neutral detergent fibre (NDF), acid detergent fibre (ADF), acid detergent 

lignin (lignin), total oils, cineole and formyl phloroglucinol compounds (FPCs) 

were all significantly higher in high than low nutrient seedlings (Table 1). Low 

nutrient seedlings had significantly more total phenolics. In addition to containing 

higher nutrient concentrations, high nutrient seedlings were also much larger 

(Table 1). Seedling nutrient status, therefore, reflected both nutrient level and 

plant size. 
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For trial 2, seedlings of a single nutrient status were used. These seedlings were 

fertilised, using the same protocol as trial 1, three times a week for one month 

before the trial began, and fortnightly thereafter. Seedling characteristics were 

generally intermediate between those of high and low quality seedlings in trial 1, 

though nitrogen concentrations were higher than high quality seedlings in trial 1, 

while fibre content (NDF, ADF, and lignin) was lower than those of low quality 

seedlings in trial 1 (Table 1). 
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Table 1 Chemical characteristics of foliage from E. nitens seedlings, by nutrient status, used in trials 1 and 2. Values are arithmetic mean (1 SE). Chemical analyses were 

performed as in O'Reilly-Wapstra et al. (2005b), and levels in high and low nutrient seedlings were compared using one-way ANOVAs (PROC UlslIVARIATE, SAS Institute 

Inc., 1990). Within trial 1, superscript letters indicate a significant difference at P = 0.05 for each seedling characteristic. n.d.: not determined. 

TRIAL 

NUTRIENT STATUS Low 

1 

High 

2 

Height CM 25.12 (0.56)a  54.36 (1.10)b  23.02 (0.18) 

Foliage weight gDM 1.06 (0.009)a  3.10 (0.015)b  1.28 (0.014) 

Dry matter % of FM 44.89 (0.53)a  39.22 (0.65)b  40.30 (0.78) 

Nitrogen % of DM 0.23 (0.01)a  1.18 (0.12)b  1.45 (0.10) 

NDF % of DM 17.85 (0.24)a  22.16 (0.59) b  17.31 (0.67) 

ADF ck of DM 13.05 (0.13) a  16.45 (028)b  11.54 (0.35) 

Lignin % of DM 3.76 (0.11)a  5.93 (0.17)b  3.74 (0.16) 

Total oils mg cineole eqiv.gDM -1  0.19 (0.03)a  0.61 (0.06)b  n.d. 

Cineole mg.gDM-1  0.08 (0.02)a 0.30 (0•04)b  n.d. 

Total phenolics Equiv. mg gallic acid.gDM-1  171.0 (5.52) b  130.7 (2.48)a  149.6 (5.52) 

FPCs Equiv. mg sideroxylonal A.gDM -1  1.46 (0.12)a  3.57 (0.21)b  2.38 (0.15) 
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Patch characteristics 

Although the definition of a patch varies widely, and can be based on either its 

structure (Addicott et al. 1987; Shipley and Spalinger 1995), or in relation to the 

feeding behaviour of the animal being studied (Jiang and Hudson 1993; Laca and 

Ortega 1995), for the purpose of this study, we defined 'patch' as an area of 12 m2  

in which there is less variation within this area than between it and the 

surrounding matrix. 

Instant turf; a mixture of Kentucky bluegrass Poa pratensis L. and perennial 

ryegrass Lolium rigidium Gaudin (Tasi Green' Strathayr instant lawn, 

Richmond), was rolled out to create high quality patches. It was short (< 5 cm) 

and so did not reduce seedling apparency, i.e., likelihood of being found by 

herbivores (Feeny 1976). The low quality patches were sprayed with herbicide 

(360 g/L glyphosate) to remove most vegetation. 

Trial 1: Effect of seedling nutrient status and patch quality on foraging 

The experimental arena consisted of eight 4 x 8 m pens, with four pens on either 

side of a 1 m wide dirt path. A 3 x 4 m area in each pen was set up as a vegetation 

patch (Fig. 1). Gates between the eight pens were tied open to allow the test 

animal to move freely amongst them. Fencing between pens meant that patches 

were spatially separated, but all were accessible via the central path. Three water 

bowls were placed on the path between pens. Bedding straw and shelter was 

available in all pens. 
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There were two seedling qualities and two patch qualities, resulting in a two-

factor design with four different treatments. There were two replicates of each 

treatment. The experimental lay-out was a randomised block design, with 

treatments blocked north/south, and east/west (Fig. 1). For the seedling treatment, 

six holes were dug in each patch, with 1 m spacing. At the start of each testing 

period, six pots, each containing one E. nitens seedling, of known height and of 

one nutrient status, were placed in the holes in each patch to give six seedlings per 

patch and 48 seedlings in total. One animal was tested in the arena at a time. 

Patch and seedling treatments were switched between pens when testing different 

animals to avoid a pen effect. 
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Fig. 1 Diagram showing the experimental arena and an example of the treatment layout for trial 1. 

Stippled rectangles represent vegetation patches. H = high quality patches; L = low quality 

patches. + = high nutrient status seedlings; - = low nutrient status seedlings. Patches were moved 

for each animal; there was always one replicate of each treatment east and west of the path as well 

as north and south. Black triangles show positions of cameras. Hatching indicates shelter and 

bedding straw. 

Each animal was kept in the experimental arena for three days, and was given 

access to seedlings for approximately 22 h each day. Seedlings were removed and 

scored for browsing damage (see later), and replaced with fresh seedlings each 

day. 
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Trial 2: Effect of patch quality and proximity on foraging 

An experimental arena of 60 x 5 m was used, containing three 3 x 4 m patches. A 

low quality patch was established at either end, with a high quality patch in 

between (Fig. 2). The high quality patch was 5 m away from one low quality 

patch ('near'), and 35 m away from the other ('far'). Six holes were dug in each 

patch, with 1 m spacing. At the start of each testing period, six pots, each 

containing two E. nitens seedlings of known height were placed in these holes, 

giving 12 seedlings per patch and 36 seedlings in total. Each pademelon was 

allowed to feed in these patches for approximately 22 h each day, for a total of 

three days. Each day seedlings were removed, scored and replaced, as described 

for trial 1. 

For half the pademelons, the high quality patch was located at one end of the 

arena (position 2; design 1), and it was moved to the other end (position 3; design 

2) for the remaining animals in order to avoid an 'end effect' biasing proximity 

results (Fig. 2). Animals were provided with shelter in the middle of the arena, 

along with a bowl containing 'wallaby pellets'. Although pademelons were 

provided with pellets at 20% of their daily maintenance requirements, they never 

consumed more than half of this. Drinking water was located at both ends of the 

arena. 
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Position: 	1 

• Design 1: 

Design 2: 

2 	 3 	4 

Fig. 2 Diagram showing the arena and experimental layout of trial 2. H = high quality patches; L 

= low quality patches. Half the animals were tested using design 1; for the other half, the high 

quality patch was moved to produce design 2. 

Damage to plants and intake of foliage 

Seedlings were scored for browsing damage immediately upon removal from 

patches. Browsing damage was scored as percentage foliage removed on a scale 

from 0-6, where: 0 = 0%, 1 = 1-5%, 2 = 6-25%, 3 = 26-50%, 4 = 51-75%, 5 = 

76-95%, 6= 96-100%. 

In order to estimate intake from the damage data, a sub-sample of seedlings 

(10/seedling nutrient status/animal/night) was measured (height to the nearest 0.5 

cm), cut at soil level, dried (55 °C oven for 48 h) and weighed. The relationship 

between seedling height and dry matter of foliage was then examined. There were 

significant regressions (P < 0.01) between plant height and foliage dry matter for 

all treatments (trial 1: low nutrient, r2  = 0.33; high nutrient, r2  = 0.15; trial 2: r2  = 

0.60). Regression equations were used to calculate the dry matter of each plant 

offered to animals from its starting height. The browsing score for each plant was 

converted to the midpoint of the percentage foliage removed (e.g. score of 2 = 

15.5%). Intake was then calculated as this percentage of the dry matter of foliage 

offered. 
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Behavioural data 

We investigated animal behaviour in both trials by filming pademelons in 

vegetation patches. In trial 1, one camera was positioned above each of the 

western four pens (one replicate of each treatment; Fig. 1), while in trial 2 there 

was a camera above each of the three patches. Cameras were connected to a 

Panasonic®  Video Cassette Recorder (NV-FJ630 Series). Video footage was 

recorded onto EMTEC BASF EQ-300 cassette tapes. Filming began each day as 

soon as pademelons were allowed access to seedlings and continued until sunset 

in trial 1 (approximately 7 h), as no lighting was available, and for 15 h 

(maximum tape capacity) in trial 2, where there was a red light positioned above 

each patch. The amount of time, in minutes, each animal spent within patches 

was detenmined. 

Statistical analysis 

To estimate plant biomass offered to animals, regressions of plant height versus 

plant dry matter were performed in SAS (PROC REG, SAS Institute Inc. 1990). 

To allow for the size range of animals used and the different moisture content of 

high and low nutrient seedlings (and therefore different percentage dry matter), 

analysis of intake (total amount of foliage consumed from all seedlings within a 

given treatment averaged per day for each pademelon) was based on grams of dry 

plant matter consumed per kg body mass (gDM.kgBM -1 ). For all statistical tests, 

residuals were checked for homoscedasticity and normality, and transformations 

were performed where necessary (Zar 1996). 
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Trial I 

The effects of pademelon, seedling and patch, and the interaction between 

seedling and patch, on consumption of foliage and percentage of seedlings 

browsed were examined by general linear modelling (PROC GLM, SAS Institute 

Inc. 1989), using the average intake and percentage values for each animal over 

three days. The pademelon effect adjusts for differences in intake between 

animals regardless of treatment. Where significant (P < 0.05) treatment effects 

were found, pairwise comparisons were made using the Tukey-Kramer adjustment 

for multiple comparisons. 

The amount of time, in minutes, that pademelons spent in each patch type was 

summed over the last three hours before sunset, and averaged over the three days 

of the trial. Time spent in patches was then compared among treatments using 

GLM. The last three hours before sunset were used because this represented the 

time when most feeding (76 ± 8%) took place. Times spent feeding on grass and 

doing 'other' activities in different treatments were also compared using GLM. 

Time spent feeding on seedlings could not be normalised and so was analysed 

non-parametrically (PROC NPAR1WAY, SAS Institute Inc. 1989). 

Trial 2 

For the low quality patches, video observations indicated that animals preferred to 

feed in the patch at position 4 than 1, regardless of whether this was near or far 

from the high quality patch (Fig. 2). We therefore added a factor to the analysis, 

which we refer to as an 'end' effect with two levels, position 1 and 4. A 
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posteriori, we suggest that this was related to perceived predation risk (see 

discussion). 

This trial therefore tested: 

1) the effect of patch quality on browsing of focal plant, and 

2) for low quality patches only, the effect of proximity to the high quality patch 

and the effect of 'end' on browsing of focal plant. 

These two components were examined in separate GLM analyses. Both analyses 

included pademelon as an independent variable, and used the average of the total 

consumption of foliage for each animal on day 3. Day 1 and day 2 were used to 

acclimate animals but not for the analysis because, unlike trial 1, the animals had 

not been in the experimental arena before. We also examined the effects of patch 

quality, patch proximity and end on the percentage of seedlings browsed. Where 

significant (P < 0.05) treatment effects were found, pairwise comparisons were 

made using the Tukey-Kramer adjustment for multiple comparisons. Time spent 

in patches was analysed using GLM as a function of patch quality, patch 

proximity and end. 

Unless stated otherwise, there were no significant (P < 0.05) period, animal, or 

carryover effects in either trial. Values are reported in text as mean ± 1 standard 

error. 
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Results 

Trial 1 

Seedling intake and percentage of seedlings browsed 

Pademelons consumed significantly more foliage from high than low nutrient 

seedlings (0.18 ± 0.02 gDM.kgBM -I  vs. 0.05 ± 0.02 gDM.kgBM -I  respectively; 

F1,27= 13.36, P = 0.002), and in high than low quality patches (0.16 ± 0.02 

gDM.kgBM-I  vs. 0.07 ± 0.02 gDM.kgBM-I  respectively; F1,27 = 7.01, P = 0.016) 

(Fig. 3a). There was no significant interaction between seedling nutrient status 

and patch quality (F1,27 = 0.58, P = 0.457). The same pattern, i.e. significant main 

effects only, was observed for the percentage of seedlings browsed (Seedling: 

F1,27= 14.86, P = 0.001; Patch: F1,27= 18.23, P < 0.001; Interaction: F1,27= 0.50, 

P = 0.490). Pademelons browsed an average of 36 ±3% of high nutrient 

seedlings, but only 18 ±3% of low nutrient seedlings. This was very similar to 

the difference between high and low quality patches (37 ± 3% versus 17 ± 3% of 

seedlings browsed, respectively; Fig. 3b). 
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Fig. 3 Average daily (a) foliage consumed and (b) percentage of seedlings browsed by pademelons 

over three days, when offered a choice of high or low nutrient seedlings in high or low quality 

patches during trial 1. Values are Least Squares Means (1 SE). Superscript letters indicate a 

significant difference at P = 0.05. 

Foraging times 

Pademelons spent significantly more time in high than low quality patches (15.5 

min vs. 0.9 min respectively; F1,27 = 8.76, P = 0.008), irrespective of seedling 

nutrient status (F1,27= 0.72, P = 0.408; Table 2). Within high quality patches, 

most of this time was spent feeding on grass (89 to 92%). Not surprisingly, in low 
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quality patches, very little time was spent feeding on vegetation (Table 2). Of the 

time spent in patches, pademelon,s spent the least amount, never more than 5% of 

total time, feeding on seedlings, irrespective of treatment (Table 2). 

Table 2 Total time and time spent on different activities, averaged over three days, by pademelons 

in four different patch types during the three hour period before sunset in trial 1. Values are Least 

Squares Means (1 SE). Superscripts within columns indicate treatments that were significantly 

different at P = 0.05. 

Seedling Time (min) 

nutrient 
Patch 

Feeding on Feeding on 

status 
quality Total 

grassfforbs seedlings 
Other activities 

low low 0.580 (4.95)a  0.506 (4.68)a  0.002 (0.06)a  0.071 (0.86)a  

high low 1.141 (4.95)a  0.367 (4.68)a  0.050 (0.06)a  0.724 (0.86)a  

low high 11.590 (4.95)b  10.625 (4•68)b  0.005 (0.06)a  0.960 (0.86)a  

high high 19.419 (4•95) b  17.202 (4•68)b  0.131 (0.06)a  2.085 (0.86)a  

Trial 2 

Seedling intake 

Pademelons consumed significantly more foliage from seedlings in the high than 

the two low quality patches (F1,11= 8.45, P = 0.023; Fig. 4a). On average, 57 ± 

12% of foliage consumed by pademelons was from seedlings in high quality 

patches, 27± 10% was from low quality patches near to, and 16± 11% was from 

low quality patches far from the high quality patch. Proximity of a low quality 

patch to the high quality patch did not have a significant effect on browsing of 

seedlings (F1,7= 4.64, P = 0.164). Although pademelons consumed, on average, 

over twice as much foliage from seedlings in low quality patches that were at one 
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end of the enclosure than the other (0.07 ± 0.02 gDM.kgBM -1  in position 4 vs. 

0.03 ± 0.02 gDM.kgB1■4-1  in position 1 — see Fig. 2), the end effect was not 

significant (F 1 ,7= 9.54, P= 0.091). 

Percentage of seedlings browsed 

The influence of patch quality on the percentage of seedlings browsed was even 

stronger than its influence on intake. Padetnelons browsed 69 ± 11% of seedlings 

in high quality patches, which was significantly more than the 25 ± 7% browsed 

in low quality patches (F1,11= 32.49, P = 0.001; Fig 4b). There was no effect of 

proximity (F1,7= 1.00, P = 0.423), but there was a significant end effect (F1,7= 

25.00, P = 0.038), with more seedlings browsed in the low quality patch at one 

end of the enclosure than the other (35 ± 11% in position 4 vs. 15 ± 7% in position 

1). 

Foraging times 

Pademelons spent substantially and significantly more time in the high quality 

patch than in the two low quality patches (Fi,ii= 77.94, P < 0.001). Over the 15 h 

period, pademelons spent an average of 191.0 ± 17.5 min in high quality patches, 

2.6 ± 0.7 min in low quality patches that were near the high quality patches and 

0.5 ± 0.7 min in low quality patches that were far from the high quality patches, 

but there was no significant effect of patch proximity (F1,7= 3.53, P = 0.201), or 

end (Position 1: 1.2 ± 0.8 min, position 4: 1.9 ± 0.8 min, F1 ,7 0.51, P = 0.550), 

on the amount of time spent in low quality patches. 
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Fig. 4 (a) Foliage consumed and (b) percentage of seedlings browsed during day 3, in one high 

quality and two low quality vegetation patches in trial 2. For the low quality patches, their 

proximity to the high quality patch is indicated. Values are Least Squares Means (1 SE). 

Superscript letters indicate a significant difference at P= 0.05. 

Discussion 

We have demonstrated that both focal plant and patch characteristics affected 

browsing of the former by the red-bellied pademelon, a generalist mammalian 
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herbivore. In addition, our results demonstrate that the effects of these two factors 

were additive. The proximity of low quality patches to the high quality patch did 

not influence consumption of seedlings or time spent within the former, although 

we did detect an 'end' effect. We can therefore conclude that red-bellied 

pademelons make foraging decisions at multiple spatial scales, based on 

characteristics of both focal plants and vegetation patches. As foraging was 

greatest in high quality patches with high quality seedlings, the particular choices 

arising from this foraging behaviour led to an increase in foraging efficiency and a 

concentration of food resources, compared to that which could be achieved if 

animals were foraging on one scale only. 

Focal plant and patch characteristics 

Where there was a choice of seedling nutrient status (trial 1), and for a given patch 

quality, pademelons browsed more seedlings, consumed more foliage from each, 

and spent more time feeding on seedlings of high than low nutrient status (Fig. 3; 

Table 2). This preference for high nutrient seedlings was expected and is 

consistent with other studies (Close et al. 2003). The preference for high nutrient 

seedlings was probably due to significantly higher nitrogen and lower phenolic 

levels, despite the higher concentration of FPC and oils (Close et al. 2003; 

O'Reilly-Wapstra et al. 2005a). Although high nutrient seedlings were both taller 

and heavier than low nutrient seedlings, it is less likely that their greater 

consumption was due to greater apparency, since the vegetation was essentially at 

ground level in both patch treatments. 
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Our results demonstrated that foraging by pademelons was strongly affected by 

patch quality, but only marginally affected, if at all, by patch proximity or location 

at the scale tested. In both trials, seedlings were more vulnerable to browsing by 

pademelons in high than in low quality patches (Fig. 3b, 4b). This occurred 

because high quality patches were preferred to low quality patches, i.e., animals 

spent over 10 times as long in high quality patches in all comparisons (Table 2). 

