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ABSTRACT

A population of wild rabbits in Hampshire was studied in 1986-89. Social 
processes were investigated: temporal and spatiotemporal association with respect to social 
group membership and sex, vigilance/feeding time-budgets, interactive behaviours, and 
protein genetic data.

Burrows were significantly clustered and locations of rabbits were related to 
positions of these. Range shifts, distribution and behaviour of males showed evidence of 
competition over females.

Differences were found in association, depending on sex and group membership. 
Data indicated that same-group mixed-sex pairs associated more than other classes. Same- 
group females also associated, and these chased each other significantly less than non
members.

Patterns of vigilance varied with factors including individual sex and social status, 
and sex and social group of surrounding rabbits. For males, the most significant factor 
was distance to the nearest male; patterns of vigilance were also consistent with mate- 
guarding. Female vigilance was more context-specific, with differences between social 
ranks. There was little evidence that rabbits gained vigilance benefit from presence of other 
rabbits overall, but there were several social contexts where rabbits significantly lost or 
gained feeding efficiency.

Female natal recruitment was significantly higher than that of males, and relatedness 
among same-group females tended to be greater. Same-group females associated 
significantly more with, and were less vigilant and aggressive towards, more-related 
females.

Genetic data indicated that a maximum of 60% of matings were by a pair within the 
same group. Certain males probably mated within- and between-group. Some males had 
less detected reproductive success than behaviour might have predicted.

Rabbits had significant neophobic reactions to flavours (in captivity) and objects (in 
the wild). These responses declined rapidly with exposure. In novel food choice 
experiments there was an unusual interaction between novelty and location.
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Chapter 1. Introduction

In this thesis are presented the results of behavioural observations and genetic 
analysis carried out on a population of individually-marked European wild rabbits 
Oryctolagus cuniculus.(L.) at Bridgets Experimental Animal Husbandry Farm (Ministry of 
Agriculture, Food and Fisheries-M.A.F.R), Itchen Abbas, Hampshire between 1986-9. 
Social interactions between known individuals were recorded to assess some factors 
affecting group living. The purpose of this introduction is to give background to the aims 
and approaches used, and to summarize knowledge of group-living in rabbits.

I . I Evolutionary background to the leporidae
Molecular and fossil evidence shows that Lagomorpha (pikas, rabbits and hares) 

arose during the radiation of eutherian mammals (Li, et al., 1990), and have since occupied 
diverse habitats worldwide. The order can be divided into Ocotonids (pikas) and Leporids 
(rabbits and hares). The origins of the family Leporidae are not clear; the first fossils 
appear 45 million years ago (mya: late Eocene) in Northern Asia and North America 
(Savage and Russell, 1983). Early radiation seems to have occurred in N. America, where 
the genus Hypolagus arose, and invaded the Old World in the Miocene, persisting on both 
continents into the Pleistocene (Kurten, 1968; Dawson, 1981). Leporids are now 
represented by 29 species of hare and jackrabbits in one genus, and 24 species of ‘rabbits’ 
in 11 genera (Angermann, etal., 1990).

The most important divergence within leporids is the separation of Lepus (hares and 
jackrabbits- generally large, 2-5 kg, long-legged species) from the remainder, the generally 
smaller ‘rabbits’. Most ‘rabbits’ weigh 1-4 kg, although the smallest, Brachylagus 
idahoensis is only 400g (Green and Flinders, 1980). ‘Rabbits’ hide rather than run from 
predators, have relatively precocial young, and may use burrows. Overall, morphological 
differentiation within the family is small (Corbet, 1983).

It was thought for a long time that O.cuniculus was recently derived from a 
western Mediterranean origin (Corbet, 1986). However, Biju-Duval etal., (1991), using 
mitochondrial DNA (mtDNA) markers, estimated approximately 2 million years divergence 
between southern Spanish rabbits, and rabbits from northern Spain+France+Tunisia. 
Similarly, Iberian rabbits including those from Portugal are genetically isolated from 
western European rabbits (van der Loo, etal., 1991). There is doubt over the origin of the 
rabbit in Britain. Although there are apparent rabbit fossils from 2-300,000 years ago in 
Britain, it is usually accepted that rabbits were introduced by the Normans in the eleventh 
century (Corbet, 1986). They became feral and were numerous until the introduction of the 
myxoma virus in 1954-5 killed o\ er 99% of all rabbits in the country (Lloyd, 1970).

Distributions of rabbits worldwide have been greatly influenced by the activities of 
man. Although rabbits prefer drier areas with food supply nearby (Rogers and Myers, 
1979; Rogers, 1981b), the range of habitats in which they can survive is great. There are 
at least 550 islands worldwide to which the rabbit has been introduced (Flux and Fullagar,
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1992) and introductions have been common on mainlands. This has meant that the rabbit 
can be studied under a wide variety of ecological conditions including Mediterranean 
habitats in which the species is thought to have evolved, and others (Parker and Myers, 
1974; Rogers, 1981a; Simonetti, 1989).

1 .2  Studies o f the social biology o f the rabbit
There have been a great many investigations into the social biology of O. cuniculus. 

These have occurred in different phases following Southern’s (1948) study of free-ranging 
populations, and early work on reproductive biology (Brambell, 1942). The extensive 
work of Australasian groups studied rabbits both in enclosures and in free-ranging 
populations (Mykytowycz and Rowley, 1958; Mykytowycz, 1958; Mykytowycz, 1959; 
Mykytowycz, 1960; Myers, 1958; Myers and Poole, 1959; Myers and Poole, 1961; Myers 
and Poole, 1962b). In addition, experimental investigations were carried out on biology of 
the species including aggression (Mykytowycz and Dudzinski, 1972; Mykytowycz and 
Hesterman, 1975) and social odours (Mykytowycz and Dudzinski, 1966). Other work 
concentrated on broader aspects of rabbit ecology (Myers and Parker, 1965; Parker and 
Myers, 1974; Myers, etal., 1975; Parker, etal., 1976). Simultaneously there was 
research in Britain on social biology of rabbits following myxomatosis (Lockley, 1961). 
Most information about leporids is in fact about O. cuniculus, with some on the European 
brown hare Lepus europeaus, and occasionally on N. American species of Lepus and 
Sylvilagus (Bell, 1980; Cowan and Bell, 1986). The body of work on social behaviour in 
rabbits has set the background for many interesting studies on their demography and 
population structure (Parer, 1977; Wood, 1980), encompassing genetic studies (Coggan, et 
al., 1974a; Richardson, etal., 1980; Richardson, 1980; Daly, 1981).

