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Abstract of a thesis submitted for the degree of Masters of Zoology

The functional responses of European rabbits
(Oryctolagus cuniculus) on improved and semi-improved pasture
in the semi-arid grasslands of Central Otago, New Zealand

by Elizabeth Rayner

Functional responses describe the relationship between an animal’s consumption rate of food and
the abundance of the food resource. They illustrate how consumers cope with declining food
resources and provide a greater understanding of plant-herbivore relationships. These play a
central role in modelling the dynamics of ecosystems. Modelling helps guide management
decisions by allowing predictions about the effects of changes in parts of the ecosystem. Despite
the prolonged and significant impacts of rabbits on both conservation values and agriculture in
the dry grasslands of Central Otago, there have been no attempts to measure rabbit functional
responses in New Zealand. This study is the first to empirically estimate the functional responses
of New Zealand rabbits on improved, semi-improved, and ‘rough’ semi-improved pastures in the
dry grasslands of New Zealand.

Functional response studies of rabbits in Australia have fitted relationships known as ‘type II’
(asymptotic curve) and ‘type II with an ungrazed residue’ responses. In the current study, rabbits
exhibited very different patterns of intake between pasture types, with an unsaturating type I
response (represented by a linear relationship) on improved pasture, and a saturating (inverted
exponential Ivlev relationship) type II response on semi-improved pasture, both with very high
intake rates and large ungrazed residues. Intake of green vegetation showed a type V response
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(although similar in shape to a type II response, the equations differ between the two, with a type
V curve including a function quantifying the ungrazed residue). No functional response
relationships could be fitted to the data from the ‘rough’ semi-improved pasture. Rabbits on this
pasture type showed very high intake rates – far greater than in previous studies. This was
probably a result of the high error associated with daily estimates of vegetation biomass on
‘rough’ semi-improved pasture.

To help understand the differences in patterns of intake between pasture types the nutritional
quality of the pasture was assessed by measuring the acid detergent fibre (ADF) and crude
protein (CP) of the vegetation at the time of the trails. Improved pasture had the lowest ADF, and
highest CP, and ‘rough’ semi-improved pasture the highest ADF and lowest CP. Reported
minimum levels of ADF and maintenance protein requirements for wild rabbits in the literature
are wide ranging and often conflicting. It is generally accepted, however, that rabbits are unable
to process forage with ADF levels greater than 40%. ‘Rough’ semi-improved pasture had very
high ADF levels; well above the levels rabbits are able to survive on, and also had very low CP
levels, below minimum estimates of CP in rabbit diets. ADF and CP of semi-improved pasture
and improved-pasture were within the limits of the fibre and protein that rabbits require to
maintain health. Although food quality is known to influence an animal’s daily food intake rate,
few functional response studies have examined the effect of food quality on an animal’s daily
food intake rate, even though it potentially has considerable impact. Functional response
experiments may therefore be far more informative by including a term for food quality for
describing the shape of the curve.

Functional responses are highly specific to the location of experiments because an animal’s
intake rate is influenced by a number of location-specific factors. These include physiological
condition of the animal, characteristics of the vegetation that may aid or hinder grazing, and
climatic conditions (Crawley, 1983). The current study illustrates how the shape of a functional
response relationship changes with different locations and pasture types – therefore, caution must
be used when extrapolating the results of functional response experiments. Additionally, the
shape of the relationship changed when unpalatable or inaccessible food was excluded.
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Understanding an animal’s food source is important in functional response experiments, because
what a researcher considers to be available food may not in fact be accessible to the animal.
Theoretically the inclusion or exclusion of this unpalatable food can have important
consequences for dynamic ecosystem models, especially if the unpalatable food is an important
resource for other animals within the system of interest.

Keywords: functional response, European rabbit, herbivore, Central Otago, ecosystem dynamics
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1.0 Introduction and Literature Review
1.1 General background
Two species of lagomorph; the rabbit (Oryctolagus cuniculus) and the hare (Lepus europaeus
occidentalis) were introduced to New Zealand in the 19th century for hunting purposes (Gibb &
Williams, 1994; Parkes & Murphy, 2003). Hares typically occur at higher altitudes (up to 2000m)
and have remained at low, stable densities. Rabbits, however, have thrived, becoming a serious
pest in many parts of New Zealand by 1870 (Fraser, 1985; Gibb & Williams, 1994), competing
with sheep, depleting native vegetation and aggravating erosion (Gibb & Williams, 1994; Allen
et al. 1995a). Rabbits remain widespread, occurring on both the North and South Islands, and on
at least 24 offshore islands. The greatest densities of rabbits are found east of the main divide in
the 'semi-arid' grasslands of the South Island, specifically; Central Otago, the Mackenzie Basin,
North Canterbury, and Marlborough, where the climate and habitat resembles that of their native
Mediterranean home (Gibb & Williams, 1994).

1.1.1 History of rabbits and management practices in New Zealand
At the time of European settlement, about 160 yrs ago, New Zealand’s semi-arid lands had
extensive native tussock grasslands and shrublands (Allen et al. 1995b). Since then many of these
areas have been severely degraded for pastoral farming of sheep, which has modified the
indigenous vegetation through routine vegetation burning, fertilizer application, introduction of
exotic pasture grasses, legumes and woody and herbaceous weeds, and of course grazing. This
has created favourable rabbit habitat. By the mid 1870s rabbit populations had exploded, further
exacerbating land deterioration (Mather, 1982; Gibb & Williams, 1994; Allen et al. 1995b; King
& Wilson, 2006). Because rabbits are very efficient grazers (Short, 1985), they can damage dry
environments which are naturally prone to overgrazing and erosion (Walker et al. 1981; Walker
et al. 1995). By 1946 the rabbit problem was at its worst, and some runholders were forced to
abandon their land just as their forebears were forced to do in the 1870s (Gibb & Williams,
1994). The legislation that had been designed to control rabbits had failed, as had primitive
attempts at bio-control by introducing “natural” enemies (ferrets, weasels, and stoats). From 1947
New Zealand entered an era of rabbit control with extermination in mind. The Rabbit Nuisance
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Amendment Act was implemented to protect agricultural production and enhance soil
conservation (Gibb & Williams, 1994; Allen et al. 1995a). The ominous sounding Rabbit
Destruction Council (RDC) was established and employed the ‘Killer Policy’ for the district
Rabbit Boards, which by 1948 covered 7.5 million hectares of the worst affected areas. In order
to achieve the goal of ‘getting to the last rabbit’, rabbits were decommercialized, and large-scale
poisoning and night shooting was used to reduce populations. Rabbit control costs were also
heavily subsidised by the government (Gibb & Williams, 1994). However there were no clear
measures of success to reach this goal (Gibb & Williams, 1994; Allen et al. 1995a) and from
1959 to 1974, this policy of ‘eradication’ failed (Allen et al. 1995a). In 1971, a new rabbit control
objective for Pest Destruction Boards was implemented. Again no measures of success were
stated and the initial goal of making the maximum effort using the most effective known methods
became more about spending as much as possible on rabbit control, due to the belief that killing
rabbits was working towards the objective (Allen et al. 1995a). In the 1980s, subsidies from the
New Zealand government were reduced. This lead to the demand to introduce myxomatosis
despite a failed attempt in the 1950s, which was attributed to the lack of vectors; all were
declined by the government. After the further refusal to release Rabbit Haemorragic Disease
(RHD) in July 1997, it was released illegally in August 1997 (Norbury & Reddiex, 2005).

Since the mid 1970s sparse rabbit populations have remained stable with little active control, the
exception being the dry tussock grasslands of Central Otago and Canterbury where a revival of
rabbit populations began in the mid 1980s (Gibb & Williams, 1994).

1.1.2 Rabbits in Central Otago: the ‘home of the rabbit’
Central Otago has a continental climate and is generally considered semi-arid as it is the driest
part of New Zealand, with an annual rainfall of around 300mm. Central Otago boasts ideal rabbit
habitat, with light well-drained soils (making burrow excavation easy), altitudes below 1000m
a.s.l, sunny aspects, rainfall less than 1000mm per annum, and cover such as scrub and rocky
outcrops within easy reach of open grassland and bare ground (Gibb & Williams, 1994). The
natural tussock grasslands have been seriously degraded by inappropriate pastoral management
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and by the rabbit pest, which has remained intermittently abundant (Allen et al. 1995b; Walker et
al. 1995; Gibb & Williams, 1994; Mather, 1982). In 1982 the landscape was described as a manmade desert (Mather, 1982). Although rabbits remain a serious problem for pastoral agriculture
and soil conservation in Central Otago (Fraser, 1985), the impacts of rabbits in the highly
modified ecosystem of today is more complex than those imposed in the past (Allen et al.
1995b). For example, although rabbits continue to threaten many native plant species, in some
ecosystems rabbit grazing has been advantageous. For example, at Flat Top Hill rabbit grazing
has benefited native flora by suppressing weeds such as thyme (Thymus vulgaris) (Allen et al.
1995a; Parkes, 1995), and creating favourable growing conditions for the rare native ephemerals;
Myosurus minimus subsp. novae-zelandiae, Ceratocephalus pungens and Myosotis pygmaea var.
minutiflora (Walker et al. 1995). Despite this however, it is generally accepted that declines in
rabbit numbers have benefited most native flora and fauna (Norbury, 1996), as all impacts caused
directly by rabbits in an ecosystem are understood to affect native species indirectly, specifically
through habitat modification or through changes in predator/prey relationships (Allen et al.
1995a; Norbury, 1996). Additionally, rabbits have irrefutably decreased native biodiversity, and
conservation values have subsequently increased following rabbit eradication or control (Parkes,
1995). Examples are grand skink (Oligosoma grande) and Otago skink (O. otagense) populations
in Central Otago, which have declined significantly in range over the last 100 years. It is has been
proposed that rabbits are partly responsible for these declines: by increasing predator abundance
(cats Felis catus and ferrets Mustela furo), leading to enhanced predation on lizards; by causing
“prey switching” during delayed numerical responses of predators to rapid declines in rabbit
numbers during control operations; and by competing for vegetation that provides both food,
shelter and refuge for lizards (Norbury, 2001a, 2000b).

Although Central Otago is infamous for its rabbits for over 100 years, earning it notoriety as the
‘home of the rabbit’, it is only recently that rabbits have been studied extensively there (Gibb &
Williams, 1994). Studies in recent years across New Zealand include habitat preferences (Moller
et al. 1998), diet selection (Reddiex, 1998), social organisation and behaviour (Fraser, 1992;
Gibb, 1993), reproduction and development (Fraser, 1988), population dynamics (Robson, 1993;
Gibbs & Fitzgerald, 1998), damage to the environment (Norbury & Norbury, 1996; Allen et al,
1995b), predator-prey relationships (Norbury, 2001a, 2001b) and rabbit control (O’Keefe et al.
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1999; Parkes et al. 2002; Norbury et al. 2002). However, there have been no measurements of
food intake by rabbits. This is a common trend in the literature with very few published
measurements of the relationship between intake rate and biomass on grass-dominated swards
(Iason et al. 2002). Such “functional response” studies enable a greater understanding of plantherbivore relationships and play a central role in modelling the dynamics of ecosystems (Hobbs
et al. 2003). Functional response models inform management decision-making by allowing
predictions of the effects of changing parts of the system (Robley et al. 2004). This would be a
prudent step when considering that the control of rabbits, which are a keystone species, is a
common management activity in New Zealand’s dryland ecosystem.

1.2 Pasture dynamic modelling
The functional response of an animal describes the consumption of food relative to food
availability. It links the foraging behaviour of individual animals with higher-order processes,
such as competition for food with other herbivore species (Holling, 1959; Short, 1985; Fryxell,
1999). The effect of plant abundance on plant consumption plays a key role in building models of
plant-herbivore interactions (Noy-Meir, 1975; Walker et al. 1981; Caughley, 1982; Crawley,
1983; Pitt & Ritchie, 2002). Plant-herbivore interactions describe the relationship between the
density of consumers to the density and growth rate of the food and vice versa (Robley et al.
2004; Pech & Hood, 1998; Abrams, 1990; Smallegange & Brunsting, 2002). An in-depth
knowledge of these inter-level relationships within ecosystems can help aid the control of pests
and the damage they inflict to ecosystems (Hone, 2007). Three essential components when
modeling one-herbivore and one-plant interactions include: rate of growth of the pasture in
relation to its own biomass, and functional and numerical responses of the herbivore population
(Caughley, 1982). The precise form of the functional response can therefore have significant
effects on interactions within the model (Crawley, 1983).