These results highlight that, (1) when there is a choice of patches and (2) when 

herbivores take advantage of the opportunity to select between patches, focal 

plants are more vulnerable if they are surrounded by an alternative food source 

which attracts a herbivore to the patch. If one of these conditions is not met, then 

patterns of effects can differ markedly. 

For example, in our system, pademelons prefer grass to Eucalyptus nitens 

seedlings (this study, Miller et al. in press). In the current trials they were able to, 

and did, select high quality (grass) patches. Seedlings within such patches were 

more vulnerable (Fig. 3, 4). However, when selection only occurs within patches, 

for example when an animal cannot move to another patch, or does not choose 

between patches despite the opportunity, seedlings may actually be less 

vulnerable in high than in low quality patches because the major/most profitable 

vegetation (e.g. grass) is eaten in preference to seedlings. In this situation, we 

have found that seedlings are more vulnerable in low quality patches, in which it 

is the seedling that is the most profitable vegetation (Miller et al. in press). We 

suggest that these apparently contradictory outcomes are related to the 

availability, or otherwise, of alternative palatable food. 
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It is worth noting that generalist herbivores do not always select at the patch level 

despite the opportunity. Alm Bergvall et al. (2006) found that, when offered two 

patches of different quality, composed of buckets of food pellets with high or low 

tannin levels, fallow deer (Dama dama) were unselective between patches, 

spending a similar amount of time in patches of high and low quality. However, 

deer were selective within a patch, preferring the higher quality (low tannin) 

buckets. Whether this difference reflects different herbivore species (deer vs. 

pademelon) or differences in patch types (artificial vs. natural plants) tested is 

unclear. Either way, the conclusion from both studies is that the influence of 

neighbouring vegetation upon consumption of a seedling depends upon the spatial 

scale of selection and on opportunities for choice. 

We found no evidence that proximity of low quality patches to the high quality 

patch influenced consumption of seedlings or time spent within the former. In a 

similar design, but on a larger scale, Ball et al. (2000) found that moose spent 

more time in unfertilised plots that were close (100 m) to fertilised plots than in 

unfertilised plots that were further away (300 m). Our inability to pick up an 

effect of proximity could be due to three reasons: (1) pademelons do not respond 

to distance between patches at this scale, (2) a lack of power to detect a significant 

effect, since the sample size for this trial was only four animals, or (3) preference 

by pademelons for one end of the enclosure (position 4, Fig. 2) overrode any 

effect of proximity of low quality patches to the high quality patch. 

With regards to the first point, choosing the scale of a test is obviously important, 

i.e., matching the scale of the test with the scale at which the study animal 
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responds. In a similar manner, we know that the influence of patch vegetation on 

browsing of focal plants depends on the patch being large enough. Pietrzykowsld 

et al. (2003) found no effect of patch type on browsing by pademelons when the 

patch size was too small (in that case 1 x 2 m). Perhaps a maximum distance of 

35 m was not enough to detect an effect in our current study. Padetnelons have 

home ranges of 22 ± 5 ha (le Mar et al. 2003) and, within a single night, they 

forage much further in the wild. 

Although not significant, we detected trends reflecting expectations that seedlings 

in low quality patches nearer to high quality patches would receive more damage 

(Fig. 4). It is plausible that, due to the small sample size, our results represent a 

type II error, i.e., that there is in fact an effect of proximity that we failed to 

detect. 

Results perhaps best support the third point, since there was some evidence of an 

end effect. Pademelons ate a greater percentage of seedlings in the low quality 

patch in position 4 than 1 (Fig. 2), regardless of its proximity to the high quality 

patch. From behavioural observations, it appeared that animals felt safer in 

position 4, as they always fled there when spooked. The only entry to the arena 

was near position 1, so the 'predation risk' from humans always came from that 

direction. 

Because the end effect appeared to be related to perceived predation risk, we 

suggest that when feeding in low quality patches pademelons viewed predation 

risk, or proximity to safety, as more important than the proximity of these patches 
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to high quality ones. Such dependence of foraging location and browsing 

intensity in relation to distance from protective cover and therefore predation risk 

has been demonstrated frequently before (e.g. Thorson et al. 1998; Moore et al. 

1999; While and McArthur 2005). We have shown here, however, that this 

perceived predation risk did not prevent animals spending most of their time 

feeding in high quality patches. Our results may therefore demonstrate a direct 

and explicit trade-off between foraging and predation risk. Such a trade-off is 

common amongst mammalian herbivores (e.g. Kotler et al. 1991; Brown et al. 

1992; Kotler et al. 1994; Ovadia et al. 2000). We suggest that benefits from 

foraging in high quality patches (191 min in patch, mostly consuming grass and, 

to a much lesser extent, seedlings) outweighed perceived costs of predation risk 

no matter where the high quality patch was located. In contrast, in low quality 

patches, pademelons only spent — 1.5 min total, which was not enough time to 

consume sufficient food to outweigh risks of predation. Likewise, Kotler and 

Blaustein (1995) found that gerbils (Gerbillus allenbyi and G. pyramidum) would 

forage in patches with high predation risk only if the risky patches were 4 to 8 

times richer in food resources than safer patches. 

Focal plant versus patch characteristics 

Not only were the characteristics of both focal plants and vegetation patches 

important (above), but our results demonstrate that the effects of these two factors 

were additive. Our focal plant (E. nitens) was most vulnerable when its nutrient 

status was high, and when surrounded by high quality vegetation (Fig. 3). 
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The preference for high quality patches, as shown by time spent in them and time 

spent feeding in them (Table 2), demonstrates that pademelons were selecting at 

the patch level. The higher consumption of high nutrient than low nutrient 

seedlings within a particular patch type (Fig. 3a) indicates that pademelons were 

also making decisions at the individual plant scale within patches. The selection 

of high quality patches and high nutrient seedlings were therefore two separate 

decisions, supporting the concept that such herbivores can, and often do (but see 

Mm Bergvall et al. 2006), make foraging decisions at multiple scales (Senft et al. 

1987; Laca and Ortega 1995) based on a hierarchy of vegetation structure (Kotliar 

and Wiens 1990). 

Based on intake data and video footage, we suggest that pademelons selected at 

the patch scale first, and then at the individual plant scale. Video footage showed 

that pademelons spent most of their time feeding on grass (or looking for 

alternative food in low quality patches), with only the occasional nibble taken 

from seedlings (Table 2). The initial decision therefore appears to be for high 

quality patches, with animals then tasting seedlings as part of their sampling 

behaviour, and consuming more if high than low nutrient status. This hierarchical 

selection is probably also the reason why seedling nutrient status had more of an 

effect on seedling intake than on the number of seedlings browsed (Fig. 3a vs. 

3b). That is, although intake of high nutrient seedlings was always significantly 

greater than intake of low nutrient seedlings, there were a similar number of high 

nutrient seedlings browsed in low quality patches and low nutrient seedlings 

browsed in high quality patches. 
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Foraging hypotheses 

Associational plant refuge hypothesis 

The browsing pattern to the focal plant exhibited in our study, as a result of 

animals selecting at the patch scale, is consistent with the repellent-plant 

hypothesis; a sub-set of the associational plant refuge hypothesis. Lower 

vulnerability of focal plants in low quality patches is often thought to be due to 

low quality vegetation acting to reduce the ability of herbivores to find and/or 

utilise the more palatable focal plant (Wahl and Hay 1995). Our results indicate 

that this general pattern can also occur simply through an assessment of the 

nutritional value of the patch as a whole, since there was no vegetation in our low 

quality patches to actually hinder foraging capacity. It is worth noting that the 

repellent-plant hypothesis, which is essentially a 'plant-centric' hypothesis, 

predicts the same general outcomes of many foraging theories, which are 'animal-

centric'. That is, where patch selection occurs, herbivores avoid, and therefore 

plants are less vulnerable, in low quality ('repellent') patches. 

Short-term apparent competition 

Our results could also be interpreted as an example of short-term apparent 

competition (Holt and Kotler 1987). In both our trials, the presence of grass 

within vegetation patches increased the value of patches, causing pademelons to 

spend more time there (as shown in Table 2), thereby increasing feeding on 

seedlings. If this situation was encountered in the field, a difference in vigour of 

seedlings growing in grass and on bare ground could be interpreted as direct, 

rather than apparent, competition between grass and tree seedlings. 
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It is clear that there is a great deal of overlap between the many hypotheses 

relating to interactions between plants and foraging herbivores. Differences 

between these hypotheses seem to lie largely in their perspective (e.g. plant or 

herbivore) and on the spatial scale(s) of choice that are considered available to, or 

used by, the herbivores when deriving predictions about vulnerability of plants to 

heit•ivory. There is need for the development of a broader model combining 

many of these theories, which can be applied to the full suite of foraging scenarios 

in plant-herbivore interactions, rather than to one or two specific situations. 
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Chapter Six 

Characteristics of tree seedlings and neighbouring vegetation have 

an additive influence on browsing by generalist herbivores 

Miller, A.M., McArthur, C., and Smethurst, P.J. (2006) Characteristics of tree 

seedlings and neighbouring vegetation have an additive influence on browsing by 

generalist herbivores. Forest Ecology and Management 228, 197-205. 

Abstract 

Browsing of commercial tree seedlings by mammalian herbivores can reduce 

long-term plantation productivity, and is an economic problem worldwide. 

Characteristics of both tree seedlings and their neighbours can influence browsing 

on the former, particularly by generalist herbivores. The nature of the combined 

effects of seedlings and their neighbours is, however, unknown. If effects are 

additive, it should be possible to exploit the capacity of herbivores to make 

foraging decisions at multiple scales in order to manage browsing of tree 

seedlings in forestry plantations. We conducted a field trial that focussed on 

browsing of Eucalyptus globulus seedlings by native marsupial herbivores. Our 

aim was to determine the absolute and relative importance of characteristics of 

both seedlings and neighbouring vegetation on browsing of seedlings. Seedlings 

with and without a chemical repellent were planted in vegetation patches that 

varied in the abundance and height of thistles. Browsing of seedlings was 

assessed over 16 weeks. Characteristics of both seedlings and neighbouring 
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vegetation were shown to influence the degree to which seedlings were browsed, 

and the effects were additive. Repellent-treated seedlings received less browsing 

than those without repellent; and browsing decreased with increasing thistle 

cover. The presence of thistles also increased the time it took for browsers to find 

seedlings. Results are consistent with the associational plant refuge hypothesis, 

and vegetation effects may be manifested via an alteration in plant apparency. 

These results have applications in the forestry industry. They demonstrate the 

principle that the use of less palatable seedlings combined with tall, unpalatable 

vegetation can reduce browsing on plantation seedlings in the short-term, and that 

the effects are additive. 

Note: I planned to use E. nitens as the focal plant in this study, but due to a mix-

up with the order at Forestry Tasmania, E. globulus was delivered and had to be 

used instead. The preference for both E. nitens and E. globulus by the herbivores 

of interest, particularly with respect to other experimental vegetation, is similar 

(Sprent and McArthur, 2002). 

Introduction 

Tree seedlings growing in Tasmanian forest plantations are often damaged by 

mammalian herbivores. Bennett's wallaby (Macropus rufogriseus), red-bellied 

pademelon (Thylogale billardierrii), and common brushtail possum (Trichosurus 

vulpecular) are the three native herbivores responsible for the majority of this 

damage (Statham, 1983). These three species are all relatively generalist within 

their respective feeding niches of mixed feeders and folivores (Statham, 1983; 

Jarman and Phillips, 1989; Sanson, 1989; McArthur et al., 1991; Sprent and 
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McArthur, 2002). Browsing by these animals can reduce plantation productivity 

through a reduction in seedling growth rate and survival, and by changing tree 

form (Wilkinson and Neilsen, 1995; Bulinski and McArthur, 1999). One potential 

method of reducing browsing damage to seedlings could involve manipulating 

both seedling palatability and characteristics of other vegetation on plantations in 

order to modify herbivore feeding behaviour. 

Feeding behaviour of herbivores incorporates interactions with vegetation at a 

range of ecological scales. These can be represented in a hierarchical manner, and 

include the selection of home ranges, the selection of habitats within home ranges, 

and the selection of patches, plant species and plant-parts within habitats (Senft et 

al., 1987). Patches arise within habitats due mainly to spatial variation in the 

quality (e.g. nutrients, secondary compounds) and quantity of vegetation (Laca 

and Demment, 1991). Within-habitat patchiness is an important determinant of 

animal foraging. Because herbivores can select at the patch scale and at the level 

of individual plants and plant parts within habitats, the probability that a particular 

plant, such as a tree seedling, will be attacked by a herbivore depends not only on 

its own characteristics, such as morphology and chemistry, but also on the relative 

quality and abundance of its neighbours (Atsatt and O'Dowd, 1976; Hjalten et al., 

1993). The extent to which neighbouring vegetation influences a herbivore will 

itself be a function of the herbivore's characteristics, such as whether visual, 

olfactory, and/or taste cues are used in diet selection, and whether the herbivore is 

a specialist or generalist (Milchunas and Noy-Meir, 2002). 
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If animals are selecting at the individual plant level, characteristics of tree 

seedlings are likely to be more important than those of the neighbouring 

vegetation. Plants of lower nutritional quality, for example, often receive less 

damage than those of higher quality (McArthur et al., 2003). Seedling 

morphology and chemistry can be altered through fertilisation regime (e.g. 

Hartley et al., 1997; Close et al., 2003), 'hardening' (by moving from the 

glasshouse into a harsher environment), genetic modification/selection, or by the 

use of repellents (e.g. Gillingham et al., 1987; Andelt et al., 1994). Nonetheless, 

neighbouring vegetation may still influence herbivory on a seedling, even when 

selection occurs at this individual plant level, by altering its vulnerability to 

discovery, i.e., apparency (Feeny, 1976). 

For generalist herbivores selecting at the patch level, the quality of the 

neighbouring vegetation is likely to be an important factor affecting foraging of 

tree seedlings. The associational plant refuge hypothesis (or more specifically, 

the repellent-plant hypothesis) (Pfister and Hay, 1988) assumes that animals select 

at the patch level. It predicts that a plant species of a given quality should gain 

protection from herbivory when it is associated with species of lower quality, and 

should be more at risk when occurring alone or in association with species of 

higher quality. This has been demonstrated in terrestrial systems, with a range of 

both insect (e.g. Holmes and Jepson-Innes, 1989; Hamback et al., 2000; White 

and Whitham, 2000) and mammalian (e.g. McNaughton, 1978; Hja1ten et al., 

1993; Frid and Turkington, 2001) herbivores, and in marine systems with urchins 

(Pfister and Hay, 1988) and amphipods (Poore, 2004). Consistent with this, 

McNaughton (1978) found that the palatable grass Themeda triandra was 
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protected from grazing by association with less palatable plants, but only against 

generalist herbivores. A limited effect of neighbouring vegetation on specialist 

herbivores is expected since specialist herbivores generally consume only a few 

closely related plant species, so that they would typically select at the individual 

plant level in a heterogeneous environment. 

Although it is widely recognized that both individual plant and patch 

characteristics influence feeding on a particular plant, the relative importance of 

these characteristics has received little attention. Studies on patch selection 

generally focus on the level at which animals are selecting (Danell et al., 1991), 

the influence of neighbouring vegetation (Hjalten et al., 1993), and the time 

animals should spend feeding in a given patch relative to its size and quality 

(Brown and Mitchell, 1989). The latter is often explained in terms of the marginal 

value theorem (Charnov, 1976), which assumes that selection is exclusively at the 

patch level and animals do not select individual plants within a patch, i.e. 

individual plant quality is not important. To our knowledge, there has been no 

work where both patch and individual plant quality have been altered 

simultaneously. Individual plant characteristics are likely to be more important 

than patch characteristics to specialist herbivores, but what about generalist 

herbivores? We examine this question here, in the context of browsing damage to 

tree seedlings in commercial plantations. 

The effects of altering either seedling palatability (Close et al., 2003; McArthur et 

al., 2003) or vegetation patch quality (Pietrzykowski et al., 2003) on the feeding 

behaviour of the native mammalian herbivores damaging Tasmanian plantations 
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has been examined before, but they have not been examined in combination. 

Consequently, the relative importance of characteristics of individual seedlings 

and neighbouring vegetation, and the nature of their combined effects is unknown. 

For example, effects could be dominated by one factor, additive, or synergistic. 

Determining the nature of the combined effects is critical for determining whether 

it is worth combining methods into an integrated system for reducing browsing. 

This study examined the relative and absolute extent to which characteristics of 

both individual seedlings and those of neighbouring vegetation affected browsing 

damage to seedlings. Given that the herbivores in the system are relative 

generalists, we hypothesised that both seedling palatability and patch quality 

would influence browsing, as a consequence of foraging decisions at multiple 

scales. 

Materials and methods 

Study site 

The study was conducted in an area of ex-native forest managed by Forestry 

Tasmania. The forestry plantation (42°29'48"S, 146°24'54"E) was approximately 

11 ha and situated at an altitude of 370 m ASL in the Florentine Valley, 

Tasmania. The site is situated in an area of high rainfall (1300 mm p.a.) and is 

subject to frequent frosts. The upper soil horizon was a moderately acidic, brown 

loam, overlaying red-brown medium clays. The soil was derived predominantly 

from Quaternary slope deposits derived from Jurassic dolerite. The site had been 

planted as a Eucalyptus nitens plantation in 2000 but, due to severe browsing, was 

re-cultivated in 2003. 
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Experimental design 

We tested the effects of two variables, seedling palatability and patch vegetation, 

on growth and browsing of seedlings. The trial was originally set up as a 

randomised block design with four levels of bitter lupin (Lupinus albus cv. 

Lupini) cover and two levels of seedling palatability (untreated, and treated with 

chemical repellent). Treatment plots were 25 m x 25 m and there were five 

blocks. The lupins failed and the resulting vegetation patches comprised a natural 

(continuous) range of thistle cover. The thistles (mostly Californian thistle, 

Cirsium arvense) had the same important characteristics for which lupins were 

initially chosen; that is, they were tall and unpalatable. Thistles were therefore 

used as the vegetation treatment. The resulting trial was therefore essentially a 

randomised block design with respect to seedling palatability, with thistle plots 

ranging in cover and height as a continuous variable. 