Recently there have been investigations into more specific areas of rabbit social 
biology, using experimental approaches and observational data to test hypotheses about 
rabbit coloniality. This has included work on ecological correlates with social systems 
(Cowan and Carson, 1985), group interactions (Cowan, 1987a; Roberts, 1987; Roberts, 
1988), optimum group size (Cowan, 1987b), social olfaction and reproductive physiology 
(Bell, 1980; Bray and Bell, 1984; Bell, 1986), and mating system (Daly, 1981; Roberts, 
1987; Webb, 1988).

1 .3 .0  Group living
A group of animals may be defined as an assemblage of individuals which associate 

more and in a different manner with each other than with other conspecifics (Wilson,
1975). The existence of sociality requires explanation by evolutionary theory, as social 
animals experience only costs automatically (Alexander, 1974). Costs of group living 
include increased competition for resources, increased likelihood of transmission of 
pathogens, and greater conspicuousness to predators (Alexander, 1974; Bertram, 1983; 
Hoogland and Sherman, 1976). Many grades of organization of group living are seen 
throughout the animal kingdom. Temporary aggregations around a resource are very
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widespread, competitive kin groups are foimd from spiders to squirrels (Bowden, 1991; 
Michener, 1983), and cooperative breeding is known from many birds and mammals 
(Brown, 1987; Jennions and Macdonald, 1994). The most extreme social organization is 
eusociality, and involves extensive loss of reproductive opportunities for most individuals, 
and division of labour. Although commonest among haplodiploid Hymenoptera, 
eusociality has also evolved diploid Isoptera, and mammals- most famously naked mole- 
rats Heterocephalusglaber (Jarvis, 1981; Jarvis etal., 1994). It may be helpful to make a 
distinction between group living such as feeding aggregations of hares (Monaghan, 1985), 
and societies based on altruism such as the naked molerat, or cooperative breeding and 
food sharing in the acorn woodpecker Melanerpesformicovorus, (Koenig, 1981). 
However, the middle ground between these probably contains most social burrowing 
mammals including Yellow-bellied marmots (Marmotaflaviventris : Armitage, 1986) and 
Black-tailed prairedogs (Cynomys ludovicianus) and 0.cuniculus.

For sociality to evolve, mean lifetime individual reproductive success must be 
higher in grouped- than ungrouped animals (Hamilton, 1964a,b; Alexander, 1974). This 
means that there must be either benefits related to the presence of conspecifics, or animals 
must be constrained to live together due to localization of a vital limiting resource. In the 
latter case, there may be evolution of mechanisms to reduce the costs of coexistence, and 
maximize the benefits (Alexander, 1974; Vehrencamp, 1979). This is likely to occur either 
by avoidance (Alexander, 1974), or cooperation through kin selection and reciprocal 
altruism (Hamilton, 1964a,b; Trivers, 1971).

There have been attempts to classify factors affecting the evolution of sociality 
(Alexander, 1974; Bertram, 1978; Vehrencamp, 1979). Axes were identified along which 
social behaviour could be described, including whether social behaviours are active, eg 
communal suckling and organized antipredator behaviour, or passive, eg utilizing a 
clustered food source (Vehrencamp, 1979). Vehrencamp (1979) envisaged two routes in 
social evolution, familial and parasocial. The former would occur when ecological 
conditions favoured cooperation within extended families, such as organized antipredator 
tactics. The parasocial route starts with non-relatives clustering around a resource. Groups 
may subsequently derive benefits such as improved anti-predation and thermoregulation.

1 .3 .1 .0  Approaches to the study of group living
Alexander ( 1974) identified three important advances in thinking about evolution of 

sociality: 1/ acceptance of the individual (or the gene; Dawkins, 1986) as the unit of 
selection, 2/ the application of the comparative method to questions in behavioural 
evolution, and 3/ the realization that long term evolutionary trends of major characters 
might be among the most stable characters; the opposite had commonly been supposed. 
These ideas reflect the current emphasis in the study of evolution outlined here.

From correlations of empirical data with the occurrence of sociality (eg 
Clutton-Brock and Harvey, 1977) predictive models have been made for aspects of social 
biology: in particular for mating system (Orians, 1969; Emlen and Oring, 1977) and
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optimum group size (Wittenberger, 1980). These models may be tested by application of a 
comparative approach within group or related species, and by wider-ranging comparisons. 
Such models provide a framework for investigations of group living in unstudied species.

One detailed attempt at use of models is the analysis of sociality in ground squirrels 
(Armitage, 1981), particularly relevant here due to the ecological and behavioural 
similarities between ground squirrels and leporids. Armitage compiled life history and 
behavioural data on 18 species (in 3 genera) of N. American ground squirrels exhibiting a 
range of degrees of social organization. From principal component analysis he concluded 
that the complex of intercorrelated life history traits could be reduced to 4 elements: 1/ body 
size, 2/ seasonality, 3/ specific reproductive effort and 4/ maturity schedules. Degree of 
sociality was best predicted by age at first reproduction and adult weight. In general terms, 
species were found to be more social when large body size was combined with a short 
growing season and delayed dispersal. Young were still dependent at hibernation; they 
were retained within the parental range and bred in the next or later years. Predictions were 
made about social behaviour of species for which behavioural observations was not 
available. Such comparative approaches have been an important element in understanding 
group living. The success of Armitage (1981) in finding robust predictors of degree of 
sociality in ground squirrels rested heavily on two factors: 1/ there were many species for 
which relevant data were available, 2/ there is a broad range of degree of sociality in the 
group. At the behavioural level, Michener ( 1983) could identify factors recurrent in ground 
squirrel group living. These included the degree of association between young and adults 
during development, and the recruitment of daughters to form kin groups. Kin groups 
appear to be very important, and there have been many investigation of spatial and 
behavioural interactions with respect to relatedness (Yeaton, 1972; Dunford, 1977; 
Michener, 1973; Michener, 1981; Holmes and Sherman, 1982).