If P and N represent plant and

herbivore density, respectively, the dynamics of a one-herbivore/one-plant system can be
expressed in the following simple ma thematical equations;

dP
= f (P) − c(P)N
dt

Eqn 1.
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dN
= g(P)N
dt

Eqn 2.

Where f is the rate of vegetation growth, (P) describes the plant growth as a function of its own
density in the absence of herbivory, c(P) is the maximum per-capita intake rate (or functional
response) of the herbivore, N is the number of herbivores consuming the vegetation, a is the
growth rate of the herbivore population, and g(P) is the per capita growth rate of the herbivore
population (numerical response) (van de Koppel et al. 1996; Van Langevelde et al. 2008).
Although the model has proved useful in describing large-scale herbivore-grass interactions (e.g.
Van de Koppel et al. 1996; Farnsworth et al. 2002; Van Langevelde et al. 2008), it assumes the
herbivore population reacts instantaneously to changes in grass biomass. A more mechanistic
approach would be to model the herbivore rate of increase in terms of both pasture growth
(herbivore population growth from increased breeding following increased pasture growth) and
standing biomass (which may contribute to increased herbivore survival), however, this has yet to
be done (Robley et al. 2004).

Much work has focused on expanding these simple one-herbivore/one-plant models, making
them more applicable to real systems, incorporating climatic parameters (e.g. temperature,
evaporation and rainfall), and including predators and competing herbivores (see Pech & Hood,
1998 and Robley et al. 2004). Interactive models have been used widely in Australia, pioneered
by Caughley (1987) and Bayliss (1987), who used them to model kangaroo population dynamics
in a semi-arid system (Robley et al. 2004). Despite numerous field experiments on population
interactions, little is known about the form of interactive models that can accurately describe
interactions within natural communities. This is due, in part, to the fact that critical parameters,
such as functional responses, are often not measured but are necessary for constructing many
interactive models (Abrams & Ginzburg, 2000; Abrams, 2001). The complexity of the systems
modelled and a subsequent lack of knowledge of the population dynamics of the animals within
them have also hindered development of dynamic models that can faithfully represent
interactions in natural communities (Pech & Hood, 1998). However where data are available,
researchers have successfully constructed models, allowing insight into inter-species interactions,
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and the influence of their environment on these relationships, allowing predictions to be made of
the effects of perturbations within a system (e.g. Pech & Hood, 1998). This allows for more
informed decisions of the control of pest species (Hone, 2007).

1.3 Functional response
The functional response of a consumer describes the relationship between food intake and food
availability (Holling, 1959; Noy-Meir, 1975; Short, 1987; Smallegange & Brunsting, 2002), and
illustrates how consumers cope with declining food resources. Solomon (1949) first described
this concept when he observed that a population responds to increases in food in two ways;
increasing their food intake (functional response) and increasing their abundance (numerical
response). The numerical response is the relationship between food availability and population
growth (Solomon, 1949; Bayliss & Choquenot, 2002). The importance of this observation to
theoretical ecology, however, wasn’t realised until Holling (1959) demonstrated that the
functional response can be predicted and applied across a range of taxa. This provided a
framework for predicting the outcomes of ecological interactions by linking behavioural
processes with patterns of resource use (Fryxell, 1999). The knowledge of a consumer’s
functional response is fundamental to understanding foraging behaviour and the two-way
relationships between a population of animals and its food supply (Noy-Meir, 1975; Abrams,
1990). These are essential for developing pasture and population dynamic models (Iason, 2002;
Abrams, 1990; Smallegange & Brunsting, 2002). Despite their importance, empirical estimates of
functional responses in natural settings are rare (Abrams & Ginzburg, 2000) because of the
practical difficulties encountered and the large effort involved in collecting the data (Crawley,
1983).

Rabbit functional responses have been measured previously in the arid chenopod shrublands
(Short, 1985) and temperate tablelands (Falkenstein et al. 1995) of NSW, Australia. Barlow’s
(1987) theoretical paper used a rabbit’s functional response in a grazing model, to assess the
economic viability of sheep farming in the face of grazing and ‘denuding’ pests. However, the
form of the functional response of rabbits is not described. The current study is therefore the first
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attempt to quantify the functional response of wild rabbits in the dry grassland’s of Central
Otago, and to compare functional responses on different pasture types.

1.3.1 Types of Functional Response

The relationship between food availability and the rate of feeding by an individual herbivore can
be represented by a functional response curve (Crawley, 1983). It is generated when per capita
intake of a consumer is plotted against total biomass of available food. At high biomass, intake
reaches a maximum which is determined by the rate the herbivore can process the food, the
volume of its gut or the handling time of individual food items (Ivlev, 1961; Holling, 1965),
which is ultimately a product of the animal’s size, sex, physiological condition and vegetation
characteristics that aid or hinder consumption (Crawley, 1983). When food is scarce, one of two
things can occur; either food intake will fall below this maximum in a linear fashion with
declining availability (type I), or the decline in intake will be non-linear. The latter leads to
asymptotic (type II) and sigmoidal (type III) shaped curves (Crawley, 1983; Short, 1985) (Fig
1.2.

Figure 1.2. Types I, II and III functional response curves (adapted from Real, 1977)

Holling (1959) defined a type I response as a linearly increasing curve tending sharply to an
asymptote. Some confusion arises from this form of response as it is sometimes represented as a
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continually increasing linear relationship without an asymptote (Bartel & Knowlton, 2005). This
curve is characteristic of animals that consume food at a rate proportional to the rate at which
they encounter their food (e.g. filter feeders) until a saturation level is reached, and feeding
ceases to increase with food density (Real, 1977). This representation is similar to a type II but
the difference lies in the intersection between the increasing line and the horizontal line which is
sharp for a type I and gradual for a type II. Other studies have recorded unsaturating type I
functional responses for reindeer (Ranifer tarandus tarandus L.) (Trudell & White, 1981) and
brown lemmings (Lemmus sibiricus (Kerr)) (Batzil et al. 1981). In Batzil’s et al. (1981) study the
intake rate of brown lemmings was estimated from 10-minute feeding intervals after being
starved for 3 hours. Short (1985) suggests the linear functional response was due to an
overestimation of intake, as no time was allowed for acclimatisation, which led to food intake
rates that were not in equilibrium with the amount of food available. Although linear responses
have been recorded for herbivores (Batzil et al. 1981; Trudell & White, 1981), they are
considered less common (Bartel & Knowlton, 2005), and generally the relationship between
consumer and food source focuses on whether a type II or type III curve best represents the
functional response (Joly & Patterson, 2003).

Type II functional responses are commonly recorded for vertebrate herbivores (Fryxell &
Doucet, 1993; Gross et al. 1993b) and are generally considered characteristic of mammalian
herbivores (Williams & Martinez, 2004). Type II responses have been used to describe the
feeding behaviour of rabbits in previous studies outside New Zealand (Short, 1985; Falkenstein et
al. 1995; Iason et al. 2002). A sigmoidal functional response (type III) has an inflection point at
some (usually low) prey density (Joly & Patterson, 2003) (Fig 1.2). There are few examples of
herbivores displaying a type III response (although see Barlow (1987) for sheep), and is
considered more characteristic of generalist predators (Joly & Patterson, 2003; Schenk & Bacher,
2002). Predator functional responses are usually expressed in terms of one prey type, therefore
the inflection point can represent a switch to alternative prey when the preferred prey population
decreases (O’Donoghue et al, 1998; Joly & Patterson, 2003; Schenk & Bacher, 2002). Herbivore
functional responses are usually expressed in terms of total food available and so switching to an
alternative food source cannot be detected, provided all food is available for consumption.
Gordon (2003), however, proposed that a type III response describes intake rates for a wide range
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of grazers of many sizes, for example where there is an ungrazed residue of plant material. This
would provide a threshold plant density below which herbivores were unable to graze (Crawley,
1983).

Type I, II and III functional responses are widely recognised and have been reported extensively.
However, there are three other theoretical functional response forms, termed type IV, V and VI
(Fig 1.3). These have received far less attention in the literature.

V

Intake rate

VI

IV

Food Density

Fig 1.3 Types IV, V and VI functional response curves (adapted from Fletcher, 2006)

The possibility of a dome-shaped curve, where intake declines at high biomass, was first raised
by Holling (1965). This response was termed type IV by Caughley (1981). Iason et al. (2002)
disputes the fit of Short’s (1985) type II Ivlev curve to rabbit intake on chenopod shrubland in
Australia, highlighting the poor fit at high biomass. They suggest a type IV functional response
may more appropriately describe the feeding behaviour of rabbits, whose intake rate is impaired
at low standing crop due to limited food, and at high standing crop, as the animal must select
plants among the more structurally complex vegetation. However, their own experiments
revealed the feeding behaviour of rabbits grazing swards of varying heights to be asymptotic.

A type V response occurs when intake reaches zero before availability reaches zero, leaving an
ungrazed residue. Fletcher (2006) reports that some food intake data in the literature which has
been fitted with a type II curve may be better represented by a type V. For example, Short (1985;
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1986) described the functional response of western grey kangaroos as ‘type II with an ungrazed
residue’. Additionally, Falkenstein (1995) reports a similar curve for rabbits in the Central
Tablelands of NSW. It is common practice when fitting functional responses to intake data to
force the functional response equation through the origin. The inference being that at zero food
availability no food can be consumed. However, in some cases the observed x-intercept may be
greater than zero (i.e. Falkenstein, 1995), which may lead to the unjustified rejection of
alternative models (Trexler et al. 1988).

A type VI functional response is in between a linear unsaturating response (the sloping part of
type I) and a saturating response such as Type II or III (Fletcher, 2006). Van Den Meiracker and
Sabelis (1999) reported a type VI response for predatory arthropods, where the predation rate of
larvae increased linearly with density of larvae without reaching a plateau.

1.3.2 Review of techniques for measuring functional responses

Techniques for estimating vegetation intake have been evaluated extensively (Langlands, 1987;
Dove & Mayes, 1991; Mayes & Dove, 2000), most of which have been developed for ruminant
livestock grazing simple swards (Mayes & Dove, 2000). Mayes and Dove (2000) divide these
methods into two categories; ‘animal-based’ and ‘plant-based’. ‘Animal-based’ methods include:
(a) measurements of foraging behaviour, (b) measurements based on water turnover, and (c)
measurements of faecal output and diet digestibility (which also requires a measurement of diet
composition). ‘Plant-based’ methods involve (d) measurements of herbage removal (Fletcher,
2006).

(a) Foraging behaviour observations

Measurements of foraging behaviour to determine food intake usually involve estimates of
grazing time, bite rate and bite size. These measurements are usually associated with particular
plant species, plant part, and influenced by the time of day (Mayes & Dove, 2000; Gibb et al.
1998). The main concern with this method is the accuracy of bite mass estimates (Gordon, 1995).
A herbivore may use different ingestion strategies for different plant species and plant parts, thus
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bite size can vary considerably between the different types of plant material eaten (Mayes &
Dove, 2000). Some authors have successfully measured the bite mass of browsing herbivores (e.g
Vivas & Saether, 1987; Shipley et al. 1998). Bite mass has also been estimated by stratifying the
bite mass taken off from each of the grazed plant species on offer into different categories of
mass and structural composition (Parker et al. 1993; Dumont et al. 1995). However this approach
is not appropriate for highly diverse plant communities where the number of species eaten may
be up to 50 per day. This makes it difficult to identify and record in real time (Agreil & Meuret,
2004). Measurements of foraging behaviour are frequently made by direct observation, where
continuous manual observations are made over time. This can be extremely time consuming and
often means the time over which animals are observed is likely to be short (less than a day)
(Gordon, 1995). It may also be difficult to observe animals without disturbing their ‘normal’
behaviour. This means measurements of functional responses using this method are likely to be
crude. Various techniques have been developed to rectify this problem, including oesophagealfistulated animals and artificial feeding arenas. There are strong reservations in regards to both
techniques for estimating functional responses of free-ranging grazing animals (Mayes & Dove,
2000). The intake rate of fistulated animals is measured by collecting and weighing extrusa,
whilst simultaneously recording bite rate over a known time period. The technique appears to
provide an accurate estimate of intake rate, although there are some associated problems
(Gordon, 1995) including: incomplete extrusa recovery and difficulty obtaining a representative
sample in a large pasture (Holecheck et al. 1982a; Gordon, 1995). Fistula methods are also costly
and more suited to domestic or tame animals as they need to be handled frequently (Holecheck et
al. 1982b; Dove & Mayes, 1996), which may lead to an under or over estimation of intake,
making this method inappropriate for this study.