Bennett's wallaby and red-bellied pademelon have been shown to select young 

unherbicided plantations in similar environments (le Mar and McArthur, 2005) 

within their respective home ranges of 61 ± 12 ha and 22 ± 5 ha (le Mar et al., 

2003). This study focussed on selection of vegetation patches within a young 

plantation habitat, and we considered that 25 m x 25 m patches (plots) were an 

appropriate scale for these herbivores. 

Eucalyptus globulus seedlings averaging 18.7 cm (S.E. 0.2) in height were 

obtained from Forestry Tasmania's tree nursery, Perth, Tasmania. Seedling 

palatability was manipulated using a chemical repellent, Plant Plus (Roe Koh and 
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Associates Pty Ltd, 2000). Plant Plus is a repellent designed to protect seedlings 

from browsing damage by mammalian herbivores. It acts by giving off synthetic 

predator odours, namely ammonia (Roe Koh and Associates Pty Ltd, 2000). 

Numerous studies have shown that herbivores avoid predator odours (Pfister et 

al., 1990; Sullivan et al., 1990; Swihart et al., 1991; Boag and Mlotkiewicz, 

1994), and that it is not necessary for the animal to recognise the predator for it to 

be effective (Weldon et al., 1993; Nolte et al., 1994; Woolhouse and Morgan, 

1995). Plant Plus has been shown to successfully reduce browsing damage by 

European rabbit (Oryctolagus cuniculus), brushtail possum, brown hare (Lepus 

europaeus) and swamp wallaby (Wallabia bicolour) (Morgan and Woolhouse, 

1998; Roe Koh and Associates Pty Ltd, 2000) and to influence behaviour of the 

parma wallaby (Macropus parma) and the red-necked pademelon (Thylogale 

thetis) (Ramp et al., 2005). Repellent (Plant Plus at 50/50 with water) was 

sprayed on seedlings using a 1 L pressure pack garden hand sprayer. While 

planting seedlings we took care to avoid contamination of untreated seedlings. 

Each plot contained 50 seedlings (five rows of 10 at 2.5 m spacing), and there 

were eight plots per block and five blocks. 

Assessment of eucalypt seedlings 

Fifteen browsing assessments were undertaken over 16 weeks. The frequency of 

assessments declined overtime. For each assessment, the central 12 seedlings 

(24% of seedlings) in each plot were scored for mammalian browsing (% foliage 

removed) on a scale of 0-6, where: (0) 0%, (1) 1-5%, (2) 6-25%, (3) 26-50%, (4) 

51-75%, (5) 76-95%, and (6) 96-100%. Percentage foliage removed was 

considered an adequate index for absolute amount of foliage consumed because 
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the random allocation of seedlings to repellent treatments ensured that seedling 

size was similar between treatments. The trial was concluded once the thistles 

began to die off. Seedling height from ground level to apical bud, to the nearest 

0.5 cm, was assessed in weeks 0, 2, 4, 8, 12, and 16. 

Assessment of vegetation cover 

In order to assess vegetation at the plot scale, six permanent 1 m 2  quadrats were 

set up near the centre of all plots, with three quadrats on planting rows and three 

on adjacent inter-rows. These quadrats were used to assess thistle height (within 

six height classes: (0) 0 cm, (1) 1-5 cm, (2) 6-10 cm, (3) 11-25 cm, (4) 26-50 

cm, and (5) 51-100 cm), and percentage cover (using the same seven-point scale 

used for assessing browsing damage) at monthly intervals within each plot. 

Thistle cover varied from 4 to 44%; other minor plants included lupins (L. albus 

cv. Lupini; max. 4%), grass (Poa spp.), fireweed (Senecio linearifolius, S. 

minimus), sedges (Juncus sp.) and other small forbs (total not more than 25%). 

This minor vegetation was typically considerably shorter than thistles, although 

cover was often similar. Thistles were on average 18.7 cm tall, although there 

was large variation between plots (S.D. = 21.4 cm; range: 0-52.8 cm). Thistle 

cover and height in each plot were combined into a thistle index, where thistle 

index = height (median value of height class, e.g. score of 4 = 38 cm) x cover 

score (0-6 scale). Thistle index could range from 0 to a maximum of 453. The 

thistle index ranged from 0 to 208 across plots (mean = 51.7, S.D. 56.1). 

Vegetation was also assessed at a smaller scale, immediately around each 

seedling. Height and cover of thistles within a 30 cm radius of seedlings were 
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assessed in weeks 1, 3, 4, 8, 12, and 16. Thistle height around seedlings was 

recorded as either shorter, taller, or of similar height to the seedling of interest; 

percentage cover was recorded on the same seven-point scale as used for 

browsing. 

Herbivore abundance and distribution 

A combination of scat counts and spotlighting was used to determine which 

herbivores were likely to be contributing to browsing damage. The presence of 

browsers over the site was assessed through scat transects. Nine 15 m scat 

transects were established and cleared the day seedlings were planted, and they 

were assessed 11 times, mostly concurrent with browsing assessments, by 

counting and clearing all scats within 1 m of the western side of the transect line. 

Five spotlight surveys were conducted to obtain an estimate of the relative 

abundance of browsers. Reflectors (de Neefe Signs Ltd, Tasmania) were attached 

to bamboo stakes, and positioned at regular intervals (approximately every 25 m), 

25 m in from the edge of the trial area, for a total survey length of 300 m. 

Surveys involved recording all Bennett's wallabies, pademelons and possums 

seen within this area. Survey size (i.e. width of 25 m) was based on 

recommendations of le Mar et al. (2001) in relation to sightability. The 

distribution of animals over the site was determined by recording the presence and 

identity of scats within the same quadrats used for assessment of vegetation. 

These quadrats were cleared of scats at each assessment. 
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Statistical analysis 

Browsing scores were converted to median values of percentage foliage removed 

by mammals. Results were then averaged over the 16 weeks of the study by plot, 

and analysed using general linear modelling (PROC GLM, SAS Institute Inc., 

2002), with repellent (class), thistle index (continuous) and block (class) as the 

independent variables. The effect of block was not significant, so it was removed 

from the final model. Due to the higher frequency of measurements during the 

start of the trial, data are weighted towards the first few weeks. For this and 

subsequent GLM tests, residuals were checked for homoscedasticity and 

normality (Zar, 1996). Transformations were performed where necessary and 

have been indicated. To examine the effect of thistle index on browsing in more 

detail, regressions (PROC REG, SAS Institute Inc., 1990) were then run 

separately for plots with and without repellent. 

General linear modelling was also used to test for effects of repellent and thistle 

index on change in seedling height from planting to the end of trial. The effect of 

repellent and thistle index on the timing of the onset of browsing (Tay') was 

analysed using survival analysis (PROC LIFETEST, SAS Institute Inc., 1989). 

These results were confirmed using general linear modelling (PROC GLM) and 

regression (PROC REG). 'Day' was log transformed to normalise data for GLM 

and regression. 

The effect of thistle height and cover at the smaller scale (within a 30 cm radius of 

seedlings) on the percentage of foliage removed from seedlings was examined 

using PROC GLM on data averaged from week 8 to 16. Data before week 8 were 
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not used because browsing during this period was very low (less than 5% foliage 

removed). Repellent was not included in the model because, at this scale, 

repellent treatments were not randomly distributed between seedlings. The effect 

of repellent was therefore incorporated in the plot variable along with other 

factors that may have varied between plots. 

The relationship between percentage cover of thistles and other vegetation on the 

plot scale, as well as the height and cover of thistles within a 30 cm radius of 

seedlings, were examined using PROC CORR (SAS Institute Inc., 1989). The 

relationship between the cover of thistles and other vegetation was weak (R = 

0.14), indicating that the effect of thistles was not confounded by effects of other 

vegetation. Any effects of this other vegetation were therefore incorporated into 

the error term during analysis. The relationship between non-thistle vegetation 

and browsing of seedlings was not assessed as we were primarily interested in the 

effect of tall, unpalatable vegetation. 

The number of quadrats per plot containing scats of the three most abundant 

herbivores (Bermett's wallaby, pademelon, and possum) was averaged over time. 

Separate GLMs were performed for Bennett's wallaby (on arcsine square root 

transformed data) and pademelon to see if scat density differed as a function of 

repellent or thistle index. Possum data could not be analysed by GLM due to a 

high proportion of zeros; logistic regression (PROC LOGISTIC, SAS Institute 

Inc., 2002) was therefore used to determine whether repellent or thistle index 

influenced probability of possum scats. 
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The critical probability level for significance was assumed to be P = 0.05. 

Results 

Browsing of seedlings at the plot scale 

In the first 3 weeks after planting, 18% of seedlings were browsed, but very little 

foliage was removed (Fig. 1). By week 8, 83% of seedlings had been browsed 

(Fig. la). The proportion of foliage removed from each seedling continued to 

increase until the end of the study at week 16, as seedlings were being re-browsed 

(Fig. lb). At the completion of the experiment 97% of seedlings had been 

browsed with an average loss of 80% of their foliage. Although initially higher 

on seedlings without repellent, browsing damage to seedlings with both 

treatments had merged by the end of the study. 
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Fig. 1. (a) Percentage of seedlings browsed and (b) percentage of foliage removed (least squares 

means) from seedlings with and without repellent over 16 weeks. 

The average severity of browsing damage to seedlings was significantly 

influenced by both repellent treatment (F1,39= 4.7, P = 0.037) and thistle index 

(F1,39= 7.7, P = 0.009). Average browsing for the 15 assessments over the 16 

weeks was slightly less severe for seedlings treated with repellent than that for 

untreated seedlings (16% cf. 19% foliage removed, respectively). Browsing 
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decreased with increasing thistle index for both treated and untreated seedlings 

(Fig. 2). The percentage of foliage removed from repellent-treated seedlings, 

averaged over 16 weeks, decreased from an average of 18% when thistle index 

was 0, down to 12% at maximum thistle index, although this relationship was not 

significant (P = 0.295; R2  = 0.06). The equivalent browsing damage for seedlings 

without repellent was 23% and 10%, respectively (P = 0.006; R2  = 0.36). There 

was no significant interaction between repellent and thistle index (F1,39= 1.1, P = 

0.310). 

A Repellent •  •  • No repellent 
•  

A 
• 

A • • a A 

5 

50 	100 	150 
	

200 
	

250 

Thistle index 

Fig. 2. Relationship between percentage foliage removed from seedlings over 16 weeks and thistle 

index, at the plot scale, for seedlings with and without repellent. 

The lifetest showed that for seedlings with no repellent, the mean number of days 

until first browsed was 40.5 (S.E. 2.1), while seedlings with repellent were 

browsed after 42.4 (S.E. 3.0) days. This difference was not significant (log rank 

test e = 0.098, P = 0.754). However, there was a significant increase in the time 

prior to browsing onset with increasing thistle index (log rank test x; = 5.960, P = 

0.015). These results were confirmed with the GLM analysis (thistle index: Ft,39 • 
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=7.5, P= 0.009; Fig. 3; repellent: F1,39= 0.8, P= 0.371). In the absence of 

thistles, seedlings were first browsed after 36 days (Fig. 3). In contrast, where 

thistle index was at its maximum, browsing did not occur until day 54. 

50 	100 	150 
	

200 
	

250 

Thistle index 

Fig. 3. Relationship between day of browsing onset and mean thistle index, over 16 weeks at the 

plot scale. 

Browsing caused a reduction in average seedling height from 18.7 cm at week 0 

to 10.0 cm at week 16. Repellent did not influence this height reduction (F1,39= 

0.5, P = 0.473), but increasing thistle index significantly reduced the reduction in 

height (F1,39= 5.0, P = 0.032). As thistle index increased from 0 to a maximum of 

208, reduction in seedling height due to browsing declined from 9.6 cm to 6.0 cm. 

The relationship between thistle index and change in height was as follows: 

change in height = -9.63 + 0.0177 x thistle index (R2  = 0.14). 

Effect of vegetation immediately around seedlings 

Height of thistles relative to that of seedlings was closely related to thistle cover 

within a 30 cm radius of seedlings. As relative thistle height increased from 

shorter to taller than seedlings, thistle cover increased from 12% (S.E. 0.7) to 49% 
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(S.E. 1.0). Increasing thistle cover and height at this spatial scale was associated 

with decreased browsing damage to seedlings (Fig. 4). The effect of thistles on 

seedlings was most pronounced from week 8 onwards, when browsing was most 

severe (Fig. 4). During weeks 8 -16, there was a significant inverse relationship 

between thistle cover and browsing (F1,184 = 70.1, P < 0.001), and between thistle 

height and browsing (F3,136 = 5.9, P = 0.001). For every 10% increase in thistle 

cover, there was a 5% decrease in browsing to seedlings. Similarly, where thistles 

were taller than the seedlings, significantly less foliage was removed (39%, S.E. 

3.5) than where thistles were shorter than the seedlings or not present (60%, S.E. 

2.5; 60%, S.E. 4.0, respectively). Browsing was intermediate (49%, S.E. 3.8) 

where thistles were a similar height to seedlings. 
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(a) 

Thistle height 

Fig. 4. Percentage foliage removed from seedlings in relation to (a) thistle cover and (b) thistle 

height within a 30 cm radius. Thistle height: 0, no thistles; L, shorter than seedling; M, similar 

height to seedling; and H, taller than seedling. 

Herbivore abundance and distribution 

Scat counts and spotlighting surveys showed that Bermett's wallabies, red-bellied 

pademelons and common brushtail possums were all present at the site (Table 1). 

Spotlighting indicated that the abundance of the three species ranked wallabies > 

pademelons > possums. Although scat data cannot be directly equated with 
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animal numbers, scat data by species ranked in the same order as the spotlight 

data. 

Table 1. Scat density and five spotlight counts of the three major herbivores on the study site 

during the 16-week trial 

Bennett's 	Red bellied 
	

Brushtail 

wallaby 	pademelon 	possum 

Scat density (scats.day l .m-2) 0.051 (0.006) 0.020 (0.003) 0.008 (0.003) 

Animal density (animals. 100 m1) 1.13 (0.47) 1.07 (0.73) 0.53 (0.37) 

Values are means (S.E.). 

Repellent (F1 ,39 = 3.9, P = 0.057) had an effect on the distribution of wallaby 

scats. There were more scats found in repellent (average 1.8 scats/m2, S.E. 0.2) 

than non-repellent plots (average 1.5 scats/m 2, S.E. 0.2), respectively. Repellent 

did not influence the distribution of pademelon scats (F1,39= 0.01, P = 0.904). 

Increasing thistle index decreased the number of quadrats containing both wallaby 

(F1 ,39 = 4.0, P = 0.054) and pademelon (F 1 ,39= 4.1, P = 0.051) scats. There was 

no effect of either thistle index (Wald 2d = 0.112, P = 0.738) or repellent (Wald 

2 
X1 = 

Discussion 

As predicted on the basis of the relatively generalist feeding behaviour of the 

herbivores in this study, our results show that characteristics of both self and 

neighbouring vegetation are important in determining browsing of particular 

plants, in this case, tree seedlings. Furthemiore, since there were no significant 
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interactions between treatments, our results demonstrate that the effects of these 

two factors were additive. 

Spatial scale of patchiness and foraging 

The additive nature of the tree seedling and neighbouring vegetation 

characteristics indicate that the herbivores were making foraging decisions on the 

basis of vegetation characteristics on multiple spatial scales. Kotliar and Wiens 

(1990) describe an ecological framework, which considers a hierarchy of patches 

in relation to vegetation heterogeneity at different spatial scales. Using that 

framework, we can conclude that these herbivores were selecting at the scale of 

first-order patches (i.e. seedlings). This was modified by higher-order vegetation 

characteristics or 'patches', measured at the scale of a 30 cm radius around the 

seedlings, and at the scale of the 25 m x 25 m plots. Selection at both patch and 

individual plant levels has recently been reported by Bergman et al. (2005) for roe 

deer (Capreolus capreolus) feeding on trees planted in different spatial 

arrangements. Our results are consistent with the view of hierarchical vegetation 

patchiness (Kotliar and Wiens, 1990) and with the concept that herbivores can and 

do make foraging decisions at multiple scales (Senft et al., 1987; Laca and Ortega, 

1995). Clearly this contrasts with the traditional view of vegetation patches 

considered by the marginal value theorem (Charnov, 1976), which assumes that 

only overall patch quality is important, rather than characteristics of individual 

plants within those patches. 

Relative importance of seedling and neighbour characteristics 

In this study, neighbouring vegetation had a greater effect on browsing than 
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characteristics of the seedlings themselves. The relative importance of seedling 

and neighbouring vegetation characteristics, however, are likely to depend on the 

extent of difference in quality of each component and their relative abundance. 

The difference in palatability between repellent and non-repellent treated 

seedlings was small. Plant Plus is a contact formulation, which only protects 

leaves that have been sprayed. Its effectiveness is likely to have decreased as new 

growth emerged, and as the repellent wore off. The manufacturer suggests 

repellent remains effective for 3 months after treatment (Roe Koh and Associates 

Pty Ltd, 2000), but vulnerable new growth began to appear after just 3 weeks. 

Previous studies have demonstrated much larger differences in browsing between 

seedlings grown under different nutritional conditions (McArthur et al., 2003; 

Close et al., 2004) or which differ genetically in their secondary chemistry 

(O'Reilly-Wapstra et al., 2002). In the current study, it is likely we would have 

detected a greater effect of seedling palatability had the differences between the 

two seedling treatments been greater. 

Mechanism of the neighbour effect 

Protection given to the relatively palatable seedlings by neighbouring tall, 

unpalatable thistles is consistent with two ecological hypotheses: the associational 

plant refuge hypothesis (Pfister and Hay, 1988) and apparency theory (Feeny, 

1976). Associational refuges are most commonly described in terms of 

palatability of a particular plant relative to that of the neighbouring vegetation 

(Milchunas and Noy-Meir, 2002). We did not measure the relative preferences of 

the herbivores for seedlings and thistles directly, but the total lack of browsing on 

mature thistles (A. Miller, personal observation 2003) is evidence that they are not 
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a preferred food. Presumably, therefore, thistles acted as unpalatable patches and 

hence refuges for seedlings. 