1 .3 .1 .1  Direct measurement of costs and benefits
Cost/benefit economics of group-living have been studied in many species (see 

Bertram, 1983 for review), including rabbits (see below). The classic study of group 
living in the bank swallow Riparia riparia (Hoogland and Sherman, 1976) illustrates the 
power of measuring major ecological factors in groups of different sizes. This work 
studied 54 colonies ranging from 2 to 451 active nests, in which were measured four 
potential costs; competition for nests and materials, competition for mates, potential for 
misdirected parental care, and disease transmission. These costs all increased with colony 
size. Three possible causes of sociality were investigated by direct measurement: shortage 
of suitable sites, foraging advantages, and increased predator avoidance. Results indicated 
that anti-predator advantages were to be the greatest advantage of group living.

Some measurements have been made, in groups of different sizes, of individual 
factors which may affect rabbit coloniality. These have included predation (Parer, 1977; 
Boyce, 1983), disease transmission (Cowcin, 1987b), availability of burrows (Parer, 1977; 
Myers and Parker, 1975; Cowan, 1983, 1987b), social vigilance (Boyce, 1983; Cowan,
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1983; Roberts, 1988), feeding competition (Fallows, 1988) and dispersal (Cowan, 1991).

1 .3 .1 .2  Optimum group size
In populations in which group living has evolved in response to, say, predation or 

more efficient foraging, there should be an optimal group size at whichpercapiîaWïeiime, 
reproductive success is greatest, and group size distribution should converge on this 
optimum (Koenig, 1981). However, if populations live in groups only in response to the 
distribution of a limiting resource, group-living will be seen only where benefits of 
resource access outweigh other disadvantages. Individuals should gain from the presence 
of the resource rather than conspecifics, and the distribution of group sizes will depend on 
resource distribution. Thus determination of group size distributions and the optimum, can 
be informative in studies of social evolution. An example is the detailed investigation of 
group living in the cooperatively-breeding Acorn woodpecker (Melanerpes formicovorus: 
Koenig, 1981). The number of offspring per capita fell with group size, and lone mixed- 
sex pairs did better than any group. It was concluded that group-living in the species was 
based on resource localization. The important and limiting resource was identified as food 
storage sites. Such an approach has been applied to rabbits (Cowan, 1983; 1987b; Cowan 
and Garson, 1985).

1 .3 .1 .3  Relatedness structure and kin effects
"If natural selection followed the classical model exclusively, species would not show any
behaviour more positively social than the coming together of the sexes and parental care" 

(Hamilton, 1964a).
Since Hamilton ( 1964a,b) proposed his theory of kin selection, it has been clear 

that genetic relationships may be informative in investigations of the evolution and 
maintenance of group living (Vehrencamp, 1979). However, kin effects have never 
explicitly been investigated in rabbits, although there have been studies into genetic 
subdivision and reproductive success (below). Relatedness and the correlation with social 
behaviour in female rabbits is an important element of this thesis. Such an approach has 
been taken for many ground squirrels (Holmes and Sherman, 1982; Michener, 1983; 
Armitage, 1986). In the yellow-bellied marmot, relatedness between individuals was a 
strong predictor of social interactions. Between first-degree female relatives (relatedness 
coefficient, r=0.5), interactions were typically amicable, whilst aggression was common 
where r<0.25. Adult males were aggressive to each other (Armitage, 1986).

The genetic structure of rabbit populations has been investigated by allozyme 
electrophoresis (Daly, 1981). It was concluded that there was no important substructuring 
-juvenile dispersal was high enough to lead to homogenization of gene frequencies within a 
population. Although Daly found nonsignificant differences in the allele frequencies 
between social groups of rabbits, there are reasons to expect differential relatedness.
Strong social hierarchies are found in rabbits; these may cause local genetic heterogeneity 
(Christian, 1970). Home range is typically less than 0.5 ha in social populations (Gibb, et
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al., 1978), and breeding dispersal is infrequent amongst adults (Gibb, etal., 1978; Cowan, 
1987b), involving only small distances. Whilst juvenile dispersal may be significant in 
wild populations (Daly, 1981), the great majority of the dispersers will not live to breed: 
although there are few data for rabbit dispersers it is ‘almost axiomatic’ that animals forced 
to disperse experience high rates of mortality (Christian, 1970). Males disperse at a far 
higher frequency than females (Cowan, 1991) and have a higher rate of mortality 
(Mykytowycz, 1960; Cowan, 1991; Webb, 1993). Thus relatedness structures are 
expected to be different in the sexes. There are other factors acting to reduce gene flow. 
Social structure determines that it is difficult for a ‘strange’ rabbit to enter a social group 
(Mykytowycz, 1958; Myers and Poole, 1959; Myers and Poole, 1961). Even individuals 
reduced to a ‘satellite’ social position (Garson, 1981) seem to find it preferable to remain 
near their place of birth (Myers and Schneider, 1964). Within a social population, variance 
in male (and to some extent, female) reproductive success seems to be large (Mykytowycz, 
1958; Myers and Poole, 1959; Myers and Poole, 1961; Webb, 1988).

The most detailed work to date on genetic structure at the level of social groups of 
rabbit populations is Webb ( 1988). This study used allozymes in a population of 
free-ranging marked rabbits to determine distribution of reproductive success. Certain 
males were able to dominate breeding locally, but this success was not sustained even over 
two years (Webb, 1988). The potential for high local inbreeding was thus small. Neither 
statistics of genetic subdivision nor individual relatedness were calculated, and data about 
relatedness structure were not presented (Webb, 1988; Webb, pers. comm.).