The functional response of rabbits has been estimated using artificial feeding arenas. Iason et al.
(2002) presented rabbits with a sward tray containing known amounts of food in the form of
discrete bunches of vegetation protruding from a hole in a plywood board which was flush with
the soil surface. As is common practice with this method, the amount of food provided was only
a small proportion of the daily intake (e.g. mean wet mass eaten by rabbits was only 7.5 g trial-1),
the trials are brief (15-60 mins, trials being terminated once 50% of the sward area was grazed),
and animals were returned to full food rations after feeding trials. Fletcher (2006) argued that
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estimates of intake using this method represent only the upper-right portion of the functional
response curve, as animal intake is not measured at low food rations, and thus the data can
provide only a poor fit to change in food biomass. However this method has been used
extensively to test mechanistic models (e.g. Lundberg & Danell, 1990; Shipley & Spalinger,
1992; Gross et al. 1993). It allows animals to be closely monitored to record measurements of
bite rate or bite size, and the food environment can be manipulated to examine effects of specific
vegetation characteristics (e.g. sward height) on these measurements of intake.

(b) Measurements based on water turnover

Measurements of water turnover can also be used to estimate food intake. The rate of water
turnover is determined by sequential blood sampling following a single injection of 3H, 2H, 18O,
or a combination of these (Mayes & Dove, 2000). Usually this method is performed on animals
in close confinement (i.e. metabolic cages), but can be extended to free-ranging animals. Many
herbivores meet their water intake requirements entirely from their diet, therefore the water
turnover method could be used to determine food intake, if intake of drinking water is known and
if the water content of the food can be accurately determined. However, dietary moisture content
can vary considerably and collecting representative samples of vegetation can be difficult, for
example, with the incidence of rain or heavy dew. This method has been used successfully to
determine foliage intake of young koalas (Phascolarctus cinereus), as they meet the assumption
of no free water intake (Krockenberger et al. 1998). A similar approach without the
complications of free water intake and variation in dietary moisture is to estimate Sodium (Na)
turnover rate of the animal and dietary Na content (Green, 1978). This method has been used for
carnivores, but its application to herbivores is limited as their diets are relatively low in Na
(Mayes & Dove, 2000).

(c) Measurements of faecal output and diet digestibility

Intake can be estimated from the relationship between the intake of a diet, the digestibility of that
diet, and the resultant faecal output. Faecal output can be measured by collecting total faeces over
a number of days using bags attached to a harness (Mayes & Dove, 2000). This is unsuitable for
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rabbits as it would restrict their movement and affect normal behaviour, including their ingestion
of soft faeces, which is an important source of their total energy requirements (Kuijer et al.
2004). A more appropriate method would be the administration of an external marker where
faecal output can be estimated by the dilution of this marker in the faeces (Fletcher, 2006). The
currently favoured method uses n-alkanes, which estimates diet composition using the ratio of
dosed even-chain alkane content of the faeces to the naturally occurring odd-chain alkane content
of the plants available to herbivores (Dove & Mayes, 1991; Bugalho et al. 2004). This approach
has been used extensively to determine diet composition in domestic ruminants. A few examples
of measurements of intake from free-ranging non-ruminants have been published, including hares
(Hulbert et al. 2001) and brushtail possums (Monks et al. 2005) but there have been some
ambiguous results (Wilson et al. 1999; Mayes & Dove, 2000). Although Dove and Mayes (2006)
provide a detailed protocol for estimating herbage intake using n-alkanes and other plant-wax
compounds for large mammalian herbivores, the functional response of rabbits has not been
estimated using this method and would therefore require a large investment for preliminary trials
and development, which was not possible during this study due to funding and time constraints.

(d) Measurements of herbage removal

Intake can be estimated from the depletion of a food resource by grazing. This approach has been
used successfully to quantify the functional response of rabbits using an intensive graze-down
method where rabbits were confined to an area with a known biomass of food (Short, 1985).
Many authors have observed that herbage removal methods are labour intensive (Crawley, 1983).
Indeed, frequent sampling is necessary to characterise pasture responses and to couple pasture
characteristics (herbage mass and forage nutritional quality) with animal behaviour (Macoon et
al. 2003). Mayes and Dove (2000) consider this to be a reliable method only over short periods
due to continual plant growth and, therefore, inappropriate for continually grazed areas.
However, this limitation can be avoided by correcting for estimates of pasture growth (Fletcher,
2006), as was done in the current study. Mayes and Dove (2000) point out the advantage of
‘animal-based’ methods over this ‘plant-based’ method because intake of individuals within a
group can be estimated. However, intake by individuals can be estimated by the ‘plant-based’
method by simply using single animals in cages, as was the case in the current study.
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In light of the various methodological challenges associated with estimating functional responses,
it is necessary to acknowledge the importance of developing mechanistic approaches.
Mechanistic approaches, including bite rate and bite size, along with more difficult behaviours to
measure, such as search and handling time, enable a greater understanding of the underlying
mechanisms of feeding and digestion. Mechanistic models are widely used for predator
functional responses (e.g. Holling’s (1959) Disc equation and Roger’s (1972) random-predator
and random-parasitoid models), and they can faithfully represent the foraging process (Gross et
al. 1993a). Few mechanistic models exist of the functional response of herbivores, however, this
area of research is growing with more complex models being developed (Ungar & Noy-Meir,
1988; Spalinger & Hobbs, 1992; Farnsworth & Illius, 1996), along with more empirical testing of
these models (Gross et al. 1993b; Ginnett & Demment, 1995; Hobbs et al. 2003). Mechanistic
approaches will help future understanding of functional responses, especially when decisions
about which functional response curves best fit intake data can be somewhat subjective (Sabelis,
1992). However, at this stage, measurements needed for mechanistic models are extremely
difficult to obtain, and the functional responses resulting from such investigations in highly
contrived environments are of little use for the inclusion in interactive models of real herbivore
populations (Fletcher, 2006). The current study therefore estimates the intake rate of rabbits using
an empirical technique. Measurement of herbage removal in the form of graze-down trials was
chosen as the most satisfactory method for the current study, because this is cheaper to perform
compared to other methods and has been used previously to determine rabbit intake (Short, 1985;
Falkenstein et al. 1995).

1.4 Underlying mechanisms of functional response
The functional response of an animal quantifies its rate of food consumption. Consumption is
determined by the characteristics of the food, the feeding behaviour and physiological condition
of the animal, and the conditions prevailing during the experiment. To better understand rabbit
functional response it is important to examine some of the underlying mechanisms that help
determine the shape of the curve, for example digestion and plant quality.
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1.4.1 Rabbit digestion

Plant material is low in nitrogen and high in recalcitrant fibrous material that can be only slowly
digested. Herbivores must circumvent this problem by selecting a higher quality diet and/or
evolving digestive strategies that allow the animal to extract nutrients from poor quality forage
(Iason & Wieren, 1999). Many authors have suggested that rabbits are selective grazers, selecting
food that is high in protein by choosing food that is in season, easy to eat and palatable, with a
high water content, and without aromatic odours (Myers & Poole, 1963; Reddiex, 1998). They
have also evolved a mechanism that enables them to cope with poor quality forage (Kuijper et al.
2004). Like all leporids, rabbits are caecal fermentors (Iason & Wieren, 1999), and have a
separation mechanism that allows the rapid excretion of fibre (Iason & Wieren, 1999; Kuijper et
al. 2004). The caecum produces two types of faeces, hard faeces of mainly poorly digestible food
particles, and soft light-coloured faecal pellets, which have a tough membrane. Soft faeces are
eaten directly from the anus without mastication and pass into a part of the stomach termed the
fundus where fermentation occurs (Hirakawa, 2001; Kuijper et al. 2004). The re-ingestion of the
caecum’s products is an important source of nitrogen, and a large fraction of their total energy
requirement is obtained by the absorption of the microbial fermentation products that are formed
there. It has been demonstrated that when rabbits are deprived of caecotrophy, crude protein and
nitrogen digestibility is reduced by 10%. Caecotrophy elongates the retention time of the food in
the digestive tract. When fibre content of forage increases, forage intake decreases and mean
retention time of food increases, and the amount of nitrogen recycled from the caecum increases
to compensate for the low digestibility of the food (Kuijper et al. 2004). This digestive strategy
allows rabbits to extract energy from otherwise indigestible components, and avoids the problem
of plant material that is low in nitrogen and high in recalcitrant fibrous material. This makes
rabbits very efficient grazers and successful colonisers (Iason & Wieren, 1999).

1.4.2 Food Quality

The food intake rate of an animal is a direct function of the quality and physical characteristics of
vegetation which can aid or hinder grazing. Intake rate is also a function of the physiological
state of the animal (e.g. if a female is pregnant) (Short, 1985; Spalinger et al. 1988). Thus it is
expected that food quality will affect the shape of the functional response. Numerous studies
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have examined the effect of forage quality on an herbivore's daily intake rate. For example, a
herbivore's intake rate decreases when feeding on growing and maturing forage resources, which
has been attributed to decreasing forage quality and consequent digestion constraints (Van
Langevelde et al. 2008).

Food quality is very difficult to measure and is compounded by the amount of nutrients the
herbivore can obtain per unit of body weight (for example nitrogen content), the accessibility of
the nutrients (digestibility, fibre content, the concentration of secondary plant metabolites; e.g.
tannins) and the concentration of chemical attractants, phagostimulants, and repellents (Myers &
Poole, 1963; Iason & Wieren, 1999). Monogastic (a simple single-chambered stomach) mammals
can partially ingest plant cell walls, as they consist of mostly lignin and structural carbohydrates;
cellulose and hemicellulose, the latter of which can only be partly broken down by mammalian
enzymes. The cell contents (proteins, organic acids, lipids and non-structural carbohydrates),
however, are considered highly digestible (Wallage-Drees & Deinum, 1986).

Previous studies assessing food palatability and the affect of food quality on food intake by
rabbits have measured crude protein (nitrogen x 6.25) and acid detergent fibre (ADF) (Myers &
Poole, 1963, Kuijper et al. 2004). This is because protein, which is composed of amino acids, is a
limiting nutrient for many if not all animals. Herbivores require protein for physiological
processes including growth, reproduction and survival (White, 1978), and it is particularly
important for rabbits because they are unable to synthesise important amino acids independently
(Peitz et al. 1997). Estimates of maintenance protein requirements from the diets of wild rabbits
range between 10-12% (Myers et al. 1994) and 18% (Gibb & Williams, 1990). However, in a
study on the diet selection of rabbits in the Mackenzie Basin, estimated crude protein levels were
5.69% (Reddiex, 1998). Reddiex (1998) recommended that caution be applied when using
minimum levels of nutritional components, as protein levels in ingesta can vary markedly
between studies (e.g. 20% in Rogers, 1979 and Parer & Libke, 1991, to 5.4-6.3% in Myers &
Bults, 1977), thus making it hard to determine minimum levels required to maintain health.
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Small herbivores require rapid passage of food due to their relatively high nutrient requirements
(Ingleby & Westoby, 1992). However, digestibility of food is depressed with a corresponding
increase in dietary fibre content, as fibre is difficult to digest and inhibits the extraction of soluble
nutrients from plant cells (Van Soests, 1982; Bozinovic, 1995). This means that small herbivores
must evolve mechanisms to enable them to cope with forage with high fibre content (Kuijper et
al. 2004). Despite the limited ability of rabbits to digest dietary fibre (they are only 60% as
efficient as ruminants) (Short, 1987), ingestion of fibre is important for rabbit health (it prevents
enteritis) and growth (Gidenne et al. 2000). Because of these benefits, domestic rabbit feed
contains approximately 15-21% ADF. However Kuijper et al. (2004) demonstrated that rabbits
are able to cope with ADF levels of up to 34.4%. Despite disagreements in the literature, it is
generally accepted that rabbits are unable to process forage with >40% ADF (Short, 1987; Allen
et al. 1995a). The fibre content of plants is therefore commonly used as a measure of forage
quality, with many studies using ADF as the best predictor of digestible energy (Kuijper et al.
2004).