Associational refuges may also operate through other influences on herbivore 

foraging behaviour such as searching effort (Milchunas and Noy-Meir, 2002). In 

this sense, the capacity to hide seedlings may be as pertinent to offering 'refuge' 

as being unpalatable. This effect can be linked directly to the concept of plant 

apparency (Feeny, 1976). An unapparent plant is one that is hard to find, which in 

turn can be influenced not only by factors such as its size, growth form, secondary 

chemistry and persistence, but also by its relative abundance within a community, 

characteristics of neighbouring plants, and herbivore characteristics (Feeny, 

1976). The structural defences of the thistles (i.e. prickles) may have added to 

their ability to reduce seedling apparency by providing barriers to herbivore 

movement. 

The fact that thistles taller than seedlings were more effective in reducing 

browsing than those shorter than seedlings suggests that they functioned primarily 

by reducing seedling apparency. Similar effects of concealment have been argued 

in relation to feeding on particular plants by rabbits (Silvilagus audubonii, Lepus 

alleni and L. californicus) (McAuliffe, 1986), red deer (Cervus elaphus) (Miller et 

al., 1982) and insect herbivores (Galerucella calmariensis) (HambAck et al., 

2000). 

The positive relationship between time of browsing onset and thistle index further 

supports the argument of seedling apparency. Seedlings in plots with the highest 
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thistle cover were first browsed an average of 18 days later than those in plots 

with no thistles. The magnitude of this delay is of the same order as that reported 

by Pietrzykowski et al. (2003) with the same suite of herbivores. In that case, 

Pinus radiata seedlings amongst tall vegetation were browsed 14 days later than 

those amongst short vegetation. It should be noted, however, that thistle index 

explained only 14% of the variation in the time until onset of browsing, indicating 

that there are other factors which, in combination, are more important in affecting 

time of browsing onset. 

Management implications 

Usual commercial plantation establishment involves using herbicide to minimise 

the amount of vegetation and thus competition for limiting resources between tree 

seedlings and other vegetation. Total weed control is commonly the aim, but 

often only partial weed control is achieved. Where most weeds are killed, 

browsing of tree seedlings may be increased because (a) they become the main 

food source present and (b) they may be more apparent to potential browsers. Our 

results show that browsing on seedlings can be reduced in an additive manner by 

(a) reducing seedling palatability and (b) by retaining specific weed species (in 

this case thistles) in order to make seedlings less apparent. 

We are not suggesting that thistles, being a noxious weed, are sown, or even 

encouraged to grow in plantations. Rather, our results demonstrate the principle 

that any tall unpalatable vegetation that establishes on plantations could help 

protect tree seedlings from browsers. This could include either naturally 

occurring 'weed' species, as utilised here, or introduced cover crops. We 
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originally attempted to use a bitter lupin cover crop on this site, but it failed to 

establish. A major advantage of using a cover crop over naturally occurring 

weeds is that cover crops can be chosen which are more easily controlled and less 

competitive than weeds, reducing potential competition risk (Turvey and 

Smethurst, 1980). Cover crops have also been used in forestry to control weeds 

and prevent erosion (Dredge, 1997), and may therefore reduce reliance on 

herbicides. Additionally, leguminous cover crops can be used to increase soil 

nitrogen levels through nitrogen fixation (Turvey and Smethurst, 1983; Nambiar 

and Nethercott, 1987). 

In this study, we reduced seedling palatability by applying a repellent, but several 

other methods could be used which also modify seedling characteristics. One 

common method for reducing palatability of eucalypts is through applying less 

fertiliser (Close et al., 2003). Close et al. (2004) found that chemical differences 

were retained over a 10-week study at two of three sites. An alternative method, 

which is likely to last longer than these environmental modifications, is to plant 

seedling varieties that are more resistant to browsing. O'Reilly-Wapstra et al. 

(2002) found genetic variation in the resistance of different races, localities and 

families of E. globulus to possums and pademelons. Deployment of relatively 

resistant seedlings could therefore potentially be exploited to reduce browsing 

damage. Physical protection, through use of tree guards, could also be effective. 

Browsing pressure in this study was very high, and consequently seedlings 

received substantial damage, even amongst tall, dense thistles. We did not assess 

browsing after week 16, when the thistles started to die off, because the majority 
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of seedlings had been browsed by this stage. Under lower browsing pressure, 

however, it would be preferable that the weed species or cover crop persist until 

seedlings had passed the most vulnerable stage, i.e. one year of age (Coleman et 

al., 1997). Apart from actual herbivore exclusion, it is probably unrealistic to 

expect any non-lethal method to be effective long-term under high browsing 

pressure. Under such conditions, it may be preferential to combine vegetation 

management strategies with other approaches to reduce the number of herbivores 

and therefore browsing pressure. Browsing management is clearly not required 

on sites with low browsing pressure. Vegetation management is therefore likely 

to be most useful on sites with intermediate browsing pressure. The same is true 

for seedling palatability, i.e. use of low palatability seedlings is likely to be most 

effective under intermediate browsing pressure. 

Finally, the major reason forestry companies remove weeds is to reduce 

competition with seedlings for water, light and nutrients (Nambiar and Sands, 

1993; Adams et al., 2003). The benefits of retaining weeds must therefore be 

weighed up against potential competitive costs such as these. Over the period of 

this study, any effect of competition on seedling growth could not be 

differentiated, but seedlings amongst dense vegetation were taller than those in the 

open, regardless of any difference in levels of competition. In this case then, 

protection from browsing outweighed any competitive effects of neighbouring 

vegetation. The results from this experiment indicate that the use of vegetation 

for reducing early losses due to browsing, combined with use of tree seedlings of 

low palatability, warrants further attention. 
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Chapter Seven 

Effects of tree seedling and cover crop characteristics on seedling 

growth and defoliation by insect and mammalian herbivores 

This chapter reports on a field trial that was designed to examine the influence of 

tall palatable (rye grass), versus tall unpalatable (bitter lupin) vegetation on 

browsing of high and low quality seedlings of Pinus radiata and Eucalyptus 

nitens. Unfortunately, this study suffered many setbacks, including high mortality 

of pines, problems with vegetation treatments and seedling palatability, and very 

low levels of browsing, and as such was not an adequate test of the aims. It is 

presented here for completeness, but will not be published. 

Introduction 

Forestry plantations world-wide experience costly damage from both insect 

herbivores (e.g. chrysomelid leaf beetles Cadmus excrementarius, dos Anjos et al. 

2002; pine false webworm Acantholyda erythrocephala, Lyons et al. 1998; spruce 

budworm Choristoneura fumiferana, Wanner etal. 1997) and mammalian 

herbivores (e.g. roe deer Capreolus capreolus, Gill 1992; moose Alces alces, 

Edenius 1991, and voles Microtus montanus, Sullivan et al. 1990). In Tasmania, 

tree seedlings growing in forestry plantations are often damaged by scarab beetles 

Heteronyx sp. and leaf beetles Cluysophtharta spp. (de Little 1989; Ramsden & 

Elek 1998; Beveridge & Elek 2001; Nahrung & Allen 2003; le Mar & McArthur 

2005), in addition to mammalian herbivores (Bulinski & McArthur 1999; 
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McArthur & Appleton 2004); both native (red-bellied pademelons Thylogale 

billardierii, common brushtail possums Trichosurus vulpecula and Bermett's 

wallabies Macropus rufogriseus rufogriseus) and introduced (European rabbits 

Chwtolagus cuniculus). 

Feeding damage to young seedlings can reduce long-term plantation productivity 

by reducing seedling growth rate and survival, and by changing tree form 

(Wilkinson & Neilsen 1995; Coleman et al. 1997), although this is likely to 

depend on the degree of damage (Bulinsld & McArthur 1999). Much time and 

effort has been invested in finding ways to reduce damage to seedlings. Due to 

their vastly different sizes and feeding habits, different methods are used to reduce 

damage by insects and mammals. Insect damage is typically only a problem in 

plantations more than one year of age, and it is commonly reduced through the 

use of insecticides (e.g. broad spectrum pyrethroid, or the bioinsecticide, 

Novodor®, based on Bacillus thuringiensis ssp. tenebrionis (Btt); Elliott et al. 

1993; Elek 1997; Beveridge & Elek 2001). Methods of managing mammal 

damage include reducing herbivore populations on plantations through the use of 

fences (Jennings & Dawson 1998; Jennings 2003), shooting and poisoning 

(Coleman etal. 1997); and preventing consumption of seedlings through the use 

of seedling guards (Clunie & Becker 1991; Montague 1993). Due to the high cost 

of seedling guards and fences (as well as the risk of theft) and due to public 

concern over lethal methods, cheaper, non-lethal methods have been sought in 

recent years. These methods involve manipulating the feeding behaviour of the 

herbivore to reduce browsing of tree seedlings. This can be done by either 

altering the quality of seedlings, for example through the use of repellents 
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(Woolhouse & Morgan 1995; Harman 1996; Johnston et al. 1998) or fertilisation 

(McArthur et al. 2003; Close et al. 2004), or by modifying surrounding vegetation 

(Pietrzykowski et al. 2002; Pietrzykowslci et al. 2003). However, research on the 

latter is still at an early stage. 

The influence of surrounding vegetation on the vulnerability of a focal plant to 

herbivory depends on the behaviour of the herbivore, in particular, the scale at 

which it makes decisions (Senft et al. 1987; Hjalten etal. 1993; Alm Bergvall et 

al. 2006). Research in chapters four and five indicated that red-bellied 

pademelons make decisions both between and within vegetation patches, and 

results from field trials are consistent with this pattern (chapter six; Miller et al. 

2006). Animals selecting at the patch scale should be attracted to areas with high 

quality food, and therefore seedlings should be more vulnerable in such patches 

(Brown & Ewel 1987; Wahl & Hay 1995). It is not just the vegetation 

quality/palatability that is important, however; vegetation height and density also 

affect seedling apparency, i.e. vulnerability to discovery (Feeny 1976) and 

availability (Miller et al. 1982; McAuliffe 1986; Smit et al. 2006) (see chapters 

four and six; Miller et al. 2006). 

My research so far has demonstrated that animals are attracted to high quality 

grass patches over low quality herbicided patches (chapter five) and that tall, 

unpalatable vegetation reduces browsing of seedlings (chapters four and six; 

Miller et al. 2006). One option not previously examined, however, is the effect of 

tall, palatable vegetation on browsing damage to seedlings. Tall vegetation is 

thought to work primarily by reducing seedling apparency. In unpalatable 
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patches, this means that herbivores are less likely to enter the patch, irrespective 

of seedling quality, and thus seedlings are less vulnerable. In palatable patches, 

however, animals could still be attracted to the patch and, even though seedlings 

are unapparent, they may be vulnerable to incidental browsing. It is also possible, 

however, that tall vegetation simply physically impedes aniinals from reaching 

seedlings, in which case the palatability (high or low) of the vegetation would not 

influence seedling browsing. 

In this chapter, I was therefore interested in whether a tall, high quality cover crop 

could reduce browsing to the same extent as a tall, low quality cover crop. These 

two treatments were both compared with a herbicided control. In addition, I 

wanted to determine the relative importance of seedling nutrient status and 

vegetation patch characteristics to browsing of seedlings. Although both factors 

were important in captive trials (chapters four and five), it was unclear whether 

(1) this effect would persist in the field, and (2) how the effect of seedling nutrient 

status would compare with that of chemical repellents (chapter six; Miller et al. 

2006). A more general objective was simply to confirm results from captive trials 

in the field, and thereby determine if the foraging behaviour exhibited in captive 

trials could be manipulated through vegetation management to reduce browsing of 

tree seedlings in a forestry plantation. 

In addition to damage by herbivores, another major threat to plantation 

establishment is competition between tree seedlings and weeds for light, water 

and nutrients (Wilkinson & Neilsen 1990; Mendham et al. 1999). This 

competition is the reason that plantation establishment usually involves using 
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herbicides to kill competing vegetation, or to prevent its establishment (Adams et 

al. 2003). It is therefore important that any vegetation management strategy 

achieves an acceptable balance between competition from weeds with seedlings, 

which can reduce growth, and reduction in browsing, which can enhance growth. 

I used seedlings that had been either starved (low nutrient) or fertilised (high 

nutrient) in the nursery. These were planted in field plots containing either an 

unpalatable cover crop (bitter lupin), a highly palatable cover crop (ryegrass), or 

no cover crop (control). The specific aims of this experiment were to examine the 

effect of seedling and vegetation characteristics on: (1) the percentage of seedlings 

attacked, and the amount of foliage consumed by mammalian herbivores, and (2) 

seedling growth. Levels of damage by insect herbivores were also quantified, and 

actually proved greater than that by mammals. Insect damage was therefore also 

included in the results and subsequent interpretation. 

Unfortunately, cover crops did not grow as well as expected and so were never, on 

average, taller than tree seedlings (see results). For this reason I was unable to 

test whether a tall, high quality cover crop could reduce browsing to the same 

extent as a tall, low quality cover crop. In addition, the unpalatable (bitter lupin) 

cover crop was, on average, much taller in the plots containing low nutrient 

seedlings than those containing high nutrient seedlings (see results). For this 

reason, any effect of seedling nutrient status was confounded with lupin height 

and so results of seedling consumption in relation to lupin vegetation treatment 

could not be meaningfully interpreted. 
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Based on the results of captive trials (chapters four and five), I predicted that both 

seedling and vegetation characteristics would influence mammal browsing on 

seedlings. I predicted that mammals would select at the patch scale, and thus 

browsing on seedlings would be exacerbated in plots containing large amounts of 

palatable vegetation (i.e. grass plots). I also predicted that high nutrient seedlings 

would be more heavily browsed than low nutrient seedlings irrespective of 

vegetation treatment. 

No predictions were made for insects as I had not anticipated them in the study. 

The only relevant research for insects in Tasmanian newly established plantations 

(le Mar & McArthur 2005) reported lower insect damage in plots with higher 

grass cover. 

Materials and methods 

Study site 

The study was conducted on a small (-7 ha) area of forest plantation with farms 

on two sides (mostly pasture) and forest (native and pine plantations) on the other 

two sides. The site (42°37'22"S, 146°41'14"E) was managed by Norske Skog, 

and situated at an altitude of 278 m ASL. Scat counts showed that Bennett's 

wallabies, red-bellied pademelons and European rabbits were all present at the site 

throughout the study. 

Experimental design 

The experiment was set up as a randomized block design with 24 plots in four 

blocks and six treatments. Each plot was 10 m x 20 m, within which 40 
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Eucalyptus nitens seedlings were planted (2 m apart within rows; 3 m between 

rows). The treatments were factorial combinations of two types of tree seedling 

nutrient status and three types of vegetation patch, resulting in a total of six 

treatments (Table 1). No cover crop was planted in the control vegetation plots. 

Preliminary work with red-bellied pademelons had shown that grass (Poa spp.) 

and bitter lupin (Lupinus albus) were more and less preferred, respectively, than 

E. nitens (chapters two and four). 

Table 1. Seedling nutrient status and vegetation patch type for each of the six treatments 

established on the study site. Seedlings were E. nitens 

Treatment 	Seedling nutrient status 	Vegetation patch type 

1 	 high 	 control 

2 	 low 	 - control 

3 	 high 	 lupin 

4 	 low 	 lupin 

5 
	

high 	 grass 

6 
	

low 	 grass 

There were initially six blocks, but vegetation treatments failed to establish on 

two of these, and only results for four blocks are presented here. An adjacent trial 

was also set up with six blocks and six treatments of Pinus radiata (instead of E. 

nitens) where I used cuttings vs. seedlings to provide a contrast in palatability. 

These blocks were treated the same as the eucalypt blocks, but pines experienced 

very high mortality, probably as a result of late planting. Results for pines are not 

presented. 
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Site preparation 

In May 2004, the site was sprayed with glyphosate (360 g/L) to kill existing 

vegetation, and then cultivated with a tractivator with a five tined 'rake' to 

provide a more receptive seed bed. The site was divided into four blocks of six 

plots each. All except grass plots were sprayed with residual herbidide, simazine 

(500 g/L, 12 L/ha), to reduce future weed emergence. Simazine could not be used 

on grass plots as it would have prevented grass establishment. As the site was an 

ex-pine plantation, and therefore nutrient-poor, this fertiliser was required in order 

to successfully establish cover crops. Fertiliser was applied to lupin and grass 

plots in June 2004. Lupin plots received NPK 3:15:13 + Mo at a rate of 300 

kg/ha; grass plots received a mixture of NPK 8:4:10 and urea (46:0:0) at a rate of 

100 kg/ha each. Fertiliser was broadcast-applied by hand, using shakers to obtain 

an even cover. Tree seedling growth and palatability were not expected to be 

affected by these low application rates of fertiliser. Spot applications are needed 

to effectively increase N and P supply to tree seedlings soon after planting; when 

broadcast, as in this study, rates higher than those used here are needed to 

significantly affect nutrient supply to trees (Smethurst & Wang 1998; Smethurst 

et al. 2001; Mendham et al. 2002). 

In June 2004, bitter lupin seed was broadcast at a rate of 400 kg/ha, based on 

advice from the supplier (A. Youl, Tasmanian Lupini Enterprises). Group G 

inoculum was added to seed before broadcasting to assist with nodulation. 

Biannual ryegrass (Lolium multiflorum var. 'Crusader') was used for the grass 

treatment. This was chosen because of its high forage quality and fast 
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establishment. Grass seed was applied at a rate of 50 kg/ha. This rate is twice the 

recommended rate, and was used because of a late sowing under less than ideal 

conditions. 

Eucalyptus nitens seedlings (-9 months old; 10-15 cm tall) were obtained from 

Forestry Tasmania's tree nursery, Perth, Tasmania. They were grown in Lannen 

trays (81 cells per tray, each 41 mm wide by 73 mm deep, with side slots allowing 

air-pruning of lateral roots). Seedlings were either starved (low nutrient) or 

fertilized (high nutrient) regularly for seven months before planting (April until 

November 2004). For the high nutrient treatment, seedlings were fertilized three 

times a week with Peters Excel ®  water-soluble fertilizer (NPK 20:2.2:6.6), 

receiving approximately 2.25 mg each time. All plants were watered for 20 

minutes twice per day. 