1 .4 .0  Group living in leporids
The family leporidae comprises true hare species, and other leporids generally 

called ‘rabbits’ (1.1; Angermann, etal., 1990). ‘Rabbits’ are mostly monotypic genera, 
although there are 13 Sylvilagus species (Chapman and Ceballos, 1990). There is 
considerable interspecific variation in coloniality (review in Cowan and Bell, 1986). 
However, economically-important species tend to be most-studied and ecological data are 
incomplete for many species (Chapman and Flux, 1990). Although there are other leporid 
species which use burrows, form groupings, or defend territories, most aspects of group 
living are better developed in O. cuniculus than other leporids about which enough is 
known. Cowan and Bell ( 1986) considered that ‘The only [leporid] species known to form 

stable structured groups in free-living populations is O. cuniculus'. However, rabbit sociality is not 

obligatory and has considerable variance in degree (Myers and Parker, 1965; Myers and 
Poole, 1959; Parer, 1977; Wheeler, etal., 1981; Cowan and Garson, 1985; Roberts,
1987). Intraspecific variation aside, most leporids have one of two suites of characters 
correlated with antipredator strategies (Cowan and Bell, 1986). This can be illustrated by 
comparison of the extremes: ‘runners’ (eg Lepus spp.), and ‘hiders’ (eg Sylvilagus spp. 
and O. cuniculus). These two lifestyles are very different, as illustrated in Table 1.1 for L. 
europaeus and O. cuniculus
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Table 1.1. Comparison of biological traits in two example species of leporids (details from Bell, 
1980(*); Broekhuizen, et al., 1986($); Cowan and Bell, 1986; Flux and Angermann, 1990(§)). 
M orphology L. europaeus (‘runner’) O. cuniculus (‘h id er’)
Body weight/kg 3.5-42 1.2-2.0
Hind foot length/mm 149 75-95
Ecoloeical factors
Maximum speed/km/h 72 56
Home range/ha 12-300 0.4-2.0
Rest site/ nestsite above ground/above groimd usually below /below
Gestation/days 41 30
Development of youngS precocial altricial
Number of young/year§ c.lO C.45
D ecree of group living
Defend food sometimes no
Defend mates rarely yes
Aggregations occur rarely commonly
Dominance hierarchies intra- and intersexual intrasexual only
Territorial rarely, in males usually strongly, in both
Social olfaction
chin and anal glands* small large
Senses sight /hearing important scent important
Mating system promiscuous/monogamous usually polygynous

1 .4 .1 .0  Leporid social behaviour in relation to resources
Between the extremes indicated in Table 1.1, there is a range of sociality in 

leporids: the genus Sylvilagus for example contains many species which are ‘hiders’ and 
may even dig burrows, but do not live in groups (Chapman and Ceballos, 1990). Some 
major factors probably affecting degree of sociality in leporids are outlined below, 
illustrating the range of adaptations within the family.

1 .4 .1 .1  Food availability
All leporids are herbivores (Chapman and Flux, 1990). Their food is generally 

widely distributed and of low quality: the ability to use such food may be related to their 
unique digestive process, reingestation (Banfield, 1974). Such a food source is unlikely to 
give rise to territoriality (Ostfeld, 1990). However, feeding aggregations have been 
reported in several species (Cowan and Bell, 1986). Some species eat clumped items and 
feed in groups; Poelagusmarjorita feeds on flowers and sprouting grasses (Duthie and 
Robinson, 1990). L. europaeus dominant individuals may maintain priority of access to 
food patches (Monaghan and Metcalfe, 1985). In general, food defence is not intense in 
leporids. It has been reported for L. europaeus and L. americanus in extreme conditions 
(Cowan and Bell, 1986). For example, fallen trees in holarctic regions may attract L. 
americanus and lead to the formation of intersexual hierarchies (Graf, 1985). There is 
evidence for scramble competition for food in O.cuniculus living in a very poor dune 
habitat (Cowan and Garson, 1985), and for feeding displacement in social populations 
(Fallows, 1988; discussed in more detail below).

20



1 .4 .1 .2  Access to mates
Experimental dominance trials have shown that adult L. arcticus and L. americanus 

will dominate subordinates, and that weight is an important factor in the outcome of 
encounters: these observations probably reflect the situation in the wild (Shannon and 
Keith, 1990). Unlike for L. americanus, sex was not a factor affecting dominance in L. 
arcticus (Shannon and Keith, 1990). Explanations for this remain to be tested, but it may 
be related to defensibility of access to females: L. americanus have smaller ranges (3-10 
ha; Cowan and Bell, 1986) than L. arcticus (52-155 ha; Hearn, etal., 1987) and thus more 
than one female may be simultaneously defensible. Although L. arcticus male ranges are 
about twice that of females (Hearn, etal., 1987), the species may be monogamous 
(Shannon and Keith, 1990). Strong dominance hierarchies have been reported amongst 
male A. europaeus where competition was shown to be for females (Holley, 1986). 
However, in this and congeneric species, hierarchies are often intersexual (Shannon and 
Keith, 1990) whilst in Sylvilagus spp. and O. cuniculus they are intrasexual (Cowan and 
Bell, 1986). The only other leporid for which hierarchies are known is Romerolagus diazi 
where females dominate other females, and males (Fa and Bell, 1990).

Territoriality is thought not to occur in hares, although they may have overlapping 
ranges in favoured feeding areas (Flux and Angermann, 1990). The only reported forms 
of territorial defence in leporids are in O. cuniculus and S. aquaticus where males defend 
territory containing females (Bell, 1983; Marsden and Holler, 1964; Chapman and 
Ceballos, 1990), and O. cuniculus and S. floridanus’, where females defend burrows 
(Bell, 1983; Cowan and Bell, 1986). However, there is rather little information available 
on wild Sylvilagus : only S. aquaticus, S. floridanus, and S. transitionalis have been 
observed in any detail. All of these species have intramale dominance hierarchies. Social 
interactions are rare relative to O. cuniculus and appear to involve defence of access to 
mates (Chapman and Ceballos, 1990). Little is known about access to mates in other 
leporids. Biinolagus monticularis has large ranges (12-20ha), and whilst males may 
overlap multiple females, male ranges are probably non-overlapping (Duthie and Robinson, 
1990). Thus there may be some polygyny in this species.