1.5 Research Objectives
The aim of this study is to empirically estimate the functional response of wild New Zealand
rabbits on three pasture types in a dryland ecosystem in Central Otago, using intensive grazedown trials similar to Short’s (1985) method for determining the functional response of sheep,
rabbits and kangaroos in Australia. Food quality based on Nitrogen and ADF levels were
assessed for each pasture type to help interpret the differences between patterns of intake. This
project contributes to a collaborative project between Landcare Research and the Department of
Conservation (DoC), and will be used by Landcare Research to model dryland ecosystem
dynamics in order to gain a greater understanding of ecosystem function and wildlife
conservation in New Zealand dryland ecosystems.
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2.0 Methods
This chapter describes the field sites, details amendments made to sampling methods during
preliminary trials, and outlines the statistical analyses used.

2.1 Study areas
2.1.1 Regional Overview

Central Otago is the driest region in New Zealand, with an annual rainfall of approximately
300mm. Most of the land consists of broad basins, surrounded by craggy hills, with extensive
outcrops of schist, and shallow stony well-drained soils. The region has a long history of
overgrazing by sheep, goats and rabbits, which has drastically altered the landscape. Once mostly
natural tussock grassland and shrublands, the most severely affected areas are now dominated by
mats of scabweed (Raoulia australis), thyme (Thymus vulgaris), stonecrop (Sedum acre), and
hawkweeds (Hieracium spp.), with slightly moister areas also supporting a coverage of tussock
and introduced grasses, with matagouri (Discaria toumatou) and sweetbriar (Rosa rubiginosa)
scrub (Gibb and Williams, 1994).

2.1.2 Study sites

Graze-down trials were conducted at three sites in Alexandra, Central Otago. Study sites were
chosen based on differences in vegetation in order to quantify the food intake of rabbits on one
improved and two semi-improved pastures. The sites were the lawn of Landcare Research
offices, the Molyneux Face paddock on Earnscleugh station, and Aldinga Conservation Area.

An improved pasture consists of either an introduced grass or legume or a mixture of both, sown
on cleared land in a well-prepared seedbed. In contrast, a semi-improved pasture is grassland that
has undergone some improvement to provide grazing land for sheep and cattle. Semi-improved
pastures were used to reflect a more ‘natural’ food environment for rabbits in Central Otago,
giving a more representative account of the grazing behaviour of wild rabbits in New Zealand’s
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dry grasslands. Aldinga Conservation Area is a ‘rough’ semi-improved pasture, with a vegetation
cover of native tussock species interspersed with non-native grasses, e.g. browntop (Agrostis
tenuis) and sweet vernal (Anthoxanthum odoratum). The semi-improved pasture of Molyneux
Faces has undergone a greater degree of improvement consisting mostly of non-native grasses
and herbs. Figure 2.1 illustrates the gradient of ‘improvement’ of the pastures from the improved
pasture of the lawn, to the semi-improved pasture of Molyneux Faces, to the ‘rough’ semiimproved pasture of Aldinga Conservation Area.

Figure 2.1 The different food environments of each field site. A: improved pasture of the lawn.
B: semi-improved pasture of Molyneux Faces C: ‘rough’ semi-improved pasture of Aldinga
Conservation Area.
a) Improved pasture

Preliminary graze-down trials were conducted on the improved pasture/lawn at the Landcare
Research office in Alexandra (Fig 2.2).

Figure 2.2 Graze-down trials on improved pasture, showing cages and growth plots.
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These trials were conducted in November and December 2006 to develop animal handling skills
and vegetation sampling techniques. Trials were repeated in January 2007, and these data
constituted the full trial for this pasture type. The preliminary trials and the amendments made to
sampling techniques are discussed below.

a) Semi-improved pasture

Molyneux Faces, also once part of Earnscleugh station, is now under freehold lease, and goats are
farmed there. A major control poison operation for rabbits was undertaken in 1993 under the
Rabbit & Land Management programme. The programme ended in 1995, and there is currently
no rabbit control at Molyneux Faces. Local farmers report they seldom see rabbits on the
property, and during the graze-down period I frequently encountered hares and possums but
never saw rabbits.

Molyneux Faces has an annual rainfall ranging between 300-500mm. The landscape is
characterised by rocky outcrops, with some very steep areas. Soils belong to the
Roxburgh/Alexandra Steepland, Blackstone Hill and Waenga soils set. They are stony, sandy/silt
loam (Soil Bureau, 1968).

Graze-down trials were conducted at the foot of a steep gully on the banks of Lake Dunstan
(45◦9´S, 169◦18´E and elev 201m) from February to July 2008 (Fig 2.6). The vegetation
community is a short exotic grass-herbfield, consisting of sweet vernal, browntop, chewings
fescue (Festuca ruba L.), mouse-ear hawkweed, Viper’s bugloss (Echium vulgare), thyme and
sweet briar.
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Figure 2.6 Molyneux Faces graze-down trial site.

b) ‘Rough’ semi-improved pasture

Aldinga Conservation Area is situated at the base of the Old Man Range. Once part of
Earnscleugh station, well known for both rabbit plagues and its fine wool production, it is now a
public conservation area to protect historical sites and chafer beetle populations. At the time of
land allocation, the Rabbit & Land Management Programme installed rabbit-proof fences to
reduce the risk of rabbit invasions over the entire area, and poisoning and mechanical techniques
were also employed to control rabbit populations. Today rabbits are managed in the area by
periodic night shooting. Sheep are still allowed to graze within the conservation area, although
under the strict conditions of a special lease.

The land is relatively gentle rolling with numerous rock tors and outcrops. Annual rainfall ranges
between 350mm-1200mm. Soils belong to the Conroy and Becks soil set. They are sandy/silt
loam and severely depleted (Soil Bureau, 1968).

The study was conducted in autumn (April-May 2007), and winter (August 2008), on the hillslope backdrop to Conroy’s Dam (45◦17´S, 169◦18´E and elev 325m) (Fig 2.5). The site is a short
tussock grassland with hard tussock (Festuca novae-zelandiae) and blue tussock (Poa colensoi)
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interspersed by exotic grasses and herbs including, sweet vernal grass (Anthoxanthum odoratum),
browntop (Agrostis tenuis), sweet briar (Rosa rubiginosa), and Viper’s bugloss (Echium vulgare).

Figure 2.5 Cages on semi-improved pasture at the Aldinga Conservation Area, on the hill-slope
above Conroy’s Dam.

2.2 Preliminary trials
2.2.1 Measuring food intake

Per capita intake of vegetation by rabbits was estimated using graze-down trials. Rabbits were
housed individually in 1.5x1.5m cages, on a lawn (Fig 2.2).

Pasture biomass was sampled sequentially as rabbits grazed the pasture from high availability to
an ungrazeable residue. Initially, 2cm-diameter samples of vegetation were harvested to calculate
standing crop and therefore daily loss of vegetation. However, a power analysis revealed an
excess of 300 vegetation samples would need to be removed per day to make this sampling
method reliable. A 6cm-diameter ring was then trialled, and a power analysis confirmed the need
for significantly fewer samples (Fig 2.3), consequently twenty samples per plot per day were
collected. More samples were removed during trials at Aldinga Conservation Area in August
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2008 as standing crop was much higher there (8609 - 4351 kg ha-1) compared to other field sites,
and daily offtake of vegetation by rabbits was irregular.

Figure 2.3 Herbage sampling technique using a 6cm diameter ring. Vegetation within the ring
was cut at ground level, and any remaining plant material was hand plucked.

During trials on improved pasture, rabbits grazed green plant material to low levels, leaving moss
and dry plant material mostly ungrazed. A subset of vegetation samples was therefore sorted into
moss, dry and green plant material, dried and weighed. Due ttoo time constraints vegetation
samples from Aldinga Conservation Area and Molyneux Faces were not sorted. This was not a
problem for Aldinga as the pasture had a much greater proportion of dry vegetation, some of
which the rabbits consumed. Although Molyneux Faces pasture was mostly green vegetation,
with some dry plant material,
erial, vegetation samples were not separated for the reasons listed above,
and the intake by rabbits on semi
semi-improved
improved pasture is expressed in terms of total vegetation
available only, whilst rabbit intake on lawn is expressed in terms of both green vegetat
vegetation and
total vegetation available.

2.2.2 Pasture growth without grazing
Pasture growth in the absence of grazing was measured to account for small amounts of growth
that took place during the graze
graze-down
down trials. Pasture growth was measured within 0.75x0.75m
plots outside the rabbit cages where there was no grazing ((Fig 2.4). Six-cm
cm diameter vegetation
samples were removed from pasture growth plots every 3 to 4 days during graze
graze-down trials.
Pasture grows in response to its own density (Caughley, 19
1982),
82), meaning little growth will occur
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when pasture is at its maximum, but high growth rates will occur when biomass is reduced to low
levels by grazing (Crawley, 1983). This means as the graze-down trials progresses, the ungrazed
growth plots and grazed areas within the cages will become dissimilar (Fletcher, 2006). In an
effort to ensure that growth rates were similar in the grazed and ungrazed plots, the ungrazed
plots were cut down to a level similar to the grazed plots at the start of a graze-down period.

Figure 2.4 0.75x0.75m plot used to measure pasture growth with no grazing. Six cm diameter
vegetation samples were removed every 3-4 days during the graze-down period. After vegetation
samples were removed the plot was mowed down to a level similar to that within the rabbit cage
to replicate growth rates in the presence of grazing.

2.3 Measuring the functional response
2.3.1 Experimental animals

Wild rabbits were caught from the Cromwell area, by two professional ‘rabbit catchers’. Two
methods were used; one catcher used dogs and nets, the other only dogs. A period of 1-2 weeks
was allowed for rabbits to acclimatise to the cages and the pasture before trials commenced. At
the start of the trial the weight of the rabbit was measured, and then re-measured throughout the
graze-down period to monitor health. Trials were stopped when the rabbit lost 20% of its body
weight. A nest box, shade and water were provided. In between trials, rabbits were fed with
commercial rabbit chow. Due to frost and snow during trials in June/July at Molyneux Faces,
frost cloth was fixed to uncovered parts of the rabbit cages over night.
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2.3.2 Quantifying food intake

Rabbits were housed individually in 1.5x1.5m cages containing a known vegetation biomass
(average 6300 kg ha-1 on ‘rough’ semi-improved, 2000 kg ha-1 on semi-improved, and 3300 kg
ha-1 on improved pasture). On improved pasture, rabbits grazed the vegetation to an ungrazed
residue over a period of 11-14 days. The graze-down period was more rapid on the semiimproved pastures, lasting only 3-5 days on the ‘rough’ semi-improved pasture Area and 3-7
days on semi-improved pasture.

The vegetation biomass was measured using a herbage removal method. Samples of vegetation
were clipped by hand to ground level within the grazed area of the cage (Fig 2.7). Sampling took
place every two days at high biomass and daily at low biomass. Due to the rapid depletion of the
pasture by rabbits on semi-improved pasture, vegetation biomass was measured daily (except on
days when weather made vegetation removal difficult). Six-centimetre diameter samples of
vegetation were cut from the cages. These were placed in paper bags, dried at 35◦C for three
days, and weighed. Rabbit faecal pellets were also collected when vegetation was sampled in
order to stop the accumulation of waste in the cages.

0.4m

Nest box

1.5m
0.4m
Area grazed

1.5m
Figure 2.7 Diagram showing the area within the cage available for grazing by rabbits. Vegetation
under the nest box was unable to be grazed by rabbits; therefore the area of the nest box was
subtracted from the area of the cage, giving the total area available for grazing at 2.09m2. This
subtraction was important as vegetation samples were multiplied by the total area grazed.
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2.4 Quantifying vegetation growth
Rate of pasture growth in the absence of rabbit grazing was estimated from changes in pasture
biomass from 0.75x0.75m plots outside of the grazing area. Pasture biomass was measured every
three to four days. On improved pasture, there were four sampling events from day 0 to the
termination of the grazing period. On semi-improved pasture, growth was measured once or
twice, depending on the length of the graze-down trial. Goats are farmed at Molyneux Faces, so
fences were constructed around growth plots to prevent grazing (Fig 2.8). No grazing animals
were observed at the improved pasture site, and fences were not built there. Additionally,
although sheep are allowed to graze Aldinga Conservation Area periodically, during these trials
sheep were not grazing there, and the farmer explained that sheep avoided grazing where the
cages were placed. Therefore, sheep were not excluded during the graze-down period (Fig 2.8).