Seedlings were planted by hand in November 2004 (week 0), when cover crops 

were 21 weeks old. Seedling height at planting was 31.8 cm for low nutrient, and 

40.2 cm for high nutrient seedlings (Table 2). Due to a miscommunication, all 

seedlings were inadvertently fertilized by technical staff, 7 weeks after planting, 

with 150 g of 18:20:0 (plus 2 Mg) di-ammonium phosphate (DAP). This post-

planting fertilisation does represent standard practise for establishing E. nitens in 

many plantations in Tasmania, but had the potential to reduce the difference in 

chemical and other characteristics between the high nutrient and low nutrient 

seedlings over the course of the trial. 
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A sample of 20 low nutrient and 20 high nutrient E. nitens seedlings was set aside 

at planting for chemical analysis of foliage. High nutrient seedlings had 

significantly more nitrogen, phosphorus and sideroxylonals (FPCs) than low 

nutrient seedlings (Table 2). There were no significant differences in levels of 

fibre (NDF, ADF or lignin), essential oils or total phenolics between high and low 

nutrient seedlings (Table 2). 

Table 2. Chemistry of E. nitens foliage from low and high nutrient seedlings at planting (week 0). 

Nitrogen, neutral detergent fibre (NDF), acid detergent fibre (ADF), lignin, total essential oils, 

cineole, total phenolics and formylated phloroglucinol compounds (FPCs) were analysed as in 

011eilly-Wapstra et al. (2005). Phosphorus was analysed as for nitrogen. Composition of low and 

high nutrient seedlings was compared using one-way ANOVAs (PROC UNIVARIATE, SAS 

Institute Inc., 1990). Values are least-squares means (n =2 except for height, where n = 120). 

Superscript letters indicate a significant difference at P = 0.05 for each seedling characteristic. GA 

= gallic acid 

Constituent Units Low nutrient status High nutrient status 

Height cm 31.8a  40.2°  

Nitrogen % DM 0.75a  1.61 b  

Phosphorus % DM 0.12a  0.19b  

NDF % DM 15.84a  15.90a  

ADF % DM 11.61 a  11.78a  

Lignin % DM 3.51a 3.34a 

Total oils mg total oil.gDM-1  5.91 a  5.78a  

Cineole mg cineole.gDM -1  2.72a  2.54a  

Total phenolics Equiv. mg GA.gDM.1  99.64a  103.54a  

FPCs Equiv. mg sideroxylonal.gDM-1  2.34a  3.19b  
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Assessment of vegetation composition 

In order to assess vegetation at the plot scale, four permanent 1 m 2  quadrats were 

set up in the central section (4 m x 8 m) of each plot. These quadrats were used to 

assess the height and percentage cover of both cover crops and weeds (live 

vegetation only), at monthly intervals within each plot. Cover was assessed on a 

seven-point scale of 0-6, where (0) 0%, (1) 1-5%, (2) 6-25%, (3) 26-50%, (4) 

51-75%, (5) 76-95%, and (6) 96-100%. This was done from sowing until the 

end of the trial, 41 weeks later. 

Weeds were defined as vegetation that was not sown deliberately. Weeds were 

divided into palatable and unpalatable, where palatable weeds consisted 

predominantly of grass (Lolium multiflorum and Poa spp.) and forbs, and 

unpalatable weeds included fireweed (Senecio spp.), thistles (Cirisium spp.), 

blackberries (Rubus fruticosus sp. agg.) and bracken (Pteridium esculentum). 

Vegetation was also assessed at a smaller scale, i.e. immediately around each 

seedling. The height and cover of vegetation within a 30 cm radius of a seedling 

was assessed at monthly intervals after seedlings were planted. Vegetation height 

was recorded as either shorter, taller, or of similar height to the seedling of 

interest; cover was recorded on the same seven-point scale as used for quadrats 

(above). 

Assessment of seedlings 

All measurements were taken on the central ten seedlings (25% of all seedlings) 

of each plot. These were marked with thin metal pins after planting to ensure that 
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the same seedlings were assessed on every visit, and to aid in locating seedlings 

amongst vegetation. Feeding damage to seedlings was assessed during eight 

visits, with the frequency of visits declining over time. Seedlings were scored for 

feeding damage (% foliage removed) by both mammalian and insect herbivores 

on the same seven-point scale as used for vegetation cover. From observation, the 

insect herbivores were predominantly Heteronyx sp and Chrysophtharta spp. The 

trial was concluded 20 weeks after seedlings were planted, when vegetation 

treatments were dying off. Seedling height from ground level to apical bud, to the 

nearest 0.5 cm, was assessed in weeks 0 and 20 to estimate growth during the 

study period. 

Statistical analysis 

All analyses were performed using SAS. A summary is presented in Table 3, 

listing the variables examined in each model. Analyses were performed using 

data from two scales; the plot scale, averaged over 10 x 20 m plots, and the small 

scale, within a 30 cm radius of seedlings. Separate analyses were performed for 

mammal and insect feeding, and for seedling growth (Table 3). Each test is 

described in more detail below. 
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Table 3. Summary of the variables examined in each statistical test Seedling nutrient status: high or low. Vegetation treatment: grass, lupin, control. Vegetation cover (%): 

continuous variable. Vegetation height: continuous variable on plot scale (cm); class variable on small scale (0, L, M, H). Block: 1-4. Plot: 1-24 

Independent variables 

Test Scale Component Dependent variable Week Seedling Vegetation Vegetation Vegetation Method 

nutrient status treatment cover height 
Block Plot 

1 Plot Mammals Foliage removed (%) 0-20 Repeated measures GLM 

2 Plot Mammals Foliage removed (%) 20 X GLM 

3 Plot Mammals Seedlings attacked (%) 20 X GLM 

4 Plot Mammals Seedlings attacked (%) 20 X X GLM; regression 

5 Plot Insects Foliage removed (%) 0-20 - Repeated measures GLM 

6 Plot Insects Foliage removed (%) 20 X GLM 

7 Plot Insects Seedlings attacked (%) 20 X GLM 

8 Plot Insects Seedlings attacked (%) 20 X X GLM; regression 

9 Plot Seedlings Seedling growth (cm) 0-20 X GLM 

10 Plot Seedlings Seedling growth (cm) 0-20 X X X GLM; regression 

11 Small Seedlings Seedling growth (cm) 0-20 X X GLM 
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Plot scale 

Seedling consumption by mammals was examined by converting damage scores 

to midpoint values of percentage foliage removed (e.g. score of 2 = 15.5%). I 

conducted a repeated measures analysis (test 1, Table 3) to examine browsing 

over time as a function of seedling nutrient status and vegetation type, but this 

was not significant due to low levels of damage (results not presented). I 

therefore chose to examine total damage at the end of the study, 20 weeks after 

seedlings were planted. 

Results for the amount of foliage removed by mammalian herbivores (20 weeks 

after seedlings were planted) were averaged by plot and analysed using general 

linear modelling (PROC GLM, SAS Institute Inc., 1989), with seedling nutrient 

status, vegetation treatment, and block as the independent variables (test 2, Table 

3). Residuals were checked for homoscedasticity and normality (Zar 1996). 

Transformations were performed where necessary and have been indicated. 

Where significant (P < 0.05) treatment effects were found, pairwise comparisons 

were made using the Tukey-Kramer adjustment for multiple comparisons. 

The effects of seedling nutrient status and vegetation treatment on the percentage 

of seedlings with mammal damage 20 weeks after seedlings were planted was also 

examined using PROC GLM (test 3, Table 3). The lupin treatment appeared to be 

responsible for a significant interaction between seedling nutrient status and 

vegetation treatment (see results). As the effect of seedling nutrient status in the 

lupin treatment was confounded, I excluded the lupin treatment and ran this 

analysis again. 
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Due to problems with the lupin treatment, and a lack of clear effects of seedling 

nutrient status or vegetation type in relation to either the proportion of foliage 

removed (tests 1 and 2, Table 3) or the percentage of seedlings attacked (test 3, 

Table 3; see results), the average height (cm) and percentage cover of vegetation 

in each plot were calculated, irrespective of vegetation treatment, and this was 

used for further analyses on the percentage of seedlings attacked by mammals. A 

correlation analysis (PROC CORR, SAS Institute Inc. 1989) showed only a weak 

relationship betvveen average vegetation height and vegetation cover on the plot 

scale (R = 0.36, n = 24, P = 0.085). The percentage of seedlings with mammal 

damage was therefore examined as a function of both average vegetation height 

and vegetation cover (test 4, Table 3). The proportion of foliage removed was not 

examined in this way because levels were so low. 

In order to examine the effects of vegetation cover and height on the percentage of 

seedlings with mammal damage I used a combination of GLM and regression 

(PROC REG, SAS Institute Inc. 1990). GLM models initially included seedling 

nutrient status, vegetation cover or vegetation height, block and interactions. 

Factors that were not significant were then removed from models. There was a 

strongly influential data point in the height data, where one plot had much taller 

vegetation (55 cm). Where significant relationships involving height were found, 

this data point was removed and the model run again, to determine whether it was 

unduly influencing results. 
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Analysis of insect feeding damage was performed as for mammal damage. 

Repeated measures analysis and GLM were used to examine the percentage of 

foliage removed by insects (tests 5 and 6 respectively, Table 3). General linear 

modelling and regression were used to examine the percentage of seedlings 

attacked by insects (tests 7 and 8 respectively, Table 3). Data on the percentage of 

seedlings with insect damage were arcsine square root transformed. Initially both 

vegetation height and cover were included in the same regression model, but as 

this was not significant, height and cover were then investigated in separate 

regressions. 

The influence of seedling nutrient status and vegetation characteristics on seedling 

growth was examined in tests 9-11 (Table 3). I examined both absolute seedling 

growth (change in seedling height from planting to week 20) and incremental 

seedling growth (change in seedling height x 100/start height), due to the different 

starting heights of seedlings. As both measures of growth showed the same 

patterns, at both the plot and small scale (see later), only those for absolute growth 

are presented. The effect of seedling nutrient status and vegetation treatment on 

seedling growth was examined using GLM (test 9, Table 3). The effects of 

vegetation height and cover at the plot scale, regardless of vegetation treatment, 

were then examined using a combination of GLM and regression (test 10, Table 

3) as described above. As for insect damage, the effects of vegetation height and 

cover on seedling growth were investigated in separate regressions as there were 

no significant effects when included in the same model. 
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Small scale 

Because vegetation height and cover were reasonably variable within a plot, I also 

examined their effects within a 30 cm radius of seedlings, again irrespective of 

vegetation treatment. This was only examined for seedling growth, due to very 

low damage levels by both mammals and insects. On this smaller scale, I used 

GLM to separately examine the effect of vegetation cover (continuous) and 

vegetation height (categorical) on seedling growth (test 11, Table 3). Effects of 

seedling nutrient status could not be examined at this scale because it was not 

randomised. Instead, the variable 'plot' was included in models to take into 

account the combined effects of all characteristics associated with each plot, 

including seedling nutrient status. 

Results 

Vegetation 

Bitter lupin and rye grass cover crops increased rapidly in cover during the first 12 

weeks (weeks -21 to -9), although there was not much height growth during this 

period (Fig. 1). Cover crops started to senesce when 28 weeks old, 7 weeks after 

the E. nitens seedlings were planted. This is indicated (Fig. 1) as a decline in 

cover of both lupin and grass, and a decline in grass height 12 weeks after 

seedlings were planted, when cover crops were 32 weeks old. 
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Fig. 1. Growth of bitter lupin and rye grass cover crops over 41 weeks in terms of (a) cover and 

(b) height (mean ± I SE). Eucalyptus nitens seedlings were planted at week 0. 

During the period E. nitens seedlings were assessed (weeks 0-20), lupin plots had 

an average cover of 19% bitter lupin (unpalatable cover crop), while grass plots 

had an average cover of 48% rye grass (palatable cover crop) (Fig. 2). All 

treatments, including the control plots, had an average of at least 20% cover of 

other vegetation (weeds) (Fig. 2). The higher proportion of palatable weeds in 

non-grass than grass plots (Fig. 2) is because grass was included as the major 

palatable weed in the former but not the latter. 
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Fig. 2. Average vegetation composition in six treatments during the 20-week period E. nitens 

seedlings were monitored. For seedling and vegetation treatment descriptions, see methods. 

Over the 20-week period seedlings were monitored, cover crops were, on average, 

taller than weeds, and bitter lupin was taller than grass (Fig. 3). Average seedling 

height could not be accurately calculated as only initial and final heights were 

measured. Fig. 3, however, shows that initial seedling height was substantially 

taller than the average height of other vegetation, with the exception of the low 

nutrient seedlings in lupin plots. In the latter, the lupins were particularly tall and, 

as a result, seedlings were similar in height to the lupins (Fig. 3). Comparison of 

Fig. 3 with Fig. lb shows that seedlings were the tallest vegetation component at 

all times. 
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Fig. 3. Height of cover crops and weeds in six treatments during the 20-week period E. nitens 

seedlings were monitored, compared to initial height of seedlings (mean ± 1 SE). For seedling and 

vegetation treatment descriptions, see methods. 

Seedlings 

Mammal damage 

The proportion of E. nitens foliage removed by mammals was very low, never 

exceeding 12% (Fig. 4). There was no effect of either seedling nutrient status 

(F1,23 = 0.4, P = 0.560) or vegetation treatment (F2,23 = 1.3, P = 0.308) on the 

amount of damage seedlings had received by week 20. Onset of cover crop 

senescence at week 7 did not have a noticeable impact on browsing. 
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Fig.4. Amount of foliage (%) removed from E. nitens seedlings of high and low nutrient status 

within three vegetation treatments by mammalian herbivores over a 20-week period. Open shapes 

represent low nutrient seedlings; closed shapes represent high nutrient seedlings. Triangles 

represent bitter lupin plots; circles are rye grass plots; and squares are control plots. 

The percentage of seedlings attacked by mammalian herbivores did not exceed 

5% until 12 weeks after seedlings were planted, and had reached an average of 

44% by 20 weeks after planting. There was a significant interaction (F2,23= 3.7, P 

= 0.050) between seedling nutrient status and vegetation treatment, as well as a 

significant effect of block (F3,23 = 5.1, P = 0.013) for the percentage of seedlings 

attacked at week 20. When the lupin treatment was excluded, there were 

significantly more seedlings attacked in control (59 ± 10%) than in grass (26 ± 

10%) plots (F1,15= 5.5, P = 0.044) by week 20, and there was a weak effect of 

seedling nutrient status (F1,15= 4.7, P = 0.058), with more low (58 ± 10%) than 

high (28 ± 10%) nutrient seedlings attacked (Fig. 5). 
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Fig. 5. Percentage of E. nitens seedlings that had been attacked by mammalian herbivores by 

week 20. Values are least squares means + I SE. For seedling and vegetation treatment 

descriptions, see methods. Treatments with a common letter are not significantly different. 

When I ignored vegetation treatment, and simply considered the relationship 

between the percentage of seedlings attacked by mammals, at the plot scale, and 

vegetation cover or height, GLM showed no significant effect of, or interactions 

between, seedling nutrient status (F 1 ,23 = 1.1, P = 0.309) and vegetation cover 

(F1,23= 1.7, P = 0.210) or vegetation height (F1,23= 0.8, P = 0.388). However, 

when nutrient status of seedlings was then removed from the model there were 

significant regressions for both vegetation cover (R 2  = 0.14; P = 0.040) and 

vegetation height (R2  = 0.19; P = 0.019) and the percentage of seedlings attacked 

by mammals (Fig. 6). Both these relationships were negative, indicating that 

increasing cover and height of surrounding vegetation was associated with a 

reduction in the percentage of seedlings browsed by mammals. The effect of 

vegetation height was still significant with the highly influential data point 

removed (R2  = 0.32; P = 0.005; Fig. 6). 
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Fig.6. Relationship between the percentage of seedlings attacked by mammalian herbivores and 

(a) vegetation cover (y = — 0.89x + 90.52), and (b) vegetation height (y = — 1.74x + 68.20, solid 

line) (or y = -3.50x + 88.13 with outlier removed, broken line), irrespective of seedling nutrient 

status and vegetation treatment. Starting heights of low (L) and high (H) nutrient seedlings are 

indicated 

Insect damage 

There was no effect of seedling nutrient status (F1,23 = 1.6, P = 0.219), vegetation 

type (F2,23 = 0.6, P = 0.564), or any interaction (F2,23 = 0.8, P = 0.490) on the 
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proportion of foliage removed by insects. At week 20, less than 12% of foliage 

was removed from E. nitens seedlings in any treatment (Fig. 7). The apparent 

decline in damage over time (Fig. 7) is due to the method of measurement: in this 

case seedling growth was exceeding the rate of foliage removed. 

16 
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Fig. 7. Amount of foliage (%) removed from E. nitens seedlings of high and low nutrient status 

within three vegetation treatments by insect herbivores over a 20-week period. Open shapes 

represent low nutrient seedlings; closed shapes represent high nutrient seedlings. Triangles 

represent bitter lupin plots; circles are rye grass plots; and squares are control plots. 

An average of 87% of seedlings had been attacked by insects by week 20. There 

was a significant interaction (F2,23 = 3.8, P = 0.048) between seedling nutrient 

status and vegetation, as well as a significant effect of block (F3,23 = 3.6, P = 

0.038). Low nutrient seedlings planted in grass plots were attacked least, and yet 

low nutrient seedlings planted in control plots (with no cover crop) were attacked 

most (Fig. 8). 
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Fig. 8. Percentage of E. nitens seedlings of high and low nutrient status within three vegetation 

treatments that had been attacked by herbivorous insects over a 20-week period. Values are least 

squares means + I SE. Treatments with a common letter are not significantly different. 

Irrespective of vegetation treatment, there was a significant interaction between 

seedling nutrient status and vegetation cover on the percentage of seedlings 

attacked by insects (F1 ,23 = 6.3, P = 0.023). The percentage of seedlings attacked 

decreased with increasing cover, with this effect slightly stronger on seedlings of 

low (y = -0.43x + 102.98; R2  = 0.41) than high (y = -0.32x + 98.87; R 2  = 0.24) 

nutrient status (Fig. 9a). There was no effect of vegetation height on whether or 

not seedlings were attacked by insects (F 1 ,23= 1.9, P = 0.185; Fig. 9b). There 

were no significant effects of vegetation cover or height on the percentage of 

seedlings attacked when nutrient status was removed from the model. 
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Fig. 9. Relationship between the percentage of E. nitens seedlings of high and low nutrient status 

attacked by insect herbivores and (a) vegetation cover (%) and (b) vegetation height (cm) at 20 

weeks, irrespective of vegetation treatment. 