1 .4 .1 .3  Avoidance of predation
Lepus spp. shelter from predators during the day, but unlike the rabbits, run into 

the open when approached by a predator. Even though their habitats are almost exclusively 
open, some cover is necessary (Flux and Angermann, 1990). In contrast, ‘rabbits’ hide in 
vegetation spp.; Chapman and Ceballos, 1990), in specially-constructed
burrows {Brachylagus idahoensis: Dobler and Dixon, 1990; and O. cuniculus), or crevices 
in rocks {Pronolagus spp.; Duthie and Robinson, 1990).

Predation has been reported to account for a high proportion of deaths in many 
species, although it is mostly not known whether mortality by predation is additive (Krebs, 
1986). If predators simply took doomed surplus (Lindstrom, etal., 1986), even a very 
high rate of predation might have little effect on selection for anti predator behaviour.
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Recent predator removal experiments have shown that rabbit populations have two possible 
states with respect to predation (Pech et a l, 1992). At low density, predators can control 
rabbit numbers, but populations can increase beyond predator control. Predation, or at 
least distribution of shelter, seems also to be important in the ecology of the pikas Ocotona 
curzoniae (Smith and Wang, 1991) and O.princeps (Brandt, 1989). Pikas are known to 
be important food items to many avian and mustellid predators, comprising up to 87% of 
their diets (Smith, etal., 1990).

1 .5 .0  Group living in O.cuniculus
The above interspecific details are of interest because they indicate what evolution 

has been possible, given constraints of history, genetic structure and morphology. 
However, there are possible alternative responses for the same selection pressures; with 
different results for sociality. For example, both running and hiding anti-predation 
strageties can be seen as responses to predation. Thus it is important to understand in as 
much detail as possible the biology of individual species. The potenticil costs and benefits 
of group-living in rabbits have been reviewed (Bell, 1983; Cowan, 1983), so this is not 
attempted here. However, it is worth emphasizing those aspects of social biology which 
have been investigated in more detail since then.

1 .5 .1 .0  Possible contributors to group living in rabbits
In advance of cost/benefit approaches to the study of behaviour, some early 

workers attributed coloniality in rabbits to female gregariousness (Mykytowycz, 1960). 
Although it was realized that there was competition for resources, no attempt was made to 
reconcile the paradox of aggression and group living. The degree of aggression between 
females was seen to vary from tolerance between same-group females, to fatal violence 
(Myers and Poole, 1961). Such differences were ignored or explained away: for example 
observed tolerance was ascribed to ‘family unity’ (Mykytowycz, 1959), whereas tolerance 
could represent constraint, benefit, or even cooperation. Even a limiting resource will not 
necessarily be vigorously competed for. For example, group living in the acorn 
woodpecker is related to shortage of ‘granaries’ (Koenig, 1981). However, rather than 
obvious competition, there is cooperative breeding, and communal collection, storage and 
defence of food. Some colonial burrowing mammals such as marmots and prairie dogs 
show high degrees of cooperation and tolerance, even though localization of limited burrow 
sites is apparently a major factor in group living (Armitage, 1986; Foltz and Hoogland, 
1981). In the following sections, I examine whether cooperation has been recorded in 
rabbits.

1 .5 .1 .1  Vigilance, anti-predation, and foraging efficiency
Predation can cause high mortality in O. cuniculus (Mykytowycz and Gam bale, 

1965; Parer, 1977; Boyce, 1983). Predation can limit populations of rabbits (Pech etal. , 
1992), although it affects the sexes differently (Boag, 1992; Webb, 1993). Vigilance
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towards predators and feeding are often incompatible, so foraging efficiency may be 
increased by reduced individual alertness in the presence of conspecifics (eg in brown 
hares, Monaghan and Metcalfe, 1985). This advantage of grouping probably does not 
apply to rabbits. Cowan (1983) gave detailed time budgets for rabbit groups of different 
sizes, from which he concluded that much vigilance was directed towards other rabbits, 
and that time-budget disadvantages increased with group size. These conclusions have 
been strongly supported field observations and experimental manipulation of social 
vigilance (Roberts, 1988). Although the presence of a familiar different-sex rabbit 
increased feeding up to 20%, vigilance increased with the number of non-consort rabbits 
present (Roberts, 1988). Boyce ( 1983) presented data from a population having mostly 
temporary aggregations of individuals. Comparing data from lone individuals and those in 
temporary aggregations of different sizes, Boyce found that time spent alert was 
significantly the lowest for lone individuals. The alertness of adult rabbits within 
aggregations was synchronized, discounting cooperative vigilance between adults; in fact, 
rabbits were also vigilant towards each other. However, Boyce also reported possible anti
predator benefits of being in a group. Lone rabbits detected a predator at significantly 
greater distance than grouped rabbits, and rabbits blinded by myxomatosis were 
significantly more likely to respond to a predator in the presence of healthy conspecifics 
than alone. However, there was convincing evidence that rabbits did not cooperate in 
vigilance, did not share information deliberately, and that the benefits of being in a group 
might be countered by the disadvantages. First, the first rabbit in a group to detect a 
predator in thick cover would run off ‘covertly’, giving no warning to the others.
Similarly, the anti-predation response ‘crouching’ appears to be selfish. Second, 
experiments on learning of anti-predator responses in naïve rabbits suggested that personal 
experience was far more important than information due to other individuals. Third, 
potential ‘warnings’ may not be deliberately helpful. The contexts of thumping and 
screaming are inconsistent with their being exclusively methods of communicating danger 
of predation to others; they are also used in social situations. Similarly, tailflagging occurs 
in lone individuals, and might be as much a signal to predators as to rabbits.

Cooperation in defence against predators is a potential benefit of group living 
(Bertram, 1978). There are reported cases of defence of individuals from crows Corvus 
spp. (Roberts, 1988) and hawks Falcoberigora (Parer, 1977), but in all cases aid has been 
given to young by putative parents, and successful defence has not been reported. In the 
present study a stoat Mustelaerminea (L.) was seen to take five kittens from a field hole 
one by one, each time returning to the copse 35m away. The putative mother made a run at 
the stoat each time, but never got \ ery close. Also, Boyce (1983) reported that the 
presence of juveniles was associated with increased vigilance by adults, who would thus 
detect predators significantly earlier, and females appeared to ‘invite’ predators to pursue 
them rather than their offspring. Screams, thumping and flight made other rabbits more 
alert. Thus there may be anti-predator benefits for group living in rabbits, but they seem to 
be small compared to active cooperation, such as in the dwarf mongoose Helogaleundulata
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rufula (Rasa, 1977). If they exist, cooperative rabbit anti-predator tactics seem often to be 
directed to benefit offspring.