Figure 2.8 A 0.75x0.75m quadrat placed outside cage and used to estimate growth within the
cage. In the photo on the left a small fence was built to stop goats grazing the growth plots during
trials at Molyneux Faces; the photo on the right illustrates the method used to mark out growth
plots on the improved pasture and Aldinga semi-improved pastures.
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2.5 Vegetation nutrition analyses
Five vegetation samples were collected (using the same herbage removal techniques described
above) from trials on each pasture type and were analysed by Landcare Research Laboratories in
Lincoln to determine acid detergent fibre (ADF), a poorly degradable cell wall component of
plants (Kuijper et al. 2004), and nitrogen content. Samples were dried for 36hrs at 35ºC before
being ground and briefly re-dried for one hour at 105°C. A gravimetric determination technique
was used to attain ADF, in which the sample is sequentially treated with reagent to destroy
various fractions, followed by gravimetric determination of the residues (Rowland & Roberts,
1994). Lignin and cellulose were obtained by default. Nitrogen content was determined using a
combustion technique, and converted to crude protein (CP) using the multiplication factor of 6.25
(Gidenne et al. 2000).

2.6 Statistical analysis
2.6.1 Nutritional analysis

Program R (R Development Core Team, 2008) was used to perform a one-way analysis of
variance to test for differences in the nitrogen and acid detergent fibre content of the three
pastures. Tukey’s test for multiple comparisons was used to determine differences in N and ADF
between pasture types.

2.6.2 Calculating food intake

Daily losses of total vegetation from each cage were calculated as the difference between
successive sampling events. Daily losses of total green vegetation available during improved
pasture trials were also calculated. The decline in vegetation biomass was adjusted for growth, by
adding daily growth estimates to daily losses of vegetation, and then converted to food intake (g
kg-0.75 d-1) by multiplying by the area of the cage and dividing by the metabolic weight of the
rabbit eating it. Metabolic weight is bodyweight0.75 (for mammals) and is favoured over
unconverted weight when expressing food intake (e.g. Short, 1985, 1987; Caughley & Sinclair
1994; Choquenot, 1998; Fletcher, 2006).

Many studies have documented that metabolic
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demands scale with the metabolic weight rather than the live weight of an animal (see Nagy et al.
1999). This means the use of metabolic weight allows comparisons between species and
calculations of feeding rate of different sized individuals within a population (Fletcher, 2006).
The average weights of the rabbits used in each trial were 1.16kg, 1.35kg and 1.37kg on lawn,
semi-improved and ‘rough’ semi-improved pasture area respectively. Data from both semiimproved pasture trials were smoothed using a 3-point moving average. For improved pasture
trials, a 4-point moving average was used for total vegetation and a 3-point moving average was
used for total green vegetation. A moving average was used because decline in daily estimates of
vegetation biomass was not uniform. Because of sampling error, increases were sometimes
recorded leading to negative intake values. Although this was necessary, it was not ideal as the
limited number of data points collected from graze-down trials were reduced further when a
moving average was used. When smoothing data from improved pasture trials for rabbits grazing
‘total vegetation’ one negative intake per capita value remained. This was scaled to zero. Moving
averages have also been used by Short (1985, 1987), Choquenot (1998) and Fletcher (2006).
Intake expressed as g kg-0.75 d-1 was plotted against total vegetation biomass available (kg ha1) to
give a functional response relationship.

In both the improved and ‘rough’ semi-improved pasture graze-down trials the food intake data
of some individual rabbits were not included in the analysis. During improved pasture trials, one
rabbit was highly stressed, running erratically around the cage and into the wire. Consequently
food intake rates were irregular, with peaks and falls in food intake from one day to the next.
During trials on ‘rough’ semi-improved pasture, the food intake of four rabbits was excluded.
Two rabbits were unable to complete the trials as they lost 20% of their body weight after two
days. Another two rabbits exhibited extremely high apparent intake rates, and were excluded
after trials were repeated, (these latter trials revealed intake rates were much reduced, hence the
exclusion of the rabbits from previous trials). In these later trials the number of vegetation
samples removed was doubled to 40 and food intake was much reduced, with a maximum intake
of 279 g kg-0.75d-1 at high biomass, compared to 475.2 g kg-0.75d-1 from the previous trial.
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2.6.3 Fitting functional response curves

Least squares analysis was used to fit type I, II, III and V functional responses to plots of intake
versus total vegetation biomass using program R (R Development Core Team, 2008). Noy-Meir’s
(1975) inverted exponential (Ivlev) curve has been previously fitted to food intake data for sheep,
rabbits, kangaroos (Short, 1985; 1987) and pigs (Choquenot, 1998). The curve has the form:


[−(V /V f )]
I = imax 1 − e



Eqn 3.

Where I is the rate of consumption of vegetation per animal unit (g kg-0.75 d-1) and V is the
quantity of vegetation (per unit area) available for consumption by animals; imax is the maximum
food intake rate per animal (satiated) and Vf is the biomass at which a fraction (1-e-1,
approximately 0.63 of the satiated food intake) is reached (Noy-Meir, 1975; Short, 1985).

During the graze-down trials, rabbits left a large ungrazed residue and did not reduce the pasture
to very low biomasses, in contrast to Short’s (1985) study. Therefore type III and V curves were
fitted to see if they would better describe the data. When comparing the fit of nonlinear
relationships to a data set, specifically when a more complex model is being compared to simpler
ones, it is important to choose models that are nested. This means the simpler model can be
obtained from the more complex one by deleting parameters (McCallum, 2000). In the current
study, the Sigmo-Ivlev equation from Noy-Meir (1978) using the method of Real (1977) was
used to fit type II, III and V curves. The prefix ‘Sigmo’ indicates that a type III functional
response has been nested within the Ivlev equation (Noy-Meir, 1975) with the addition of b
(where b is 1 for no sigmoidality and between 1-2 for high sigmoidality); r is also added for the
‘refuge’ or the plant material unavailable for grazing by animals (Fletcher, 2006; Noy-Meir,
1978). The curve has the form:
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−(V −r) /(V f −r )] 
[

I = imax 1 − e



Eqn 4.

The linear equation was used to fit a type I response to intake data with the form:

I = smaxV + a

Eqn5.

Where smax is the maximum slope of the functional response, and a is the y-axis intercept.

2.7 Selecting an Appropriate Functional Response Model
Most functional response studies evaluate only one of the theoretical forms of the equation (e.g.
Short, 1985). In this study, linear (type I) and Sigmo-Ivlev (type II, III or V) equations
representing four types of functional responses were fitted to food intake values, by least squares
analysis using the statistical program R (R Development Core Team, 2008). The fit of the
different curves to the observed data was compared using the Akaike information criterion (AIC)
and Akaike weight (∆AIC), with the most suitable model having the lowest AIC value and
highest Akaike weight (McCallum, 2000).
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3.0 Results
3.1 Decline in vegetation biomass
The decline in pasture biomass during the graze-down trials was calculated before it was
converted to estimates of intake.

a) Improved pasture

Five trials, each using a single rabbit, grazed the vegetation from relatively high biomass
(average, 3304 kg ha-1) to an ungrazeable residue (average, 1106 kg ha-1) over 14 days. The
ungrazed residue consisted mostly of dry plant material and moss, with scattered remnants of
green vegetation (Fig 3.1).
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Figure 3.1 Decline in ‘total vegetation’ with rabbit grazing (different symbols indicate decline of
pasture inside different cages containing a single rabbit) on improved pasture over 14 days. Inset
photo shows an example of ungrazed residue remaining at the end of the trial.

A subset of vegetation samples from these trials was sorted into moss, dry and green vegetation.
Rabbits reduced green vegetation to very low levels (ranging between 38.92 kg ha-1 and 100.85
kg ha-1). The biomass of moss and dry material remained mostly unchanged throughout the trial,
confirming the common observation that rabbits prefer green vegetation (Fig 3.2).
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Figure 3.2 Decline of moss (A), dry vegetation (B) and green vegetation biomass (C) during the
graze-down trials of five different rabbits on improved pasture.
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b) Semi-improved pasture

Twelve rabbits grazed the semi-improved pasture from an average initial biomass of 2079 kg ha-1
to 577 kg ha-1 over a period of 7 days. Rabbits grazed this pasture to a much lower level
compared to the ‘rough’ semi-improved and the improved pastures, and left an ungrazed residue

Vegetation Biomass (Kg ha-1)

of mainly dry plant material and very little green plant material (Fig 3.4).
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Figure 3.3 Decline in total vegetation biomass on the semi-improved pasture
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c) ‘Rough’ semi-improved pasture

Standing crop was much higher at this site compared to the other study sites, with an average
initial vegetation biomass of 6346 kg ha-1. Single rabbits reduced this initial biomass to an

Vegetation Biomass (kg ha-1)

average of 3243 kg ha1 over 5 days, leaving a large ungrazed residue (Fig 3.3).
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Figure 3.4 Decline in total vegetation biomass on the semi-improved pasture in five cages
containing individual rabbits.

The differences between trials in the initial pasture biomasses, ungrazed residues and the length
of trials are summarised in Table 3.1.

Table 3.2 Comparison of the average initial and end pasture biomass, and length of trials on each
pasture type

Pasture type

Initial biomass
(kg ha-1)

End biomass
(kg ha-1)

Length of trial
(days)

improved

3304

1106

14

semi-improved

2079

517

7

‘rough’ semiimproved pasture

6346

3243

5
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3.2 Daily intake
Daily losses of vegetation biomass were adjusted for growth before being converted to estimates
of food intake (g kg-0.75 d-1), and smoothed using moving averages. Three-point moving averages
were used to smooth daily intake per capita for all trials, except for the intake of total vegetation
from the improved pasture trials, which was smoothed using a 4-point moving average.

The daily intake of vegetation by rabbits on each pasture is shown in Figure 3.5. Rabbits
displayed different patterns of intake on each pasture. On improved pasture, per capita intake was
plotted against ‘total vegetation’ and ‘green vegetation’ (where moss and dry plant material has
been removed from vegetation samples). A large ungrazed residue remained at the end of trials
on all pastures, consisting of mostly dry plant material and moss. When dry plant material and
moss was excluded from estimates of the available food from improved pasture trials, the
ungrazed residue was considerably less. Additionally, maximum intake from trials on improved
pasture and the semi-improved pasture appear to be much lower than the observed intake from
trials on the ‘rough’ improved pasture.
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3.3 Functional Response Curves
This study revealed that the shape of the functional response curve
curves changed with pasture type.
Additionally, it was found that a different curve emerged when intake per capita was plotted
against ‘total-vegetation’
vegetation’ biomass compared to intake plotted against ‘green
‘green-vegetation’
vegetation’ biomass.
biomass
Models fitted to intake data from all graze-down trials are summarized in Table
able 3.2.

3.3.1 Improved pasture
Type II, III and V functional responses failed to fit the observed intake data for ‘total vegetation’
from trials on improved pasture. A quadratic model was fitted to the observed intake
inta data to test
for curvature. The quadratic term was not significant (P=0.82), therefore a type I curve was fitted
to the data using
sing the linear equation (Fig 3.6). Saturated intake was not reached, and a large
ungrazed residue remained at the end of the ttrials.

A

B

Figure 3.6 Functional response of rabbits grazing ‘total vegetation’.. The negative intake per
capita of rabbits grazing ‘total vegetation’ has been rescaled to zero. (A) Type I with the form;
y=-50+0.06X,
50+0.06X, and ‘green vegetation biomass’ (B) Type V with the form;
109)]
y=151.01{1-e[-(V-109)/(693.70-109)]
} on improved pasture.