Seedling growth 

Plot scale 

At the end of the 20-week period, high nutrient seedlings averaged 72 cm in 

height, which was 13 cm or 20% taller than low nutrient seedlings. Both high and 
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low nutrient seedlings grew substantially during the study (Fig. 10), but initial 

seedling nutrient status did not have a significant effect on seedling growth (F1,23 

= 1.0, P = 0.341). There was, however, a significant effect of vegetation 

treatment (F2,23= 5.5, P = 0.016) on the change in seedling height. Seedlings in 

control plots grew more than those in grass plots (Fig. 10); growth in lupin plots 

was not significantly different to either. There was no significant interaction 

between seedling nutrient status and vegetation treatment (F2,23= 1.9, P = 0.183). 

Fig. 10. Growth (increase in height) of E. nitens seedlings of high and low nutrient status in each 

vegetation treatment over 20 weeks. Values are least squares means + 1 SE. 

Ignoring vegetation treatments, there was no effect on seedling growth of either 

seedling nutrient status (F1,23= 1.2, P = 0.291) or vegetation height (Fi,23= 0.2, P 

= 0.633), but there was a significant effect of vegetation cover (F1,23= 25.8, P < 

0.001). Regressions ignoring nutrient status of seedlings showed the same 

relationships, with an effect of cover (R2 = 0.56, P < 0.001), but not height (R2  =- 

0.56, P = 0.268) on growth. Increasing vegetation cover (Fig. 11a), but not height 

(Fig. 11b), reduced seedling growth. 
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Fig. 11. Relationship between seedling growth and (a) vegetation cover (%) (y = -0.52x + 57.34) 

and (b) vegetation height (cm) irrespective of vegetation treatment. 

Small scale 

There was a strong negative influence of vegetation cover, within a 30 cm radius 

around seedlings, on the growth of seedlings (F1,221 = 11.5, P < 0.001; Fig. 12a). 

Although there was a trend for seedling growth to decrease with increasing 
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vegetation height within a 30 cm radius (Fig. 12b), this was not significant (F3,221 

= 1.2, P = 0.323). 
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Fig. 12. Effect of (a) vegetation cover (%) and (b) vegetation height (least squares mean ± SE) 

within a 30 cm radius of seedlings on the growth of E. nitens seedlings over 20 weeks, irrespective 

of seedling nutrient status and vegetation treatment. Vegetation height is relative to that of the 

seedling, where none = no vegetation; short = shorter, medium = of similar height, and tall = taller 

than seedling. The relationship between seedling growth and vegetation cover, ignoring plot, is: y 

= -0.24x + 29.63. 
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Discussion 

Browsing by mammals 

Seedling intake (percentage of foliage removed) by mammals was too low to 

detect any meaningful biological patterns (Fig. 4). For this reason, discussion of 

mammal damage will be limited to the percentage of seedlings attacked. 

My results show that both seedling nutrient status and vegetation characteristics 

influenced whether or not seedlings were browsed by mammalian herbivores. For 

reasons outlined previously, i.e., the confounding of seedling nutrient status with 

lupin heights, it is impossible to tease apart the effects of these two factors in this 

treatment. The discussion of the effects of vegetation treatments on browsing will 

therefore be confined to a comparison of grass and control treatments. 

Influence of seedling nutrient status 

Within grass and control plots, more low than high nutrient seedlings were 

attacked (Fig. 5), which was unexpected. I predicted that high nutrient seedlings 

would receive more damage than low nutrient seedlings. However, this prediction 

was based on the percentage of foliage removed, rather than the number of 

seedlings attacked, and the influence of nutrient status on the two may not be the 

same. Nutrient status should only have influenced the probability of attack if 

animals could differentiate between seedlings without having to sample the plant, 

for example, based on sight or smell. Levels of volafiles, such as essential oils, 

could result in a difference in olfactory apparency. However, there was no 

significant difference in measured volatiles between high and low nutrient 
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seedlings in this study (Table 2), so this cannot account for the higher attack level 

on the former seedlings. 

High nutrient seedlings did develop a white powdery coating shortly after 

planting. This could have resulted in plants that looked, or even smelt different to 

the herbivores on the site, and thus been responsible for the observed pattern. 

Sheep are able to discriminate between different brightnesses (Bazely & Ensor 

1989), so it is possible that the herbivores in this study were able to detect and 

avoid plants with this white powder. The white powder may have been Powdery 

Mildew, a fungal growth which is know to occur on E. nitens and presents itself 

as large white blotches on the leaves (Carlton Cox, pers. comm.). It may also 

have been a build-up of a waxy coating as a natural defence mechanism to a 

climatic response. Both these scenarios may have reduced seedling attractiveness 

to herbivores and resulted in the observed pattern (Carlton Cox, pers. comm.). 

Influence of vegetation characteristics 

The pattern in the percentage of seedlings attacked by mammals in grass versus 

control plots (i.e. higher in the latter; Fig. 5) may have resulted from a difference 

in the amount of palatable vegetation available. Grass plots contained twice the 

amount of palatable vegetation as control plots, providing more alternative food 

for herbivores. This ability of alternative food to reduce browsing has been 

demonstrated with a number of mammalian herbivores (Campbell & Evans 1978; 

Sullivan & Sullivan 1982; Sullivan 1988). le Mar & McArthur (2005) reported 

that, even where there is a high density of mammalian herbivores, tree seedlings 

are not necessarily severely browsed if there is abundant palatable alternative food 
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available. The importance of alternative food in this study was also evident in the 

fact that browsing on seedlings did not start until the abundant pasture 

surrounding the site began to yellow (personal observation). These results, and 

those of le Mar & McArthur (2005), however, both contradict a larger-scale study 

by Bulinsld & McArthur (2003), in which the percentage of grass cover was 

positively correlated with browsing damage to tree seedlings. These contrasting 

results could be due to the different spatial scales involved (between- versus 

within-plantation variation in grass cover). Clearly, the exact nature of the 

influence of alternative preferred food on or near plantations on browsing of tree 

seedlings needs to be elucidated with further research. 

In addition to the amount of palatable alternative food, the differential browsing 

of seedlings in different vegetation treatments was also related to the average 

cover and height of the plot vegetation, irrespective of vegetation type. Browsing 

increased as both cover and height declined (Fig. 6), although this was only 

significant for cover. Vegetation cover and height were most likely affecting 

seedling apparency to herbivores. This was demonstrated in chapter six, where 

herbivores took longer to find and browse seedlings amongst increasing 

vegetation height and cover (Miller et al. 2006). The effect of vegetation height 

may have been stronger if vegetation had actually been taller than seedlings, as 

originally planned, as this would presumably have reduced seedling apparency 

even further. Previous work has shown that vegetation is most effective at 

reducing browsing if it is taller than seedlings (Miller et al. 1982; Pietrzykowski 

et al. 2003) (chapters four and six; Miller et al. 2006). 
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Vegetation cover and height did not explain much of the variation in the 

percentage of seedlings attacked by mammals (r 2  = 14% and 19%, or 32% with 

outlier removed, respectively), and the effects of vegetation type and seedling 

nutrient status were not very strong. This suggests that other factors, not assessed 

here, were at least as important, if not more so. 

Foraging behaviour 

I predicted that, as shown in previous chapters, animals would make foraging 

decisions at the patch scale, preferring higher quality (i.e. more palatable 

vegetation) patches, with seedlings being more vulnerable in such patches. The 

expected effect on browsing to seedlings was not realised, with seedlings actually 

less vulnerable in higher quality patches. As I had no indication of the time 

animals spent in each patch, selection of patches could not be ruled out. It could 

be that animals were selecting at the patch scale, selecting for high quality 

patches, and then selecting at the scale of individual plants within these patches, 

eating the best of what was available within (i.e. grass over seedlings). It is also 

possible that animals did not perceive patches as such and were selecting at the 

individual plant scale only. Both these strategies would have resulted in animals 

consuming mainly high quality grasses, but with seedlings being more vulnerable 

in plots where there was less grass available. 

In order for an animal to prefer certain patches, it must perceive food as patches 

and be able to discriminate amongst them (Edenius et al. 2002). In the other 

chapters, where animals were selecting at the patch scale, the environment was 

either of very poor quality (i.e. lacking alternative food, chapter six; Miller et al. 
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2006) or the patches were clearly defined (chapter five). It is possible that, due to 

the large amount of palatable food both within and around plots, animals were 

viewing the environment as homogeneous (Kotliar & Wiens 1990), and therefore 

not responding to the structure of the experimental 'patches' or plots. If so, it 

would again lead to the results I obtained. 

Defoliation by insects 

As for mammals, seedling intake (percentage of foliage removed) by insects was 

too low to detect any meaningful biological patterns (Fig. 7). Discussion of insect 

damage will therefore also be limited to the percentage of seedlings attacked. 

The vegetation treatments used here were designed to reduce browsing by 

mammals. Insects and mammals operate at vastly different scales, and are likely 

to have different foraging strategies; therefore, treatments were not expected to 

influence insect feeding. Despite this, these results show that seedling nutrient 

status, vegetation type, and cover all had an influence on whether or not seedlings 

were attacked by insect herbivores. There was no effect of vegetation height. 

The effect of vegetation treatment depended on seedling nutrient status. Amongst 

high nutrient seedlings there was no significant difference in the number of 

seedlings attacked by insects within the different vegetation treatments. Amongst 

low nutrient seedlings, however, significantly more were attacked in control than 

grass plots (Fig. 8). Because these plots were qualitatively similar and there was 

no effect of vegetation height, the difference in damage must be due to vegetation 

cover. This is supported by the finding that, irrespective of vegetation treatment, 
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the percentage of seedlings attacked decreased with increasing cover. This also 

supports the proposition of le Mar & McArthur (2005), that E. nitens seedlings 

were attacked less by Heteronyx spp. in fenced than unfenced areas of a eucalypt 

plantation because grass cover within such areas was higher, due to the exclusion 

of mammalian herbivores. Since seedlings were generally taller than vegetation 

in my study, cover is unlikely to have acted by reducing seedling apparency. 

Instead, the effect of cover may have been related to predation risk, with 

vegetation housing beetle predators, which include ladybirds, cantharid beetles, 

mired bugs, and spiders (Nahrung 2004). 

The smaller vegetation effect on high than low nutrient seedlings seen in this 

study could be because the majority of high nutrient seedlings (93%) were 

attacked, with insects unable to find the remainder. If fewer seedlings had been 

attacked it may have been possible to detect a difference between vegetation 

treatments, as seen with low nutrient seedlings. 

The greater attack rate on high nutrient seedlings suggests that insects are able to 

sense seedling quality without having to sample, or alternatively, their sample 

'bites' could be so small as to be overlooked when assessing seedlings for 

damage. The apparent preference for high nutrient seedlings is likely due to the 

higher nitrogen concentration (Ohmart etal. 1985), since plant secondary 

metabolites (e.g. phenolics and essential oils) are thought to have little effect on 

the feeding of these beetles (Fox & Macauley 1977; Morrow & Fox 1980; Olnnart 

& Edwards 1991). Plant secondary metabolites have, however, been shown to 
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influence the feeding of another common eucalypt defoliator, the autumn gum 

moth (Mnesampela privata) (Rapley et al. 2004). 

Seedling growth and competition 

My results showed that seedling growth was influenced by vegetation type and 

cover. There was no effect of seedling nutrient status or vegetation height. Due 

to the relatively low level of browsing damage it is reasonable to infer that any 

differences in growth were due to competition with surrounding vegetation. In 

support of this assumption, a study by Bulinski & McArthur (1999) found that 

growth of E. nitens seedlings was not significantly reduced by browsing when the 

amount of foliage removed was less than about 30%; the maximum reported in 

this study was less than half of this. The effect of the different vegetation 

treatments on seedling growth, via competition, can therefore be considered. 

Influence of seedling nutrient status 

I expected higher growth from high than low nutrient seedlings due to their higher 

nutritional content and the fact that, as can be seen from their initial heights 

(Table 2), high nutrient seedlings had grown faster than low nutrient seedlings in 

the nursery before planting. This pattern was not observed; initial seedling 

nutrient status did not have a significant effect on seedling growth. These results 

are similar to those of Close et al. (2005), who found that heights of E. globulus 

seedlings after 5 months were not significantly different between nursery 

treatments, despite having different nitrogen levels at planting (1.3 vs. 2.1% N). 

The relative performance, in terms of growth, of high and low nutrient seedlings 

requires further investigation. The white powder on the high nutrient seedlings 
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complicates matters because it appears to have reduced seedling attractiveness; 

chapters four and five show that low nutrient seedlings are generally less 

vulnerable to browsing than high nutrient seedlings. However, assuming the 

white powder on high nutrient seedlings was not influencing their growth, the lack 

of difference in growth suggests that nutrient starved seedlings may be a viable 

option for managing browsing soon after planting without compromising growth. 

It should also be remembered that all seedlings were fertilised at week 7, which 

could have further confounded the relationship between seedling nutrient status 

and growth. 

Influence of vegetation characteristics 

Growth of seedlings was significantly higher in control plots than in grass or lupin 

plots, despite additional fertiliser being applied to assist grass and lupin growth. 

This result is likely due to the lower amount of vegetation in control plots, 

resulting in less competition for resources. Differential growth due to vegetation 

type seems unlikely, since there was no significant difference in growth of 

seedlings between grass and bitter lupin plots. This finding was unexpected as 

grass is reported to be one of the most competitive weed species on plantations 

due to its ability to trap and absorb water and nutrients in surface soil (Smethurst 

& Nambiar 1989; Smethurst & Comerford 1993; Dredge 1997; Adams et al. 

2003), whereas lupins have been used for their ability to suppress other, more 

competitive, weeds (Sprent 1983), and to improve growth by increasing nitrogen 

availability (Gadgil 1971; Nambiar & Nethercott 1987). Although lupins can also 

compete for below-ground resources, use of an annual lupin (such as the bitter 

lupin used in this study) avoids some of the severe competitive effects seen with 
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perennial lupins (Smethurst et al. 1986). These results therefore suggest that, in 

the time frame and conditions of this study, any potential advantages of lupins 

(particularly compared to grass) were not realised. As all vegetation was typically 

shorter than seedlings, and all seedlings were fertilised at 7 weeks, competition 

was probably more severe for water than for light or nutrients. 

Conclusion 

Although the cover crops established reasonably well, their presence did not have 

a substantial differential effect on browsing of seedlings by mammalian 

herbivores under the low browsing pressure experienced in this study. However, 

because damage levels were very low, the capacity to detect such differences was 

itself low. So too was the capacity to determine the relative importance of 

seedling and surrounding vegetation characteristics. Further, due to the large 

difference in browsing pressure observed here and in chapter six, I was unable to 

estimate the relative effectiveness of using nutrient status versus chemical 

repellents to reduce browsing to seedlings. Overall, this study was not able to 

adequately test predictions, and it was not an adequate field test of foraging 

behaviours observed in captivity. Despite these limitations, this study was able to 

demonstrate that alternative food, in the form of palatable vegetation, can reduce 

damage to plantation seedlings, but that there can be an associated trade-off 

between seedling growth. 

238 



Chapter Seven 

References 

Adams, P.R., Beadle, C.L., Mendham, N., & Smethurst, P.J. (2003) The impact of 

timing and duration of grass control on growth of a young Eucalyptus 

globulus Labill. plantation. New Forests, 26, 147-165. 

Alm Bergvall, U., Rautio, P., Kesti, K., Tuomi, J., & Leimar, 0. (2006) 

Associational effects of plant defences in relation to within- and between-

patch food choice by a mammalian herbivore: neighbour contrast 

susceptibility and defence. Oecologia, 147, 253-260. 

Bazely, D.R. & Ensor, C.V. (1989) Discrimination learning in sheep with cues 

varying in brightness and hue. Applied Animal Behaviour Science, 23, 293- 

299. 

Beveridge, N. & Elek, J.A. (2001) Insect and host-tree species influence the 

effectiveness of a Bacillus thuringiensis ssp. tenebrionis-based insecticide for 

controlling chrysomelid leaf beetles. Australian Journal of Entomology, 40, 

386-390. 

Brown, B.J. & Ewel, J.J. (1987) Herbivory in complex and simple tropical 

successional ecosystems. Ecology, 68, 108 -116. 

Bulinski, J. & McArthur, C. (1999) An experimental field study of the effects of 

mammalian herbivore damage on Eucalyptus nitens seedlings. Forest Ecology 

and Management, 113,241 -249. 

Bulinski, J. & McArthur, C. (2003) Identifying factors related to the severity of 

mammalian browsing damage in eucalypt plantations. Forest Ecology and 

Management, 183, 239-247. 

239 



Chapter Seven 

Campbell, D.L. & Evans, J. (1978) Establishing native forbs to reduce black-

tailed deer browsing damage to Douglas fir. In 8th Vertebrate Pest 

Conference, pp. 145-151. 

Close, D.C., Bail, I., Hunter, S., & Beadle, C.L. (2005) Effects of exponential 

nutrient-loading on morphological and nitrogen characteristics and on after-

planting performance of Eucalyptus globulus seedlings. Forest Ecology and 

Management, 205, 397-403. 

Close, D.C., McArthur, C., Pietrzykowski, E., Fitzgerald, H., & Paterson, S. 

(2004) Evaluating effects of nursery and post-planting nutrient regimes on leaf 

chemistry and browsing of eucalypt seedlings in plantations. Forest Ecology 

and Management, 200, 101-112. 

Clunie, P. & Becker, S. (1991). The problem of browsing animals in eucalypt/pine 

forest establishment, and research into techniques for minimising damage. 

Lands and Forests, Victoria Department of Conservation and Environment, 

Melbourne. 

Coleman, J.D., Montague, T.L., Eason, C.T., & Statham, H.L. (1997). The 

management of problem browsing and grazing mammals in Tasmania, Rep. 

No. LC9596/106. Manaalci Whenua Landcare Research New Zealand Ltd, 

Lincoln. 

de Little, D.W. (1989) Paropsine chrysomelid attack on plantations of Eucalyptus 

nitens in Tasmania. New Zealand Journal of Forestry Science, 19, 223-227. 

dos Anjos, N., Majer, J., & Loch, A.D. (2002) Spatial distribution of a 

chrysomelid leaf beetle (Cadmus excrementarius Suffrian) and potential 

240 



Chapter Seven 

damage in a Eucalyptus globulus subsp. globulus plantation. Australian 

Forestry, 65, 227-231. 

Dredge, P.D. (1997). Weed management in Forestry Tasmania plantations. 

Forestry Tasmania, Hobart. 