1 .5 .1 .2  Cooperative feeding
A possible benefit of group living is that heterogeneously-distributed foods might 

be more reliably located by a group than by individuals: if patches contain sufficient food, 
grouped individuals may be at an advantage over ungrouped ones (Bertram, 1978). 
However, feeding in rabbits appears to be hindered rather than aided by the presence of 
conspecifics (Fallows, 1988). Feeding interactions were studied in three seasons in a 
population with three social groups, containing 2-16 individuals. Feeding competition (rate 
per hour of displacement from a feeding site) was almost entirely between individuals from 
the same social group, and increased with group size for females (but not males) in three 
seasons. In Oct-Dec and Jan-Mar a significant deficit of such interactions occurred 
between females, significant excesses in mixed-sex pairs, and in the former period there 
were a significant excess of male-male interactions. In summary, feeding in groups was 
disadvantageous, and for females at least, the disadvantage increased with social group 
size. However, females inflicted this disadvantage less than expected upon other females at 
a given group size. Competition varied over the year, possibly related to food availability 
or seasonal requirements.

1 .5 .1 .3  Cooperative breeding
Parental care in rabbits seems to be very limited. Suckling of kittens occurs for one 

(Lloyd and McCowan, 1968) or two (Mykytowycz and Rowley, 1958) short visits per 
night, until kittens are about 21 days old. Communal suckling appears to be very rare: one 
case has been reported, and it appeared to occur by error (Kiinkele, 1992). Females will 
abandon nests and nestlings very readily, and may live in separate burrows (Lloyd and 
McCowan, 1968). However, there is very little known about behaviour underground, and 
several forms of cooperation are possible. Females guard burrows against different-group 
females (Myers and Poole, 1961), which could be a benefit of group membership. Not 
harming the litters of females in the same group could be important (Kiinkele, 1992). 
Kiinkele reported 13 cases of infanticide by females of the same social group, apparently in 
conflicts over access to breeding sites. Occurrence was non-random with respect to 
individual identity and relatedness between females (see also Mykytowycz and Dudzinski,
1972), suggesting that such killings may be avoided by some altruistic mechanism.

1 .5 .2 .0  Resource localization as a primary factor in social evolution of rabbits
It is now clear that group living in rabbits owes much to localization of burrows 

(Cowan and Garson, 1985; Cowan, 1987b). This idea has been stated in various ways 
since the earliest studies of rabbit behaviour (eg Myers and Poole, 1961), but it was first 
investigated explicitly by Cowan ( 1983) and subsequently Cowan and Garson ( 1985) and 
Cowan (1987b).
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1 .5 .2 .1  Increasing costs with increasing group size in rabbit populations 
Perhaps the most important evidence that resource localization has been a primary

causal factor in the evolution of rabbit group living is the observation of increasing costs 
with number of female rabbits in a group. In a population with social groups containing 
different number of reproductive females, breeding in multi-female groups was shown to 
have a number of disadvantages (Cowan, 1987b). First, the survival of females was lower 
than that of single females. Second, per capita production of weaned young was 
significantly lower. Third, per female survival of offspring was about 25% lower than in 
single-female groups, significantly lower in groups with 2 or 4+ females. In total, female 
members of groups with 2,3 or 4+ females had a mean lifetime reproductive success of 
1.1-2.2 offspring surviving to breed compared to 7.7 for single females. This decrease in 
reproductive success with group size has to date been demonstrated only in chalk 
grassland, and remains to be tested in other habitats. However, as long as group formation 
is based on competition for localized rare resources, the pattern is very likely to hold for 
other habitiats because of the inevitable disadvantages of having conspecifics present 
(Alexander, 1974). Some costs for rabbits in habitats other than chalk grassland have 
shown increase with group size. Boyce ( 1983) working on essentially non-social 
populations with dispersed burrows in hard podzolic soils, and Roberts (1988) studying 
mostly paired rabbits burrowing in sand and mud, both found that vigilance increased with 
the number of conspecifics present, indicating increased competition. Also, the population 
of Parer ( 1977) which occupied mostly dispersed burrows on soft substrate showed that 
proportional mortality increased approximately linearly with number of young bom on a 
warren (collection of interconnected burrows) in a season. Thus over a range of habitat 
and burrow distribution, rabbits experience costs in the presence of more conspecifics.

1 .5 .2 .2  Evidence that burrow availability influences group-living in rabbits 
Rabbit burrows fit closely the specifications of Ligon ( 1991) about resources likely

to lead to group living if clumped (1.5.3.1):
‘The most common resources are physical structures that are critical to the species that use them, 
and that are inheritable, such as secure dwelling sites. For some species the time and energy 
devoted to constmcting a burrow system...dramatically increases the value of an area’ .
In populations of rabbits w here nest sites were neither clustered nor limited, rabbits

do not form groups (Boyce, 1983; Cowan and Garson, 1985; Roberts, 1987). Boyce
(1983) studied rabbits in areas of dispersed burrows in ‘high cover’ and ‘open’ areas. In
both habitats, rabbits were not group-living, nor territorial, although they were ‘more
gregarious’ in the open. In areas of high cover, there were significantly more lone adults
than in the open, where nearly half were lone rabbits and most of the rest were mixed-sex
pairs. Additionally, in open habitat there were ‘several associations between two females, despite

the absence of a common warren’ . The open area contained the only warren used to bolt to and