When intake per capita was plotted against ‘green vegetation biomass’ a type V functional
response
sponse curve was fitted using the Sigmo-Ivlev equation (Fig 3.6). The curve has the form;
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109)]
y=151.01{1-e[-(V-109)/(693.70-109)]
}. The first number in the function indicates the maximum intake

(151.01 g kg-0.75 d-1). The second and fourth number (109 kg ha-1) is where the curve intercepts
the x-axis,
axis, or the ungrazed residue. The third number (69
(693.70 kg ha-1) is inversely related to the
grazing efficiencies of the rabbits (1/Vf), which is 0.0092. This number also represents (after
adding the ungrazeable residue
residue)) the biomass at which the rabbit’s metabolic intake rate is
depressed to 63% of the maximum intake rate (Falkenstein et al. 1995).

improved pasture
3.3.2 Semi-improved
Functional response curves were unable to be fitted to the observed intake data from the trials on
the ‘rough’ semi-improved
improved pasture, which may be attributable to the poor quality of the forage
(see food quality below) and to sampling error (see appendix 2 & 4). These issues are discussed
later. For the semi-improved
improved pasture
pasture, type
ype II and V functional response curves were fitted to the
observed intake data using the Sigmo
Sigmo-Ivlev equation (Fig 3.7).

V/2829.6)
Figure 3.7 A type II functional response curve with the form; y=223{1-e(-V/2829.6)
}, and a type V
functional response curve (r=70) with the form; y=199.7{1
y=199.7{1-e[(-V-70)/(2378.3-70)]} were fitted to the
observed intake data from trials on semi
semi-improved pasture.
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In order to fit a type V functional response curve it was necessary to force parameters ‘r’ and
‘imax’. AIC was minimised for a type V functional response curve when r equalled 70, indicating
a better fit to the observed intake data, compared to forcing imax to 120 (see Table 3.1). The
residual error of the fit of type II and V functional response curves (where r=70) were very
similar indicating the curves fit almost as well as one another, even though AIC is minimised for
a type II functional response curve (Table 3.1). Additionally, there is very little visual difference
between the two curves (Fig 3.7).
The equations of the type II (i) and type V (r=70) (ii) functional response curves are:

{

y = 223 1 − e(−V / 2829.6)

{

}

y = 119.7 1 − e[(−V −70) /(2378.3−70)]

(i)

} (ii)

The type II functional response curve estimates rabbit maximum per capita intake at 223 g kg-0.75
d-1. The type V functional response curve gives a slightly lower value of 199.7 g kg-0.75 d-1. The
biomass at which rabbits obtain 63% of their maximum food intake (Vf) on this pasture
according to the function for the type II curve is 2829.6 kg ha-1, giving them a grazing efficiency
of 0.00035. After adding the ungrazed residue, the Vf of the type V curve is 2448.3, giving
rabbits a grazing efficiency of 0.00048.

Table 3.2 AIC, residual standard error, Akaike weight and parameter values for theoretical functional responses fitted to data from rabbits
grazing semi-improved pasture at Molyneux Faces and improved pasture ‘total vegetation biomass’ and ‘green vegetation biomass’. The
shaded areas highlight the functional response for which AIC is minimised and Akaike weight is maximised.
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3.4 Comparison of rabbit functional responses
The generalised functional responses of rabbits on improved and semi-improved
improved pasture are
shown in Figure
igure 3.8. The type of response is different on each pasture type, with rabbits
displaying an unsaturating type I curve on improved pasture (total vegetation) and a type II on
semi-improved pasture.
e. The type of response also depended on the vegetation components
measured. When moss and dry vegetation were removed from the estimates of available food in
the improved pasture trials, a type V functional response curve resulted, with a much-reduced
ungrazed
razed residue and an increased grazing efficiency.

Figure 3.8 The functional response
curves fitted to observed intake
from each pasture type. A Type I
functional response curve was fitted
to
improved
pasture
pasture-‘total
vegetation’ biomass (A). A type V
curve was fitted to improved
pasture-‘green
‘green vegetation’ biomass
(B), and a type II was fitted to semisemi
improved pasture-total
total vegetation
(C).
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3.5 Food Quality
To help understand the reason for such varied patterns of food intake by rabbits on the different
pastures, vegetation quality (acid-detergent fibre (ADF) and nitrogen (N)) were measured.
Nitrogen was converted to crude protein (CP) by multiplying by a factor of 6.25. ADF% and
CP% at all sites are depicted below (Fig 3.10)
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Figure 3.9 Percentage of acid detergent fibre (ADF) ( ) and crude protein (CP=N x 6.25) ( )
with standard error of the vegetation inside the cages grazed by rabbits during the graze-down
period.

The ‘rough’ semi-improved pasture had the highest ADF% (average, 45%) and lowest CP%
(about 5%). Improved pasture had the lowest ADF% (36%) and highest CP% (10%). The quality
of the semi-improved pasture was between these extremes with an ADF percentage of 39% and
CP level of 8%. ADF% and CP% were significantly different between the pastures (F2,12=13.78,
P<0.01 and F2,12=26.54, P<0.001, respectively) (Table 3.3).
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Table 3.3 Results from one-way ANOVA. Difference in ADF% and CP% between pasture types
is statistically different (F2,12=13.78, P<0.001 and F2,12=26.54, P<0.001, respectively)

ADF%

Df

SS

MS

F

P

Pasture types

2

230.36

115.18

13.78

0.008

Residuals

12

100.28

8.36

Total

14

330.64

CP%

Df

SS

MS

F

P

Pasture types

2

52.82

26.41

26.54

0.00004

Residuals

12

11.94

1.00

Total

14

64.76

In order to determine which pastures differed from the other, a multiple comparison test between
ADF% and CP% of each pasture type was performed. ADF% of improved pasture and semiimproved pasture were significantly different from that of ‘rough’ semi-improved pasture
(P=0.0008 and P=0.006, respectively). However, there was no significant difference in ADF%
levels between improved pasture and semi-improved pasture. The difference in CP% between
improved pasture and ‘rough’ semi-improved pasture (P=0.00003) was highly significant. There
was also a significant difference in CP% between improved and semi-improved pasture
(P=0.002), but not between ‘rough’ semi-improved and semi-improved pastures (P>0.05).

3.6 Rabbit survival
Deaths occurred during the graze-down trials on all pastures. These were likely due to a
combination of factors, including predators, stress, pre-existing condition of the animal, RHD,
and starvation due to experimental design. All rabbits were weighed every 1-2 days during the
graze-down period to monitor health, and ensure rabbits did not exceed 20% weight loss of their
original body weight, to comply with Animal Ethics. Rabbits used for the semi-improved pasture
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trials were of similar average weights (‘rough’ semi-improved, 1.37kg; semi-improved, 1.35kg),
whilst rabbits used for the improved pasture trials were on average lighter (1.16kg). All rabbits
lost body condition during the graze-down trials. The duration of the trials was determined by the
rate at which rabbits lost 20% of their original body weight. As can been seen in Table 3.1, the
length of trial differed between pasture types. Rabbits lost body condition almost as rapidly on
semi-improved pasture as they did on ‘rough’ semi-improved pasture, even though there was a
much greater standing crop of the latter pasture. There was also a higher number of deaths during
trials on ‘rough’ semi-improved pasture, with three of five rabbits dying during or after the grazedown period. Only one death occurred during the improved and semi-improved pasture trials, the
latter due to a stoat attack. Consequently completing trials on ‘rough’ semi-improved pasture was
very difficult, and hence few rabbits were used here. This led to few data points collected and no
apparent relationship between intake and available food.
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4.0 Discussion
4.1 Rabbit functional responses
The functional responses reported in this study differed between pasture types and also from
those reported by Short (1985) and Falkenstein et al. (1995). This chapter describes the
differences in functional response curves between pasture types and compares the results with the
previous studies of Short (1985) and Falkenstein et al. (1995).

a) Improved pasture

An unsaturating type I functional response curve best described the observed intake per capita of
total vegetation biomass. For ecologists, these unsaturating linear functional responses are
particularly perplexing, as it assumes the animal consumes food without ever reaching a
maximum intake (Hobbs et al. 2003). Crawley (1983) proposed that animals displaying an
unsaturating type I functional response are always food limited because they can always consume
more if it is available. It is therefore possible that available food measured in the experiment
never reached levels where the animals were able to achieve a maximum intake. Such functional
response curves are common under experimental conditions where small experimental arenas are
employed. Under these conditions animals will be able to consume all the food provided, which
is generally lower than their ‘normal’ requirements (Crawley, 1983). Although the feeding arena
in the current study was smaller than those employed by Short (1985) and Falkenstein et al.
(1995), not all the food provided was accessible to the rabbits as moss and dry plant material was
unpalatable, hence the curve never reached zero biomass, leaving a large ungrazed residue. Trials
ended once rabbits lost 20% of their original body weight. This weight loss was reached even
though vegetation biomass remained high, and food intake did not near zero. This was
undoubtedly because a large amount of the remaining vegetation biomass was inaccessible to the
rabbits. However, if a maximum weight loss greater than 20% was allowed, rabbits may have
been forced to graze the vegetation to much lower biomasses, possibly changing the shape of the
functional response. More complex functional response curves (e.g. type III and V) require more
data points at low biomasses. After inaccessible plant material (moss and dry plant material) was
removed, and intake per capita was plotted against ‘green vegetation’ biomass, rabbits displayed
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a saturating type V functional response, with a much smaller ungrazed residue (ranging from 101
kg ha-1 to 39 kg ha-1).

When ‘total’ vegetation biomass was measured as available food, rabbits appeared to be
inefficient grazers, exhibiting an unsaturating type I functional response. As vegetation biomass
declined, so too did the food intake rate by the animal. The extent to which an animal can
maintain its intake in the face of a declining food source is a measure of its grazing efficiency
(Short, 1985). Animals displaying a type II or V functional response are more efficient grazers
than animals displaying a type I functional response because they can generally maintain higher
intake at low food densities. In the grazing trials on the improved pasture, rabbits did not
consume dry plant material and moss, and these therefore persisted throughout the graze-down
period. When dry plant material and moss were removed from estimates of available food for
rabbits, their pattern of intake was very different. Rabbits were very efficient grazers (0.0092),
able to graze the vegetation to very low levels, with a maximum intake rate of 151.01 g kg-0.75 d-1.
An explanation for the observed differences in ungrazed residues is that green vegetation is very
palatable. Rabbits prefer soft, lush, green short to tall, woody or stalky plants (Allen et al. 1995a;
Myers & Poole, 1963). The dry plant material and moss may have made it difficult for rabbits to
find palatable green plants. Rabbits often scattered the moss and dry plant material around the
cage, searching for more palatable food. Ungrazed plant residues can occur for a number of
reasons including: fouling by urine and dung, animals physically unable to consume plant tissue,
plants difficult to find amongst other plant species, or plants containing toxins and repellents
(Crawley, 1983). This heeds caution when measuring available food biomass. For example, what
a researcher considers ‘available food’ may not be accessible to the animal, and as can be seen in
this study, different conclusions about foraging behaviour can result from the inclusion or
exclusion of ungrazed material.

b) Semi-improved pasture

Short (1985) fitted a type II curve to observed intake data of rabbits in Australia. In an ecological
context, a type V curve may better describe the observed feeding behaviour of rabbits on this
pasture in the current study, as it illustrates and quantifies the large ungrazed residue remaining at
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the end of the graze-down trial. A type II functional response assumes rabbits graze the pasture to
almost zero biomass. Fletcher (2006) argued that it is unlikely that terrestrial herbivores have
type II functional responses because the methods used to measure plant biomass seldom measure
‘true’ biomass. Commonly, herbage is clipped to a level researchers assume imitates that of the
herbivore, however, the likelihood that researchers are always able to clip the vegetation exactly
to the limit of the herbivore is not high. This means the researcher’s ‘zero biomass’ will not be
the same as the herbivores’ zero biomass (Fletcher, 2006). Additionally, measurements of
standing crop biomass can overestimate available food, as not all plant tissue measured will be
accessible to the animal (Crawley, 1983). A small number of studies have included a term for
ungrazed residues (e.g. Short, 1985; Falkenstein et al. 1995). Short (1985; 1986) fitted a type II
functional response with an ungrazed residue to observed intake data of western grey kangaroos.
Likewise, Falkenstein et al. (1995) fitted a similar curve to observed intake data of rabbits.
Ungrazed residues can be biologically important, and not just an artefact of the measuring
method, as was shown by Short’s (1986) study of western grey kangaroos. It is therefore
important to include a term for inaccessible residual herbage mass in functional response models.
Attention will be drawn more clearly to this fact by labelling functional responses such as those
mentioned above as a type V instead of a type II with an ungrazed residue (Fletcher, 2006).