Edenius, L. (1991) The effect of resource depletion of the feeding behaviour of a 

browser, winter foraging by moose on Scots pine. Journal of Applied Ecology, 

28, 318-328. 

Edenius, L., Ericsson, G., & Naslund, P. (2002) Selectivity by moose vs the 

spatial distribution of aspen: a natural experiment. Ecography, 25, 289-294. 

Elek, J.A. (1997) Assessing the impact of leaf beetles in eucalypt plantations and 

exploring options for their management. Tasforests, 9, 139-154. 

Elliott, H.J., Bashford, R., & Greener, A. (1993) Effects of defoliation by the leaf 

beetle, Cluysophtharta bimaculata, on growth of Eucalyptus regnans 

plantations in Tasmania. Australian Forestry, 56, 22-26. 

Feeny, P. (1976) Plant apparency and chemical defense. Recent Advances in 

Phytochemistry, 10, 1 -40. 

Fox, L.R. & Macauley, B.J. (1977) Insect grazing of Eucalyptus in response to 

variation in leaf tannins and nitrogen. Oecologia, 29, 145-162. 

Gadgil, R.L. (1971) The nutritional role of Lupinus arboreus in coastal sand dune 

forestry. I. The potential influence of undamaged lupin plants on nitrogen 

uptake by Pima radiata. Plant and Soil, 34, 357-367. 

Gill, R.M.A. (1992) A review of damage by mammals in north temperate forests: 

1. Deer. Forestry, 65, 145-169. 

241 



Chapter Seven 

Harman, V. (1996) Wallaby repellent trials. In Native Forest Silviculture News, 

issue No. 6, pp. 11-12. 

Hjalten, J., Dane11, K., & Lundberg, P. (1993) Herbivore avoidance by 

association: vole and hare utilization of woody plants. Oikos, 68, 125-131. 

Jennings, S. (2003) Alternative fencing materials for blackwood swamp coupes. 

Tasforests, 14, 31-40. 

Jennings, S. & Dawson, J. (1998) Fencing eucalypt coupes for blackwood 

regeneration. Tasforests, 10, 103-113. 

Johnston, M.J., Marks, C.A., Moore, S.J., Fisher, P.M., & Hague, N. (1998). WR-

1 and AD-3 browsing repellents: a journey from problem to product. In 11th 

Australian Vertebrate Pest Conference, Bunbuly, Western Australia, 3-8 May, 

Programme and Proceedings (ed G. Pickles), pp. 305-311. Promaco 

Conventions Pty. Ltd., Perth, W.A., Australia. 

Kotliar, N.B. & Wiens, J.A. (1990) Multiple scales of patchiness and patch 

structure: a hierarchical framework for the study of heterogeneity. Oikos, 59, 

253-260. 

le Mar, K. & McArthur, C. (2005) Interactions between herbivores, vegetation 

and eucalypt tree seedlings in a plantation forestry environment. Australian 

Forestry, 68, 281-290. 

Lyons, D.B., Helson, B.V., Jones, G.C., & McFarlane, J.W. (1998) Effectiveness 

of neem- and diflubenzuron-based insecticides for control of the pine false 

webworm, Acantholyda erythrocephala (L.) (Hymenoptera: Pamphiliidae). 

Proceedings of the Entomological Society of Ontario, 129, 115-126. 

242 



Chapter Seven 

McArthur, C. & Appleton, R. (2004) Effect of seedling characteristics at planting 

on browsing of Eucalyptus globulus by rabbits. Australian Forestry, 67, 25- 

29. 

McArthur, C., Marsh, N.R., Close, D.C., Walsh, A., Paterson, S., Fitzgerald, H., 

& Davies, N.W. (2003) Nursery conditions affect seedling chemistry, 

morphology and herbivore preferences for Eucalyptus nitens. Forest Ecology 

and Management, 176, 585-594. 

McAuliffe, J.R. (1986) Herbivore-limited establishment of a Sonoran Desert tree, 

Cercidium microphyllum. Ecology, 67, 276-280. 

Mendham, D.S., Smethurst, P.J., Holz, G.K., Menary, R.C., Grove, T.S., Weston, 

C., & Baker, T. (2002) Soil analyses as indicators of P status in young 

Eucalyptus nitens and E. globulus plantations. Soil Science Society of America 

Journal, 66, 959-968. 

Mendham, N., Baker, S., Dingle, J., Smethurst, P., Beadle, C., Neilsen, W., 

Borger, J., Adams, P., Holz, G., Barnes, C., Hetherington, S., Naughton, P., & 

Appleton, R. (1999) Impact of competition from weeds on early growth of 

eucalypts and pines at five sites in Tasmania and Victoria. In 18th Biennial 

Conference of the Institute of Foresters of Australia (eds R.C. Ellis & P.J. 

'Smethurst), pp. 186-187. Institute of Foresters of Australia Inc., Hobart. 

• Miller, A.M., McArthur, C., & Smethurst, P.J. (2006) Characteristics of tree 

seedlings and neighbouring vegetation have an additive influence on browsing 

by generalist herbivores. Forest Ecology and Management, 228, 197-205. 

243 



Chapter Seven 

Miller, G.R., Kinnaird, J.W., & Cummins, R.P. (1982) Liability of saplings to 

browsing on a red deer range in the Scottish highlands. Journal of Applied 

Ecology, 19, 941-951. 

Montague, T.L. (1993) An assessment of the ability of tree guards to prevent 

browsing damage using captive swamp wallabies (Wallabia bicolor). 

Australian Forestry, 56, 145-147. 

Morrow, P.A. & Fox, L.R. (1980) Effects of variation in Eucalyptus essential oils 

yield on insect growth and grazing damage. Oecologia, 45, 209-219. 

Nahrung, H.F. (2004) Biology of Chrysophtharta agricola (Coleoptera, 

Chrysomelidae), a pest of Eucalyptus plantations in south-eastern Australia. 

Australian Forestry, 67, 59-66. 

Nahrung, H.F. & Allen, G.R. (2003) Intra-plant host selection, oviposition 

preference and larval survival of Chrysophtharta agricola (Chapuis) 

(Coleoptera: Chrysomelidae: Paropsini) between foliage types of a 

heterophyllous host. Agricultural and Forest Entomology, 5, 155-162. 

Nambiar, E.K.S. & Nethercott, K.H. (1987) Nutrient and water availability to and 

growth of young radiata pine plantations intercropped with lupins. New 

Forests, !, 117-134. 

Ohmart, C.P. & Edwards, P.B. (1991) Insect herbivory on eucalypts. Annual 

Review of Entomology, 36, 637-657. 

Ohrnart, C.P., Stewart, L.C., & Thomas, J.R. (1985) Effects of food quality, 

particularly nitrogen concentrations, of Eucalyptus blakelyi foliage on the 

growth of Paropsis atomaria larvae (Coleoptera: Chrysomelidae). Oecologia, 

65, 543-549. 

244 



Chapter Seven 

O'Reilly-Wapstra, J.M., Potts, B.M., McArthur, C., Davies, N.W., & Tilyard, P. 

(2005) Inheritance of resistance to mammalian herbivores and of plant 

defensive chemistry in an Eucalyptus species. Journal of Chemical Ecology, 

31, 357-375. 

Pietrzykowslci, E., McArthur, C., Fitzgerald, H., & Goodwin, A.N. (2003) 

Influence of patch characteristics on browsing damage of tree seedlings by 

mammalian herbivores. Journal of Applied Ecology, 40, 458-469. 

Pietrzykowslci, E., McArthur, C., Smethurst, P., & Barnes, C. (2002). 

Effectiveness of lupins as a cover crop for reducing damage by browsing 

mammals, Technical Report No. 89. Cooperative Research Centre for 

Sustainable Production Forestry. 

Ramsden, N. & Elek, J. (1998) Life cycle and development rates of the leaf beetle 

Chrysoptharta agricola (Chapuis) (Coleoptera: Chrysomelidae) on Eucalyptus 

nitens at two temperature regimes. Australian Journal of Entomology, 37, 

238-242. 

Rapley, L.P., Allen, G.R., & Potts, B.M. (2004) Susceptibility of Eucalyptus 

globulus to Mnesampela privata defoliation in relation to a specific foliar wax 

compound. Chemoecology, 14, 157-163. 

SAS Institute Inc. (1989) SAS/STAT User's Guide, 4th edn. SAS Institute, Cary, 

North Carolina, USA. 

SAS Institute Inc. (1990) SAS Procedures Guide, 3rd edn. SAS Institute, Cary, 

North Carolina, USA. 

Senft, R.L., Coughenour, M.B., Bailey, D.W., Rittenhouse, L.R., Sala, 0.E., & 

Swift, D.M. (1987) Large herbivore foraging and ecological hierarchies - 

245 



Chapter Seven 

landscape ecology can enhance traditional foraging theory. BioScience, 37, 

789-799. 

Smethurst, P.J. & Comerford, N.B. (1993) Potassium and phosphorus uptake by 

competing pine and grass: observations and model predictions. Soil Science 

Society of America Journal, 57, 1602-1610. 

Smethurst, P.J., Herbert, A.M., & Ballard, L.M. (2001) Fertilization effects on soil 

solution chemistry in three eucalypt plantations. Science Society of America 

Journal, 65, 795-804. 

Smethurst, P.J. & Nambiar, E.K.S. (1989) Role of weeds in the management of 

nitrogen in a young Pinus radiata plantation. New Forest, 3, 203-224. 

Smethurst, P.J., Turvey, N.D., & Attiwil, P.M. (1986) Effect of Lupinus spp. on 

soil nutrient availability and the growth of Pinus radiata D. Don seedlings on 

a sandy podzol in Victoria, Australia. Plant and Soil, 95, 183-190. 

Smethurst, P.J. & Wang, B.P. (1998) Soil solution phosphorus and Eucalyptus 

nitens roots in NP-treated microsites in highly phosphorus-fixing soil. New 

Zealand Journal of Forestry Science, 28, 140-151. 

Smit, C., Den Ouden, J., & Muller-Scharer, H. (2006) Unpalatable plants facilitate 

tree sapling survival in wooded pastures. Journal of Applied Ecology, 43, 305- 

312. 

Sprent, J.I. (1983). Agricultural and horticultural systems: implications for 

forestry. In Biological Nitrogen Fixation in Forest Ecosystems: Foundations 

and Applications (eds J.C. Gordon & C.T. Wheeler), pp. 213-232. Dr W. Junk 

Publishers, The Hague. 

246 



Chapter Seven 

Sullivan, T.P. (1988) Influence of alternative foods on vole populations and 

damage in apple orchards. Wildlife Society Bulletin, 16, 170-175. 

Sullivan, T.P., Crump, D.R., Wieser, H., & Dixon, E.A. (1990) Comparison of 

release devices for stoat (Mustela erminea) semiochemicals used as montane 

vole (Microtus montanus) repellents. Journal of Chemical Ecology, 16, 951- 

957. 

Sullivan, T.P. & Sullivan, D.S. (1982) The use of alternative foods to reduce 

lodgepole pine seed predation by small mammals. Journal of Applied Ecology, 

19, 33-45. 

Wahl, M. & Hay, M.E. (1995) Associational resistance and shared doom: effects 

of epibiosis on herbivory. Oecologia, 102, 329-340. 

Wanner, K.W., Helson, B.V., & Kostyk, B.C. (1997) Foliar and systemic 

applications of neem seed extract for control of spruce budworm, 

Choristoneura fumiferana (Clem.) (Lepidoptera: Tortricidae), infesting black 

and white spruce seed orchards. The Canadian Entomologist, 129, 645 -655. 

Wilkinson, G.R. & Neilsen, W.A. (1990) Effect of herbicides on woody weed 

control and growth of plantation eucalypt seedlings. Australian Forestry, 53, 

69-78. 

Wilkinson, G.R. & Neilsen, W.A. (1995) Implications of early browsing damage 

on the long term productivity of eucalypt forests. Forest Ecology and 

Management, 74, 117-124. 

Woolhouse, A.D. & Morgan, D.R. (1995) An evaluation of repellents to suppress 

browsing by possums. Journal of Chemical Ecology, 21, 1571-1583. 

247 



Chapter Seven 

Zar, J.H. (1996) Biostatistical Analysis, 3rd edn. Prentice-Hall, Upper Saddle 

River, New Jersey. 

248 



Chapter Eight 

Chapter Eight 

General Discussion 

Factors influencing focal plant vulnerability 

This is the first study where both focal plant and vegetation characteristics have 

been altered simultaneously to examine the relative importance of focal plant and 

neighbouring vegetation characteristics on browsing of a focal plant, and in which 

variation of the focal plant is intra- rather than inter-specific. The results 

presented here clearly demonstrate that both focal plant characteristics and 

characteristics of vegetation patches influence browsing on the former by 

generalist mammalian herbivores, in particular the red-bellied pademelon, and that 

effects are often additive. The additive nature of effects suggests that animals 

were making two sequential foraging decisions with regards to focal plant and 

neighbouring vegetation characteristics. When examining herbivory on a focal 

plant species in the context of plant communities, therefore, characteristics of 

neighbouring vegetation relative to those of the focal plant must be examined in 

addition to absolute characteristics (nutrients or defences) of the focal plant. The 

absolute quality of a focal plant is less influential if, for example, it always occurs 

in association with plants of higher palatability. 

Mammalian herbivores often discriminate between individual plants within a 

species (Snyder 1992; Ernest 1994; Lawler et al. 1998). This intra-specific 

variation in palatability can occur naturally due to genetics (O'Reilly-Wapstra et 

al. 2002) and to environmental variables such as soil nutrient status and shading 
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(Rowe & Potter 2000). It is pertinent to look at intra-specific variation because 

relationships' between herbivory and the characteristics of an individual plant and 

its neighbours could influence the likelihood of a particular species becoming 

established and surviving in certain areas. In this way, herbivore foraging 

behaviour could influence plant species assemblages and community composition 

(see chapters four and five). Furthermore, it is easier to define the critical 

chemical and physical differences that account for differences between plants 

within a species than between species, because in the latter, there is a vast array of 

qualitative differences in characteristics whereas intra-specific differences are 

generally quantitative (Hjalten etal. 1996). 

Although work on associational refuges has previously shown that plant species 

of different quality are affected differently by surrounding vegetation, this work 

has been done on a variety of plants with a variety of animals (e.g. Hjalten etal. 

1993; Bergman etal. 2005; Baraza etal. 2006; Smit et al. 2006). Here, I 

examined many components individually (e.g. vegetation height, quality and 

abundance) using the same study system, i.e. red-bellied pademelons and eucalypt 

seedlings, and included browsing in the field and under conditions of choice and 

no choice in captivity. This has led to a more comprehensive understanding of the 

influence of neighbouring vegetation. 

Results presented here show that neighbouring vegetation has marked effects on 

the vulnerability of a focal plant to browsing by generalist mammalian herbivores. 

This appeared to be related to its influence on their foraging behaviour. 

Palatability, height and abundance of neighbouring vegetation all had an influence 
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on the browsing of a focal plant both within and between patches. The conclusion 

that these vegetation characteristics are important was strengthened by the fact 

that they were significant both in captivity and in the field, as well as at both small 

(30 cm radius around seedlings) and large (25 m2  plots) scales and under both 

high (chapter six) and low (chapter seven) browsing pressure. The fact that many 

results obtained from captive trials were repeated with field trials also shows the 

generality of the foraging behaviours, i.e. factors important to captive pademelons 

are also important to wild pademelons, as well as possums, Bennett's wallabies, 

and rabbits. The importance of these vegetation characteristics in all cases 

appeared to be related to their influence on focal plant apparency, availability and 

relative palatability to herbivores. 

Results from the current study show that, in addition to characteristics of focal 

plants and neighbours, there are other important factors to consider when 

examining the susceptibility of a focal plant to browsing, many of which are often 

overlooked. These include animal foraging behaviours, site characteristics, and 

the spatial scale of examination. For example, only with the addition of the video 

data to the intake data of chapter five did it become clear that selection was first at 

the patch, and then at the individual plant scale. This highlights the importance of 

observing animal behaviour as part of investigations into foraging, rather than 

simply relying on indirect measures such as intake, or the extent to which a focal 

plant is browsed. 

Animals did not always select at the patch scale when given the opportunity to do 

so (i.e. chapter seven). Rather than animals exhibiting different foraging 
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behaviour in different situations, this could simply be related to perception, with 

animals always selecting at the patch scale provided they perceive patch structure. 

With (1994) suggested that an animal may ignore patch structure that occurs at 

certain scales either because the level of heterogeneity at those scales falls outside 

its perceptional range, or because the patch structure within a particular range of 

scale is unimportant to the animal in a given context. Based on the previous 

work, the animals in my study system were clearly capable of perceiving patch 

structure at the scale of 10 x 20 m patches. However, the difference in quality 

between the experimental patches and the background vegetation may not have 

been large enough for patches to have been perceived as such. An interesting area 

for future research would therefore be to determine how different patches need to 

be, i.e. the minimum contrast in quality, in order for animals to be able to 

discriminate between them. 

The current results highlight the importance of spatial scale to foraging. The 

spatial scale at which animals were permitted to make choices had a huge 

influence on foraging behaviour and consequently focal plant vulnerability. The 

importance of spatial scale has been highlighted before but, despite this, many 

studies only consider one scale, ignoring those above and below the scale of 

interest (Senft etal. 1987; Wiens 1989; Kotliar & Wiens 1990; Laca & Ortega 

1995; Johnson etal. 2001). As pointed out in chapters four and five, when 

examination of foraging behaviour is confined to a scale below that at which an 

animal would normally make choices (e.g. within a vegetation patch rather than 

between patches), results can be the complete opposite to that in which their full 

suite of behaviours can be manifest. 
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One of the most important things to examine in relation to the foraging behaviour 

of herbivores is, therefore, how they perceive spatial scale. Of particular 

importance is the lowest level at which an animal responds to environmental 

heterogeneity; termed 'grain' by Wiens (1990). Spatial scales at which animals 

are able to perceive and respond to spatial heterogeneity have been analysed using 

fractal analysis of movement patterns, where, the more tortuous the movement 

pattern, the finer scale that the animal interacts with patch structure (With 1994). 

Fractal analysis, though not used in this study, may offer an alternative, 

complementary approach to that used here. 