rest in during the day, rather than just for breeding. It has been observed that groups will
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form in areas of dispersed burrow entrances, if the number of entrances per individual is 
small (Myers etal., 1975; Parer, 1977). Where burrow entrances are clustered and 
limited, social group size can be up to 20 adults (Daly, 1981; Cowan, 1987b). The 
relationship between burrow distribution and group size has been most extensively 
investigated by Cowan and Garson (1985). That publication synthesized the results from 
two populations examined by comparable methods, one on sandy- and one on chalky soil. 
Soil type is an important factor in distribution of burrow entrances (1.5.3.1). There were 
three major differences in the ecology of their populations:
1/ The degree of group living was totally different. On chalk, rabbits shared a significantly 
greater proportion of their range, warrens were much larger, and more individuals shared 
réfugia than on sand. Both sexes spent significantly more time in intrasexual associations 
on chalk. The proportion of observ ations in which males were aggressive to other males 
was similar in the two populations, whilst females were aggressive to each other half as 
often on sand than chalk.
2/ Different resources were limiting, a/ Burrows were limiting on chalk only. On sand, 
numbers of burrows increased as the population grew, and useable burrows were dug. On 
chalk, number of burrows was consistent, and the number did not correlate with yearly 
adult female population size. There was competition for available burrows, with direct 
defence. Breeding sites were a major limiting resource on chcilk: in partial correlation 
(controlling for group s\z&)percapitaïemdXo, breeding success was highly-significantly 
related to number of burrows available per female (Cowan, 1987b). The number of 
entrances is proportional to the number of breeding sites; breeding sites are likely to be the 
critical resource, b/ Food was competed for more on sand than chalk, seen in significantly 
negatively-correlated juvenile growth rate with population size on sand but not chalk.
3/ In both populations, males were seen to engage in direct competition for females. 
However, on chalk, there were great individual differences in access to females. 
Conversely, on sand, male access to females implied scramble competition.

It is interesting to note that the relationship between clustering of burrows and 
sociality (Cowan and Garson, 1985) is apparently paralleled in pikas {Ocotona spp.).
These lagomorphs live generally as i/ non-burrowing populations on talus or ii/ as 
burrowers in steppe or forest. The former tend to be asocial whilst the latter are often 
social (Smith, etal., 1990), living in family groups with a variety of mating systems 
(Brandt, 1989; Smith and Wang, 1991). Similar observations have been made about the 
structure of colonies in ground squirrels (Schwartz and Armitage, 1983).

1 .5 .3 .0  Resources important in rabbit ecology
1 .5 .3 .1  Attributes of burrows, and access to them

There are two reasons for localization of rabbit burrows: 1/ because suitable sites 
are clumped, and 2/ because it may be easier to extend an existing system rather than 
starting a new one when digging is difficult (Cowan, 1987b).
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1/ Suitable sites are clumped. Distribution of burrows is a function of substrate 
type, probably because of energetics (Myers and Parker, 1965; Parker and Myers, 1974; 
Myers, etal,, 1975; Rogers and Myers, 1979; Rogers, 1981; Cowan, 1987b). Good 
drainage is important (Myers and Poole, 1961; Myers and Poole, 1962b; Rogers and 
Myers, 1979; Rogers, 1981). Other ecological variables such as vegetation cover and 
climate also affect burrow distribution (Parker et al., 1976; Boyce, 1983). Boyce ( 1983) 
investigated the distribution of number of entrances per warren in four areas: two with 
sandy soils, two with hard podzolic soils, each soil type being represented by one area of 
high cover, and one of low. Degree of cover was a much better predictor of warren 
structure than soil hardness. There were significantly more single-entrance warrens in the 
high cover than the open area.

2/ Cost of construction of a szife burrow may be great, and it may be easier to 
extend an existing system (Mykytowycz and Gambale, 1965; Myers and Poole, 1961; 
Cowan, 1987b). Evidence includes heavy rain being followed by a flush of digging 
(Myers and Poole, 1961; Parer, 1977), and that construction of new warrens is a rare event 
even in expanding populations (Myers, etal., 1975; Parer, 1977; Cowan, 1987b).

Rabbit burrows afford shelter and breeding chambers (Myers, 1958; Myers and 
Parker, 1965). Females do most construction (Myers and Poole, 1961), which suggests 
that burrows are primarily for reproduction rather than defence, and/or males are able to 
parasitize female effort. Also, living on the surface is more frequent in males (Boyce,
1983; Kolb, 1991). Rabbits can give birth to and nurse their young either in the main 
warren or in breeding stops (Myers and Poole, 1961 ; Lloyd and McCowan, 1968) typically 
dug overnight 2-3 days before parturition. A stop is a blind-ended tunnel of l-1.3m 
ending in a breeding chamber 25cm in diameter: alternatively, breeding chambers are often 
dug as offshoots of the main warren. Both types have nests constructed in them. Nest- 
building requires cleaning out the chamber, up to 20-40 visits carrying grass for bedding, 
and lining with fur plucked from the thighs and abdomen (Myers and Poole, 1961 ; Lloyd . 
and McCowan, 1968). The cost of nesting has never been determined but may not be 
great: new material is used each time and nests are readily abandoned (Mykytowycz and 
Rowley, 1958; Lloyd and McCowan, 1968). Thus, there appears to be little difference in 
effort to make a nest in a stop or the main warren. However, reports of females 
disembowelling others for access to burrows in main warrens (Myers and Poole, 1961) 
and exclusive access by dominant individuals (Mykytowycz, 1959) suggest strong 
competition. This may reflect that burrows vary greatly in quality. Burrow depth and 
stability reduce predation (Mykytowycz and Gambale, 1965; Parer, 1977): litters bom into 
shallow stops are easily dug out by predators such as the fox Vulpes vulpes and the 
European badger Meles meles (Cowan, 1983). Parer ( 1977) reported that 11/13 cases of 
foxes digging out litters were on shallow clay warrens rather than the deeper ones dug into 
sandy soil. There is also evidence that larger warrens may be advantageous for the 
avoidance of predators which can get into the burrows (Cowan, etal., 1984). Depth and 
drainage are also important as flooding can disturb breeding patterns and cause extremely
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high mortality (Myers and Poole, 1961; Myers and Poole, 1962b). In the latter study, over 
370 offspring were lost to 34 females during a single period of flooding.