A type V functional response is a more complex model compared with a type II response (see
Eqn 4. in methods), and requires more data at high and low biomasses. Herein lies the problem
with fitting a type V model to the observed intake data for the current study. There were very few
data points at low biomass because the trials were stopped when rabbits lost 20% of their initial
body weight, which frequently occurred before very low biomasses were reached. Consequently,
this model had an inferior fit compared with the simpler type II model.

c) ‘Rough’ semi-improved pasture

No functional response curves could be fitted to observed intake data from graze-down trials on
the ‘rough’ semi-improved pasture of Aldinga Conservation Area, as there was no significant
effect of vegetation biomass on per capita intake rate. The observed intake data were much
greater than those recorded on other pastures, and those published in previous studies (e.g. Short

49

(1985), Falkenstein et al. (1995)). Maximum intake reported in Falkenstein et al.’s (1995) study
was extremely low, much lower than Short’s (1985) study and the current study. This was
attributed to the intake of below-ground biomass, which was not sampled. Neither was belowground biomass sampled in the current study, as rabbits were not observed digging for roots. The
pasture at this site was very high in fibre, exceeding the estimated maximum of 40% that rabbits
can withstand (Short, 1987; Allen et al. 1995a). Additionally, the pasture was very low in crude
protein, and below estimated levels rabbits require to maintain health and growth (Myers &
Bults, 1977; Rogers, 1979; Parer & Libke, 1991; Myers et al. 1994; Reddiex, 1998). Initially it
was thought these high intake rates were due to the poor quality of the pasture (i.e. more food
required to receive the same nutritional input). According to the literature, however, this type of
feeding behaviour, although commonplace in hares, is not observed in rabbits (Kuijper et al.
2004). The large intake values, therefore, may have been due to sampling error. When the
standard error of daily vegetation samples collected within individual cages was calculated, it
was found that high biomass was associated with high standard error. Collecting more samples
did little to reduce this error (see appendix 2). The large error associated with vegetation samples
reflects the nature of the pasture at Aldinga Conservation Area. The site was chosen as a more
‘natural’ site as it had undergone a lesser degree of ‘improvement’. The standing crop was very
high and dense, with tussock interspersed with browntop and sweet vernal grasses. The high
standing crop made it increasingly difficult to remove samples, which may account for the large
standard errors between vegetation samples collected from different cages on the same day, and
the lack of a relationship between vegetation biomass and intake per capita.

4.2 Nutrition analysis of pastures
In functional response experiments, an animal’s food intake rate is affected not only by the
conditions of the experiment and the physiological condition of the animal, but also by the
quality and physical characteristics that aid or hinder grazing (Short, 1985; Spalinger et al. 1988).
The nutritional quality of the pasture in the current study was analysed to help understand
differences in functional response curves between pastures. Previous studies have examined the
effect of forage quality on herbivores’ daily intake rate (Van Langevelde et al. 2008), measuring
crude protein (CP = nitrogen x 6.25) and acid detergent fibre (ADF) (Myers & Poole, 1963;
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Kuijper et al. 2004). Fibre and protein are essential in rabbit diet for growth, development and
health (White, 1978; Peitz et al. 1997; Gidenne et al. 2000). Due to their small size and high
metabolic rate, high quality forage is needed (Irlbeck, 2001). Rabbits are able to withstand
fibrous diets low in protein by recycling the contents of their caeca, a process termed coprophagy
(Crawley, 1983; Iason & Wieren, 1999; Hirakawa, 2001; Kuijper et al. 2004; Norbury &
Reddiex, 2005). They are, however, unable to withstand diets with >40% fibre (Short, 1987;
Allen et al. 1995a) and <5.4% protein (Myers & Bults, 1977). Additionally, rabbits are known to
select nutritionally-rich plants (Reddiex, 1998), for example, Rogers (1979) found that protein to
fibre ratios were two to three times higher in rabbit stomachs than in the available vegetation.

Table 4.1 The ADF and CP of rabbit diet recorded in the literature

Source

ADF (%)

Myers & Bults, 1977

5.4-6.3*

Rogers, 1979; Parer & Libke, 1991

20*

Reddiex, 1998

5.69*
10-12

Myers et al. 1994
Short, 1987; Allen et al. 1995a

>40

Irlbeck, 2001

This study

CP (%)

20-25%
Improved pasture

36.2

10.5

Semi-improved pasture

38.6

7.6

‘Rough’ semi-improved pasture

45.4

5.9

*Measurements of CP from samples of the ingesta of rabbits

ADF of pastures increased along the gradient of improvement. Improved pasture had the lowest
ADF and ‘rough’ semi-improved pasture the highest. The percentage of crude protein, however,
decreased; with improved pasture having the highest levels and ‘rough’ semi-improved pasture
the lowest. Semi-improved pasture had intermediate ADF and CP levels (Fig 3.10). Reported
minimum levels of ADF and maintenance protein requirements for wild rabbits in the literature

51

are wide ranging and often conflicting (Table 4.1). It is generally accepted, however, that rabbits
are unable to process forage with ADF levels greater than 40% (Short, 1987; Allen et al. 1995a).
‘Rough’ semi-improved pasture had very high ADF levels; well above the levels rabbits are able
to survive on. This pasture also had very low CP levels, below minimum estimates of CP in
rabbit diets (Fig 3.10 & Table 4.1). ADF and CP of semi-improved pasture and improved-pasture
were within the limits of the fibre and protein that rabbits require to maintain health (Fig 3.10 &
Table 4.1).

Crude protein:fibre ratios are known to influence diet selection by rabbits (Myers & Poole, 1963;
Rogers, 1979). Reddiex (1998) found the nutritional composition of rabbit diet in the MacKenzie
Basin was similar to the nutritional composition of the available vegetation. Dietary crude protein
estimates in Reddiex’s (1998) study were 5.69%, well below previous estimates of minimum
required CP levels for rabbits (Table 4.1). It is suggested that rabbits may have selected parts of
plants with higher concentrations of protein in order to meet their nutritional requirements
(Reddiex, 1998). The current study used small cages (1.5x1.5m). This may have impaired the
selective ability of rabbits by not allowing them access to a full range of palatable plants. If the
cage were placed on a vegetation patch of poor quality, for example, rabbits would not have been
able to search for more palatable food. This may have been the case with ‘rough’ semi-improved
pasture, where the vegetation was of very poor quality, resulting in a non-significant relationship
between intake rate and vegetation biomass. There were also a high number of deaths on this
pasture, which may also be attributable to the poor nutritional quality of pasture. Although semiimproved and ‘rough’ semi-improved pasture had similar CP levels, ADF was significantly
different, with semi-improved pasture having a significantly lower ADF%. Rabbits survived very
well on this pasture, grazing the vegetation to an ungrazeable residue over a number of days.
This may be an indication that ADF and CP levels of the pasture were more suitable for rabbit
grazing.

Rabbits performed best on improved pasture, grazing the green vegetation to an ungrazeable
residue and losing 20% of their original body weight over a longer time (14 days). This is in
contrast to rabbit performance on ‘rough’ semi-improved and semi-improved pasture, where
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rabbits lost the same amount of weight over a period of 5-7 days, respectively. Rabbits were also
very efficient grazers on improved pasture, once the dry plant material and moss (which
constituted a majority of the ungrazed residue), was removed from the available food (0.0092).
They were more efficient than rabbits grazing semi-improved pasture because they grazed the
vegetation to much lower levels. This is in accordance with Myers & Poole’s (1963) observations
that rabbits prefer soft, green, lush grass—selecting plant species based on ease of intake and
mastication—with no disagreeable aromatic odours/tastes, and relatively high water content
(requiring 55% water in their food (Cooke, 1982)). It would have been interesting to relate the
per capita intake of green vegetation by rabbits grazing semi-improved pasture, but there was not
enough time or resources to partition the vegetation during this particular trial.

In this study all rabbits lost body condition, losing 20% of their original body weight over the
graze-down period. Loss of body condition has implications for an animal’s food intake rate
(Crawley, 1983). As food becomes scarce and the animal loses weight, it is possible the animal
will increase its intake rate (if it is able) (Crawley, 1983), or as can be seen in this study on
‘rough’ semi-improved pasture, the animal may be unable to maintain its intake rate, losing
weight rapidly and even dying. Functional response studies measure animal food intake rates
over various food biomasses. In population dynamic studies, of particular interest, is the response
of animals at low food availability. The change in feeding behaviour can be the result of stress as
the animal losses body condition at limited food biomass. Therefore starvation is an important
part of functional response experiments. In this study an end point of 20% weight loss was
chosen in accordance with animal ethics approval. In some cases rabbits were unable to recover
from this amount of weight loss, particularly when feeding on the ‘rough’ semi-improved
pasture. This may have been because 20% weight loss was too great. In most cases, however,
when rabbits were moved to improved pasture and given rabbit ‘chow’ to supplement diet,
rabbit’s gained weight, and their body condition slowly improved. This weight loss may also
have important consequences for the calculation of intake rates per capita which are standardised
for each rabbit using metabolic weights based on their original body weight. It would be
interesting to examine whether estimated rabbit intake rates per capita are altered as rabbit weight
decreases throughout the trial, thus, affecting their metabolic weight.
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Climate is a major determinate of plant growth and productivity (Iason & Wieren, 1999). Crude
protein and fibre of pastures are affected by the seasons, with CP peaking during germination and
falling steadily through winter and into spring. Commonly, the quality of forage for grazers
decreases as the forage grows and matures (Van Langevelde et al. 2008). Plants grow rapidly
during the spring to early summer months in Mediterranean-type climates. As a consequence,
there are dramatic seasonal changes in plant nutrient composition with increases in fibre,
decreases in water content, and large transfers of proteins and minerals from one part of the plant
to another. With summer comes the complete drying of the pastures. Autumn and winter follows,
bringing rains and newly germinated high-protein seedlings (Myers & Poole, 1963). Differences
observed in fibre and protein content between the three pastures may therefore have also been
influenced by the fact that they were sampled at different times of year.

Initially, the graze-down trials on each pasture type were to be performed during the same
seasons. Due to the large amount of effort and work each trial required, and the difficulty in
obtaining rabbits during the winter months, it became difficult to achieve this. Trials were
therefore performed in different months. The problem with conducting trials in different months
is that it introduces some uncertainty about how representative the measured functional response
curves are of other times of the year. This is not only due to changes in pasture quality between
seasons, as explained above, but also because some mammalian herbivores eat more during cold
weather (Crawley, 1983). Trials on improved pasture were performed in mid-summer (January),
‘rough’ semi-improved pasture trials during autumn and winter (April-May and August), and
semi-improved pasture trials during late summer (February) to mid-winter (July). Although trials
on ‘rough’ semi-improved pasture were performed during months where the pasture was
generally better quality (Myers & Poole, 1963), it still had the poorest quality of the three
pastures. According to the local farmer, sheep generally avoided the area where the rabbit cages
were placed because they prefer to graze areas where there is less tussock.
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4.3 Comparisons between studies
The functional responses in the current study differ greatly from those reported by Short (1985)
and Falkenstein et al. (1995). Differences lie in the maximum intake rates and ungrazed residues
(Fig 4.1 and Table 4.2). The most obvious reasons for these differences can be found by
examining vegetation characteristics, and the conditions prevailing at the time of the experiments,
specifically climate, physical conditions of rabbits and methodology (to name a few), as these
factors are known to strongly influence functional response studies (Crawley, 1983). Influences
of vegetation characteristics and interference among herbivores (e.g. competition) on food intake
are examined in this section to help understand differences in functional response curves between
the three studies.
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Figure 4.1 Comparison of functional responses of rabbits grazing different pastures from the
literature (A & B) and the current study (C-E). (A) Short (1985) arid chenopod shrubland,
N.S.W. y=67.7{1-e(-V/138)}, (B) Falkenstein et al. (1995) temperate improved pastures, N.S.W.,
y=35.9{1-e-(V-925)/221}, (C) improved pasture-‘green vegetation’, (D) semi-improved pasture, and
(E) improved pasture-‘total vegetation’.
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Table 4.2 Grazing efficiencies, functional response types, maximum intake, and ungrazed
residues of rabbits from previous studies and the current study.