From this study, it cannot be determined which, if any, vegetation characteristic 

(e.g. height, palatability, abundance) is most important to focal plant vulnerability 

overall. However, the spatial scale at which herbivores forage appears to be an 

important modifying factor. While the effect of vegetation height was 

independent of spatial scale of selection (i.e., tall vegetation reduced browsing on 

multiple scales), whether vegetation cover/abundance had a positive or negative 

influence was dependent upon vegetation palatability. The influence of 

vegetation palatability, in turn, is affected by spatial scale of foraging. Where 

animals had a choice of patches, and were selecting at this scale (chapter five), 

they were attracted to palatable vegetation and, as a consequence, seedlings were 

more vulnerable. In contrast, where there was no choice of patches (chapter four), 

or when animals were not selecting at the patch scale (chapter seven), seedlings 

were more vulnerable in patches without or with less palatable vegetation, as the 

seedlings then became relatively more palatable. 
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Findings from this study have increased our knowledge of the foraging behaviour 

of native marsupial herbivores, particularly the red-bellied pademelon. In 

addition, these results are likely to apply to a range of other generalist herbivores. 

The importance of spatial scale and neighbouring vegetation on foraging has been 

established for a number of northern hemisphere herbivores, including deer 

(Bergman etal. 2005; Alm Bergvall etal. 2006), moose (Danell etal. 1991; 

Shipley & Spalinger 1995), and voles (Hjalten etal. 1993; Pusenius etal. 2003). 

The results presented here should also be relevant to these animals. 

Foraging theories 

A large number of hypotheses/theories have been put forward to explain or predict 

the vulnerability of a focal plant to herbivory. Throughout the previous chapters, 

results have been related to many of these hypotheses (e.g. repellent-plant, 

attractant-decoy). These and other similar hypotheses that relate the vulnerability 

of a focal plant to characteristics of the surrounding vegetation are summarised in 

Table 1. Some hypotheses are not focussed on individual plants but, as there is no 

selection within patches, the vulnerability of an individual plant can be predicted 

based on overall patch quality and alternative patches available. Most of these are 

associational hypotheses, predicting that neighbouring vegetation will either repel 

or attract herbivores and thus influence browsing on a focal plant. All these 

hypotheses relate the susceptibility of a focal plant, not to its deterrent 

characteristics or food quality, but to these properties relative to the characteristics 

of neighbours. These all operate by influencing a herbivore's selection behaviour 

and are related to the hierarchical feeding of herbivores (i.e. they can operate at 
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either the vegetation patch or individual plant levels; Dane11 etal. 1991; Hjalten et 

al. 1993). 

Throughout this thesis I have highlighted the importance of spatial scale to 

foraging and shown that red-bellied pademelon make feeding decisions on 

multiple spatial scales. As far as diet is concerned, there are three major strategies 

of herbivores in relation to spatial scale. Herbivores can select at (1) the patch 

scale only, (2) the individual plant scale only, or (3) the patch scale and at the 

scale of individual plants within patches. The scale of selection (1, 2, or 3) will 

determine which factors influence the vulnerability of a focal plant to browsing 

and the manner in which they do so. If an animal is selecting at the patch scale (1 

or 3), focal plant vulnerability will depend on patch characteristics, while 

characteristics of the focal plant relative to its neighbours will be important if 

animals select at the individual plant scale (2 or 3). 
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Table 1. Summary of hypotheses providing direct or indirect predictions about the vulnerability of a focal plant to herbivory by generalist mammalian herbivores foraging in 

a heterogeneous environment. Focal plant vulnerability is increased `r, reduced 'I', or 'variable' (dependant on neighbours) relative to when it occurs in isolation. Dashes 

represent areas where characteristics are not explicitly specified. 

Hypothesis 
Relative plant characteristics 

Scale of selection 
by herbivores 

Focal plant 	Neighbours 
Basis of hypothesis 	Focal plant vulnerability References a  

Neighbour contrast 	Palatable 	Unpalatable 	Individual plant 	Relative palatability 	 T 	 1 susceptibility 

Associational plant Palatable 	Unpalatable 	Small scale 	Apparency 	 1 	 2 defences 

Associational plant Palatable 	Unpalatable 	Patch 	Relative palatability 	 1 	 3 refuge 

Repellent-plant 	Palatable 	Unpalatable 	Patch 	Relative palatability 	 1 	 4; 5 

Palatable 	 T Optimal diet theory 	 Individual plant 	Relative palatability 	 6 Unpalatable 	 4. 

Shared doom 	Unpalatable 	Palatable 	Small scale 	Close association 	 T 	 7 

Associational Unpalatable 	Palatable 	Patch 	Relative palatability 	 T 	 8 susceptibility 

Attractant-decoy 	Unpalatable 	Palatable 	Individual plant 	Relative palatability 	 4 	 4; 9 

Neighbour contrast Unpalatable 	Palatable 	Individual plant 	Relative palatability 	 1 	 1 
defence 

Associational damage 	 Palatable 	Patch 	Relative palatability 	 1 	 10 



Table 1 cont. 

Hypothesis 
Relative plant characteristics Scale of selection 

by herbivores Focal plant 	Neighbours 
Basis of hypothesis 	Focal plant vulnerability Ref erencesa 

Marginal-value 	 Palatable 	 T Patch 	Vegetation quality/density 	 11 theorem 	 Unpalatable 	 .1 
Optimal patch use 	 Palatable 	 T Patch 	Vegetation quality 	 6 theory 	 Unpalatable 	 1 
Short-term apparent Patch 	Vegetation quality/density 	 T 	 12 competition 

Associational 	 Patch 	Species composition 	 i 	 9 resistance 
Resource 	 Species composition/ Patch 	 1 	 13 concentration 	 plant density 

Enemies hypothesis 	 Patch 	Predator/parasite density 	 .1. 	 13 

Crowding/safety in 	 Patch 	Vegetation density 	 1 	 14; 15 numbers 
Relative palatability; Plant defence guilds 	 1 	 4 species composition 

Apparency theory 	 - 	Vegetation density/height 	Variable 	 16 

Optimal foraging 	 Vegetation quality/density 	Variable 	 6; 17 
theory 

a  References: (1) Alm Bergvall et al. (2006); (2) Hay (1986); (3) Pfister & Hay (1988); (4) Atsatt & O'Dowd (1976); (5) McNaughton (1978); (6) Stephens & Krebs (1986); 

(7) Wahl & Hay (1995); (8) Brown & Ewel (1987); (9) Tahvanainen & Root (1972); (10) Thomas (1986); (11) Charnov (1976); (12) Holt & Kotler (1987); (13) Root (1973); 

(14) Karban etal. (1989); (15) Connell (2000); (16) Feeny (1976); and (17) MacArthur & Pianlca (1966). 



Chapter Eight 

The vulnerability of a given vegetation patch to feeding increases as its quality 

relative to neighbouring patches increases. Patch quality is related, not only to the 

palatability of vegetation, but also the abundance. A patch with a large amount of 

palatable food is of higher quality than one with a small amount of palatable food. 

Patch quality is also likely to be related to its distance from resources such as 

water and shelter, which in turn is related to predation risk (Hochman & Kotler 

2006). Likewise, the vulnerability of a focal plant increases as its palatability 

relative to neighbouring vegetation increases. If an animal selects at both these 

scales (patch and focal plant), then the outcomes are added. For example, a focal 

plant that is highly palatable and in a high quality patch is likely to be much more 

vulnerable to browsing than one that is unpalatable and within a low quality patch. 

If we assume that focal plant and patch characteristics are equally important, then 

a plant that is highly palatable and within a low quality patch is just as vulnerable 

as an unpalatable plant within a high quality patch. This situation was shown to 

occur in chapter five. 

As pointed out in chapters four and five, many hypotheses predicting focal plant 

vulnerability, though initially appearing different, are in fact quite similar. Their 

predictions can all be explained if it is assumed that, in a heterogeneous 

environment, herbivores attempt to consume the best of what is available to them, 

i.e. forage optimally in relation to conditions and capability (Chamov 1976; 

Belovsky 1981; Lacher etal. 1982; Belovsky 1984; Stephens & Krebs 1986; 

Lundberg & Astrom 1990; Bell 1991). Each hypothesis focuses on a different 

aspect of the mechanism of the interaction. Hypotheses differ in the spatial scale 
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of foraging/examination, the relative palatability of the focal plant, and whether 

examined from the plant or animal perspective. It seems unnecessary to have so 

many different hypotheses when their outcomes can all be predicted from the one 

premise. These numerous hypotheses could be combined into one all-

encompassing model, rather than just testing a single aspect. Here, I have 

attempted to simplify things using a 'decision pathway', which follows the 

decisions of a generalist mammalian herbivore leading to its consumption of an 

individual, or focal, plant (Fig. 1). 

The decision pathway is based upon characteristics that were shown to influence 

browsing of red-bellied pademelons in this study. Questions are arranged in the 

order that pademelons appeared to make decisions. For example, pademelons 

were shown to select at the patch level before selecting individual plants (chapter 

five) and as such, I ask whether the animal selects at the patch scale before asking 

whether it selects individual plants. Asking such simple questions can help to 

determine how surrounding vegetation influences the vulnerability of a focal plant 

to herbivory, eliminating the need to choose one of the many hypotheses to test or 

explain such vulnerability. 
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Does animal select at patch scale? 

YES I 

YES 

Is the patch of high quality? 

YES T 
YES 

Does animal select individual plants within the patch? 

NO/ 

Are there high quality patches nearby? 

YES 
	

\NO 

NO 

Is focal plant apparent? 
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Fig. 1. Foraging decision pathway: outline of some of the decisions that a generalist mammalian herbivore makes, leading to the consumption of a focal plant in a 

heterogeneous environment. Up (I) and down (1) arrows beside 'YES' or 'NO' indicate whether this decision increases or decreases the vulnerability of a focal plant to 

herbivory respectively. Note that at each level, the terms such as 'high quality', `apparent' and 'palatable' are relative to neighbouring patches/plants. 
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Obviously there are other important factors not included in the figure for the sake 

of simplicity. For example, the internal state of an animal (i.e. its level of hunger) 

has been shown to have a large influence on herbivore foraging decisions, such as 

the risks it is willing to take and the food it is willing to accept (Emlen 1966; 

Andelt et al. 1992). 

Until formally modelled mathematically, the quantitative outcomes of this 

decision pathway are uncertain, but Fig. 1 provides a summary of qualitative 

outcomes and these can be related back to the various hypotheses on plant 

vulnerability. Many of the situations leading to hypotheses outlined in Table 1 

can be seen in Fig. 1. For example, the feeding decisions leading to the attractant-

decoy or neighbour contrast defence hypotheses are highlighted in Fig. 2a, where 

the focal plant is of low vulnerability whether or not it is apparent. This situation 

was shown to occur in trial 1 of chapter four, where seedlings were less 

vulnerable in palatable grass/oats than unpalatable bitter lupin patches. An early 

example of the situation outlined in Fig 2a, where animals are unselective 

between but selective within a patch, was reported for cattle, which consumed less 

bracken (Pteridium aquilinum) when it occurred with palatable plants (Hayakawa 

1972, cited in Atsatt and O'Dowd 1976). Fig. 2b shows that the repellent-plant 

hypothesis can lead to a focal plant being either of low or moderate vulnerability, 

depending upon the quality of any neighbouring patches. This situation, where 

herbivores are unselective within patches and therefore focal plants are subject to 

reduced vulnerability in the presence of unpalatable or less palatable neighbours, 

has been reported for herbivores such as vole and hares (Hjalten etal. 1993) and 
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sea urchins (Pfister & Hay 1988). It is important to note that the same outcome, 

i.e., low vulnerability of a focal plant in a low quality patch, can occur via 

alternative routes. For example, seedlings were less vulnerable in low quality 

patches in chapters five and seven, even though there was selection for individual 

plants within patches. This highlights the point that foraging outcomes can be 

predicted by simply assuming that an animal will attempt to consume the best of 

what is available. 

The decision pathway (Fig. 1) therefore allows foraging outcomes to be examined 

from both the plant and animal perspective, without having to choose a particular 

viewpoint or specific hypothesis to test. Plant vulnerability is easily determined 

by understanding animal foraging behaviour. The next step is to turn these 

qualitative outcomes into quantitative ones through mathematical modelling, 

taking an approach such as that used by Owen-Smith & Novellie (1982), Brown 

(1988), and Lundberg & Astrom (1990). 
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Fig. 2. Decisions of a generalist mammalian herbivore leading to the consumption of a focal plant 

in a heterogeneous environment in relation to (a) the attractant-decoy and neighbour contrast 

defence hypotheses and (b) the repellent-plant hypothesis. 
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Management applications 

Although most questions raised in this study are of fundamental importance, I was 

also interested in more applied aspects. One of the original objectives of this 

thesis was to determine if it was possible to manipulate herbivore feeding 

behaviour through modification of seedling and plantation characteristics, in order 

to reduce browsing on plantation seedlings. 

Although chapter two demonstrated a potential for lupins and broad beans to be 

used as cover crops on plantations, subsequent chapters suggested that they are 

currently unsuitable in many situations, mainly due to the difficulty of 

establishment with current technology and expertise. If establishment problems 

can be overcome, my results (chapter four) and those of Pietrzykowski et al. 

(2002) suggest that lupins can be used to reduce browsing to plantation seedlings. 

Before such use, however, the ideal sowing time and methods for cover crop 

establishment needs to be determined so that they can provide protection to, and 

not compete too strongly with, establishing seedlings. 

Due to difficulties with establishing cover crops, it could be easier on some sites 

to manipulate existing vegetation, as described in chapter six. The current study 

has demonstrated that vegetation can reduce browsing to a focal plant by either 

providing an alternative food source (chapters four and seven), or by reducing its 

apparency to herbivores (chapter six). Although I have demonstrated that 

palatable vegetation can reduce browsing by providing an alternative food source, 

it is possible that this increased abundance of food could attract additional 

herbivores to the area, thereby increasing browsing pressure. Work with voles has 

264 



Chapter Eight 

found that increased abundance of food may either increase (Taitt & Krebs 1981; 

Sullivan 1988) or fail to influence (Sullivan etal. 2001) vole populations, 

depending upon its nutritional quality. Likewise, the failure of winter feeding of 

deer to reduce damage has been attributed to the fact that the additional food 

attracts and concentrates deer, resulting in damage to nearby trees (Gill 1992). 

Whether or not this occurs in Australian forestry with eucalypts and marsupial 

herbivores is a topic requiring further research. 

Based on current knowledge, therefore, it may be best to use tall, unpalatable 

vegetation to simply make seedlings less apparent. I have demonstrated that 

vegetation that is at least as tall as seedlings is most effective at reducing 

browsing. This has also been shown in previous work with the animal species 

examined here (Pietrzykowski etal. 2003), and with red deer (Miller etal. 1982). 

There are a number of tall, unpalatable native weeds, e.g. fireweed (Senecio) and 

bracken (Pteridium esculentum), that are not noxious like the thistles used in 

chapter six, and which are regularly removed from plantations before planting 

seedlings. Before such native 'weeds' could be used for browsing management, 

there would need to be more work on competition between these species and tree 

seedlings. 

Plantation tree seedlings are most vulnerable to herbivory during the first year 

after planting. This is when they are most likely to be completely defoliated, due 

to the small amount of foliage present, and also when they have limited reserves 

(Wilkinson & Neilsen 1995). Browsing of seedlings can reduce their growth and 

therefore keep them at a size where they are vulnerable to browsing for longer 
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(Gourley etal. 1990; Roth & Newton 1996). In addition, severe browsing during 

this critical period can kill or deform seedlings (Wilkinson & Neilsen 1995; 

Coleman et al. 1997). This first year after planting is therefore the period when 

vegetation could be most beneficial in reducing browsing damage to seedlings. 

Unfortunately, this is also the period when competition is most detrimental 

(Smethurst & Nambiar 1989; Adams etal. 2003). It will therefore be necessary to 

weigh up the potential costs of increased competition with the benefits of reduced 

browsing before incorporating plantation vegetation into a browsing management 

strategy. 

One way to minimise competition between vegetation and seedlings, while still 

providing protection against browsing, could be to leave a vegetation-free zone 

around seedlings. Malik et al. (2001) found that having a wide cover crop strip 

(2.4 m) between rows of sweetgum (Liquidambar styraciflua) seedlings reduced 

growth more than having a narrow strip (1.2 m), suggesting that the closer 

vegetation is to seedlings, the greater the competitive effect. In addition, several 

authors have reported that weeds occurring between planting rows are less of a 

problem than those occurring on rows (Woods etal. 1992; Dredge 1907; 

Mendham et al. 1999). Having a large vegetation-free area around seedlings may, 

however, reduce the ability of vegetation to reduce browsing, by making seedlings 

more apparent. The area around each seedling that should remain vegetation-free 

to minimize both competition and browsing therefore needs to be examined. 

It is also possible that tall dense vegetation could allow herbivores to spend more 

time on plantations, and therefore increase browsing damage, by providing on-site 
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shelter. Studies have found that seedlings in areas closer to shelter, such as 

windrows and the forest edge, often experience higher browsing damage from 

native herbivores (Coleman etal. 1997; While & McArthur 2005). In addition, 

studies with small mammals, such as voles and squirrels, have shown that they 

prefer to feed in patches offering shelter from predators (Brown & Morgan 1995; 

Pusenius et a/. 2000; Pusenius & Ostfeld 2002; Orrock et a/. 2004). The potential 

for vegetation to provide on-site shelter therefore also requires further 

investigation. 

Damage to tree seedlings has been related to aspects of plantation design, such as 

plantation size and shape, alternative food sources, the presence of windrows and 

other on-site cover, and to herbivore populations, including not only population 

size, but also the herbivore species (Heilddla 1990; Moore et a/. 1999; Bulinski & 

McArthur 2003). Based on this, and findings of the present study, vegetation 

management, including introduced cover crops and retained weeds, would need to 

be tailored to suit each site. It is clear from this study that vegetation management 

would be most effective under moderate browsing pressure, i.e. vegetation did not 

have an effect under low pressure (chapter seven), while browsing was still too 

high under high pressure (chapter six) for it to be effective. However, it is also 

clear that the most effective management is likely to involve manipulation of both 

seedling and vegetation characteristics due to the additive nature of the two. 

This work has focused on the principles behind vegetation management, i.e. the 

importance of relative, rather than specific, characteristics of plants as they 

influence foraging herbivores. It is therefore applicable, not just to forestry, but to 
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other situations where it may be advantageous to manipulate browsing of a focal 

plant. For example, where invasive plant species (or weeds) must be controlled, 

or where vulnerable or endangered plant species need to be protected. 
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