Functional
response

Max. intake
(g kg-0.75 d-1)

Ungrazed
residue

Source

II

67.7

<20 kg ha-1

Short (1985)

0.000452

II with
ungrazed
residue

35.9

925 kg ha-1

Falkenstein
et al. (1995)

NA

I (total veg.)

NA

NA

0.00092

II (green veg.)

151.0

109 kg ha-1

0.00035

II

223.0

0.00048

V

199.7

Climate
(pasture type)

Grazing
efficiency

Semi-arid
(chenopod
shrubland)

0.000725

Temperate (semiimproved)
Semi-arid
(improved)
Semi-arid
(semi-improved)

70 kg ha-1

This study

This study

4.3.1 Characteristics of the vegetation

The physical characteristic and patchiness of vegetation can influence intake (Crawley, 1983;
Fryxell, 2008). For example, the presence of a continuous leaf canopy may hinder the grasping
(biting) of vegetation by a herbivore (Leigh & Mulham, 1966). Patchy or sparse vegetation may
assist the grasping of vegetation (Short, 1985). In Short’s (1985) study the vegetation was sparse,
consisting of annual forbs and grasses, scattered Acacia victoriae trees and low chenopod shrubs.
Widely spaced vegetation aids the grasping of vegetation, allowing the rabbits to graze vegetation
down to very low levels (ungrazed residuum of less than 20 kg ha-1). Rabbits were not forced to
search for palatable plant species amongst a more structurally complex food environment like
those of the current study. In Falkenstein’s et al. (1995) study the vegetation consisted of mainly
sown grasses and some regrown native grasses. This vegetation is similar to the current study,
with both improved and semi-improved pasture sites consisting of mostly, if not entirely, exotic
grasses. Additionally, both the Falkenstein et al. (1995) and the current study had larger ungrazed
residues compared to Short (1985), with 925 kg ha-1 in Falkenstein et al. (1995) and 70 and 109
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kg ha-1 in the current study on semi-improved and improved pasture, respectively. In arid grazing
systems, grasses are most likely to be tussocks, occurring in clumps and clusters (Falkenstein et
al. 1995).

The maximum intake rates in the current study were much higher than those reported by Short
(1985) and Falkenstein et al. (1995), and higher than the maximum intake of 76 g animal-1 day-1
and 74 g animal-1 day-1 reported by Cooke (1982) and Nagy et al. (1999), respectively. The
maximum intake rate reported in Falkenstein’s et al. (1995) study was low. This was attributed to
an underestimation of available food because below-ground biomass was not measured, there
was experimental error, and the physiological condition of rabbits was poor because of drought.
Because there is substantial evidence from the literature that rabbit daily intake is between 74-80
g animal-1 day-1 (Cooke, 1982; Short, 1985; Nagy et al. 1999), the maximum intake rates of the
current study may also be due to experimental error associated with daily vegetation samples.
The standing crop was very high, much higher than in the previous studies, and high standing
crop was associated with larger sampling errors (see Appendix 1-3). In Moore’s (1996) review of
methods of estimating pasture intake, it is suggested that herbage removal methods are likely to
produce ‘unacceptable’ estimates in low growth conditions.

Rabbits in Central Otago's drylands face very different dietary choices and nutritional
requirements than those in the semi-arid and temperate regions of Australia (Myers et al. 1994),
due in part to differences in climate (Reddiex, 1998). In dry regions of Australia with high
temperatures and variable rainfall, available vegetation may have a lower protein:fibre ratio on
average than in the current study (Parer, 1982), which are know to influence the feeding
behaviour of rabbits (Myers & Poole, 1963; Rogers, 1979). It is possible that the rabbits in
Short’s study were better equipped to deal with low food conditions as they are regularly exposed
to drought conditions. They also have to compete with both kangaroos and sheep for the same
resources that are in short supply, thus, making them more accustomed to grazing pasture at
extremely low biomasses.
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4.3.2 Social behaviour of rabbits

Another explanation for differences between functional response studies may be competition
between other animals during the graze-down period, which act to depress intake rates (Johnson
et al. 2001). Unlike other rabbit functional response studies, the rabbits in the current study were
held individually in cages, and so there were no social interactions to affect the functional
response. Optimal foraging theory predicts that foraging decisions are partly based on densities of
the resource. Competition influences foraging effort because it affects resource densities
(Mitchell et al. 1990). Foraging can also be affected by competition for food or by mutual
interference, for example, some herbivores feed more successfully in groups (Crawley, 1983).
Competition can also cause intake rates to decline with increasing competitor density (Johnson et
al. 2001). This relationship has been studied extensively in birds (e.g. Dolman, 1995; Moody &
Ruxton, 1996; Johnson et al. 2001; Smart et al. 2008, Beauchamp, 2009), but less extensively for
mammals (Ritchie et al. 2009). No studies have identified competition to be a factor affecting
intake rate in rabbits. However, rabbits are highly social and territorial animals, living in small
groups or pairs (Myers & Poole, 1959; Mykytowycz, 1959; Williams et al. 1995; Norbury &
Reddiex, 2005). This implies that functional responses of rabbits that are measured in the absence
of social interactions may need to be interpreted cautiously.

European rabbits have been shown to form stable breeding groups (Myers & Poole, 1959)
varying from 2-10 individuals (Williams et al. 1995). Potential benefits of group living include
reduced predation risk, collective maintenance of a plant community appropriate for rabbits’
nutritional requirements, thermoregulatory huddling (Cowan, 1987) and group construction and
maintenance of warrens (Bordon, 1974). However, Cowan (1987) found the cost of group living
outweighed these potential benefits. In the same study the lifetime reproductive success of
females was negatively influenced by group living, as was the survival of males (Cowan, 1987).
A study on the social behaviour of a small colony of wild European rabbits in Canberra showed a
rigid social organisation, with a dominant pair occupying a selected territory, which they
defended vigorously from intrusion from other rabbits (Mykytowycz, 1959). In a similar study,
Myers & Poole (1961) observed all non-sexual aggression behaviours e.g. threats, chases and
fights, arose from the protection of food, water or shelter. Most of these behaviours were detected
during summer; the hardest time of year, with drying pastures and decreases in protein (Myers &
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Poole, 1961). These social behaviours may negatively influence rabbits’ intake rates in functional
response studies when they are housed in cages with other rabbits. Short (1985) and Falkenstein
et al. (1995) measured food intake per capita of 8 and 6 rabbits, respectively, housed in a single
10x10m cage, whereas the current study measured the intake of individual rabbits where
competition was absent. This lack of interference among individuals may help explain the
observed differences in food intake rates between the studies outlined above. In the current study
one rabbit was housed in a 2.25m2 cage, compared to Short’s (1985) 8 rabbits housed in a 100m2
yard (or 1 rabbit/12.5m2). In both studies rabbit densities are quite high compared to rabbit
densities in the wild (6-30 rabbits per spotlight kilometre (Williams et al. 1995), or
approximately 1 rabbit/1000-10,000 m2 (Norbury, pers. comm.)).

4.4 Conclusion
This study empirically estimated the intake of rabbits grazing three pastures (improved, semiimproved and ‘rough’ semi-improved) in the Central Otago drylands. The shape of the functional
response curve changed with the different pasture types. Differences in the pattern of intake (or
lack thereof in the case of ‘rough’ semi-improved pasture) between the pasture types may have
been due to differences in the nutritional quality of the pasture. Rabbits typically prefer to eat
plants that are low in fibre and high in protein (Irlbeck, 2001). Few studies have examined the
effect of food quality on an animal’s daily food intake rate (Van Langevelde et al. 2008), even
though it potentially has considerable impact (Short, 1985; Spalinger et al. 1988). Functional
response experiments may therefore be far more informative by including a term for food quality
for describing the shape of the curve.

The intake rates of the current study differ greatly from those reported in the literature (Cooke,
1982; Short, 1985; Nagy et al. 1999). Due to the very nature of functional response experiments,
specifically capturing wild animals and confining them within an ‘alien’ environment, they are
unlikely to display normal behaviour despite efforts to reduce stress. Abnormal behaviour
influences food intake rates (Fletcher, 2006), and this may have differed between the studies
reviewed in this thesis.
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In the current study animals were housed individually, thus avoiding the pressures of group
living, which may have led to higher intake rates. Including a term for interference would
improve functional response experiments, as they would be more indicative of a ‘natural’ setting.
In this study, however, the high intake rates are more likely due to experimental error. The
standing crop of all three pasture types was much greater than that in Short’s (1985) study. High
experimental error was associated with high standing crop, which may have influenced the results
from this part of the work. To minimise error associated with high standing crop, a greater
number of daily vegetation samples may need to be taken, or a vegetation sampling device
greater than the 6mm-diameter ring used, or a different methodological approach altogether.

The amount of unpalatable plant material was also much greater in the current study. This may
reflect the composition of the different food environments. In the current study, the
inclusion/exclusion of unpalatable food affected the shape of the functional response. Knowledge
about an animal’s food resource is important in functional response experiments. For example,
what researchers consider available food may not be accessible to the animal (Crawley, 1983).
Theoretically the inclusion/exclusion of ‘unpalatable’ food in functional response experiments
can have important consequences in dynamic models, particularly if the ‘unpalatable’ food is an
important resource to other animals in the system.

The highly specific nature of functional response experiments means caution must be used when
extrapolating results to different food environments. The location of the study, the physiological
condition of animals, the methods used, and the characteristics of the vegetation can all
potentially affect the nature of functional responses.

The best way to manage complex ecosystems to achieve desirable outcomes is often not clear
because of the uncertainties arising from unmanageable extrinsic environmental factors, and lack
of complete knowledge of a system and all its components (Parkes et al. 2006). Functional
responses are one of those components because they allow us to predict the spatial distribution of
herbivores, competition among herbivores, and the population dynamics of the vegetation
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(Sutherland, 1996). Such information is also useful for understanding how changes in food
availability caused by changes in the environment affects herbivore populations (Smart et al.
2008). This is particularly important in arid areas where the dynamics of populations are typically
driven by variation in food availability (Caughley & Sinclair, 1994). There is an increasing
school of thought that knowledge about the dynamics of a system is required to make more
informed management decisions (Allen et al. 1995b; Robley et al. 2004; Parkes et al. 2006), and
functional responses are an important tool to achieve this (Parkes et al. 2006).

The problem is that functional responses are extremely difficult to measure because of the timeconsuming and largely inadequate methods available for measuring food intake rates (Crawley,
1983; Fletcher, 2006). A growing number of studies are dedicated to developing more accurate
methods to estimate herbage intake including using n-alkanes and other plant-wax compounds
(Dove & Mayes, 2006). Also, more work is being dedicated to developing mechanistic
approaches to measuring intake rates (Ungar & Noy-Meir, 1988; Spalinger & Hobbs, 1992;
Farnsworth & Illius, 1996). Given the importance of functional response studies for constructing
dynamic ecosystem models, and for developing appropriate ecosystem management actions,
these advances in methodology are necessary if we are to gain a greater understanding of the
interactions between animals and their food resources.
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Appendix 1. The mean and standard error (in brackets) of daily samples (g.cm2) removed from each cage grazed by a single rabbit during
graze-down trials on improved pasture.
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Appendix 2. The mean and standard error (in brackets) of daily samples (g.cm2) removed from
each cage grazed by a single rabbit during graze-down trials on ‘rough’ semi-improved pasture.
The shaded rows indicate plots where 40 samples were removed. This did little to reduce error as
standing crop was even higher in these trials compared to earlier trials.
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Appendix 3. The mean and standard error (in brackets) of daily samples (g.cm2) removed from each
cage grazed by a single rabbit during graze-down trials on semi-improved pasture. The shaded area
highlight days when samples were lost, thus accounting for the very high standard error on day 2 in
plot 12.
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Appendix 4 The mean, standard error (SE) and total number (n) of vegetation samples (g.cm2) removed daily from cages containing a single
rabbit for each site. The SE is of vegetation samples removed on the same day between different cages. The SE of vegetation samples taken
from different plots was highest during the ‘rough’ semi-improved pasture trials, even though a greater number of samples were removed
daily compared to improved pasture trials. The SE remains low throughout the semi-improved trials, as does that of samples removed during
improved pasture trials, with some high SE recorded on days when a low number of samples were removed. (The low number of samples
removed during the improved pasture site trials is due to a subset of samples removed for sorting, to extract moss and dry plant material).
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