There are a number of reasons, other than burrow availability/construction, why 
females might defend burrows. Kittens suffer significantly increased mortality if a litter 
has been bom in the same warren in the previous month (Parer, 1977), at least in part 
because predators are drawn back. Also avian predators are likely to be attracted to an area 
containing large numbers of young, especially given the tendency of these to emerge 
sooner than older rabbits after an avian predator sighting (Vitale, 1989). In addition, it is 
almost inevitable that competition for other resources and susceptibility to disease will 
increase with group size (Cowan, 1987b). Thus females would benefit from defence of 
burrows against others using the same warren, probably in a density-dependent manner.

Fitness differentials associated with burrow quality seem to be great Dominant 
females generally have access to the best breeding sites (Mykytowycz, 1958; 1959; Myers 
and Poole, 1961; 1962b), and may breed earlier in the season (Mykytowycz and Fullagar, 
1973; but see Webb, 1993), with associated benefits (Webb, 1993). In a study in SE 
Australia, juvenile mortality rose from 20 to 95% over the breeding season (Mykytowycz 
and Fullagar, 1973; see also Mykytowycz, 1960; Cowan, 1987a). In general, offspring 
bom earlier probably have both better health and long term survival (Mykytowycz, 1959; 
Webb, 1993). In Mykytowycz's study, kittens bom at the end of the season (November) 
were at 64 days old only 60% the weight of those bom in July. Mykytowycz and Fullagar, 
1973 reported that over 4 seasons dominant females produced (585/42=) 13.9 emergent 
young per female, compared to 3.4 per second rank, and 0.72 per subordinate/satellite. 
Some of this effect may come from female quality in addition to site quality.

Females are usually recruited to their natal warren (Daly, 1981; Cowan, 1987b) and 
may inherit burrows from their mothers (Mykytowycz and Fullagar, 1973). Individuals 
bom early in the season tend to be dominant over later ones (Mykytowycz and Fullagar,
1973). Thus there is likely to be a considerable environmental advantage to the offspring 
of dominant females, in addition to heritable traits. In the pika Ocotonaprinceps males are 
philopatric and females disperse: similar environmental inheritance seems to apply for 
males which retain good territories of their fathers (Brandt, 1989).

1 .5 .3 .2  Access to females for males, and defensibility
It is often assumed that the primary resource for males is access to breeding 

females (Orians, 1969; Emlen and Oring, 1977; Ostfeld, 1990). Female rabbit distribution 
influences that of males. When rabbits are released into enclosures where they can occupy 
existing burrows or construct their own, the pattem of social group assembly has been seen 
to proceed as follows. Older females choose sites and establish precedence, younger 
females become associated, and finally males attach themselves to groups of females, and 
establish hierarchies (Myers and Poole, 1961). Although this situation probably would 
rarely occur in the wild, it is another test of the proposition that male distribution reflects 
that of females (Cowan and Garson, 1985; Cowan, 1987a). Very similar situations have
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been reported in a great number of species. These include the dunnock Prunellamodularis 
(Davies and Lundberg, 1983) which has variable mating systems depending on distribution 
of food, and fallow deer Damadama'wheiQ densities of each sex and the distributions of 
habitat structure interact so that 7 categories of mating system are seen (Langbein and 
Thirgood, 1989).

Males may defend reproductive access in a number of ways, including territoriality,
mate-guarding and sperm competition (Clutton-Brock, 1989; Ginsberg and Huck, 1989).
Mate defence is widespread and quite well-understood in birds: knowledge of the
behaviour and physiology of reproduction in a species is important in assessment of
reproductive defence (Birkhead, 1982; Clutton-Brock, 1989; review in Birkhead and
Mol 1er, 1992). The reproductive system of rabbits is not straightforward. Until 1962, it
was generally thought that there was no periodicity in the reproductive cycle in rabbits:
captive isolated domestic and wild females would accept matings at any time (Myers and
Poole, 1962a), and ovulation is induced by mating in domestic rabbits (Hughes and Myers,
1965). However, female wild rabbits in enclosures with males displayed sexual behaviour
with great periodicity, being attractive to males at intervals of about 7 days (Myers and
Poole, 1962a,b). Of eleven female domestic rabbits enclosed with vasectomized males,
two ovulated spontaneously without mating (Myers and Poole, 1962a). These authors
suggested a solution to the apparent paradox between the opinion that there is no
spontaneous ovulatory cycle in rabbits, and observations of cyclic sexual behaviour

“The occurrence of a regular oestrous cycle in female rabbits {they define oestrous 
behaviour as appetitive behaviours leading to copulation, and oestrus as the 
physiological state of a female when she permits copulation} appears to be totally 
dependent on exteroceptive stimuli, of a psychological nature, occasioned by the presence of males 
and, possibly, other females. This is in agreement with the recent suggestion that once the output 
of pituitary gonadotropin is sufficient to induce follicular maturation, there is no sharp division 
between spontaneous and induced ovulation when exhibited in the same species”.

Under this view, there is no spontaneous cycle, but in populations where there are
sufficient resources for breeding and males are present, females should exhibit cyclic
sexual behaviour. A similar reproductive mode is known in the vole Microtus agrestis
hirtus, which has two reproductiv e states depending on environmental conditions: a short
cycle with sexual receptivity restncted to a particular stage, and a prolonged state when
coitus can occur at any time and induces ovulation (Myers and Poole, 1962b).

Thus the parameters affecting the behavioural ecology of mate-guarding in rabbits
are complex. Under conditions favourable for reproduction, there may be an
approximation to a regular cycle: females will be receptive to mating for about 10-12 hours
postpartum (Mykytowycz and Rowley, 1958; Mykytowycz, 1958; Myers and Poole,
1961), with ovulation induced around 10 hours after copulation (in domestic rabbits:
Hughes and Myers, 1965). Gestation is 28-33 days long, with a mode of 30 days (Myers
and Poole, 1962b). Under such conditions, males might be expected to be able to guard
certain females with high success in defence of paternity. However, mate-guarding may
also be necessary around days 7, 14, 21 of gestation, corresponding to peaks in resorption
(Myers and Poole, 1962b), and defence of more than one female is difficult if reproductive
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synchrony occurs (Myers and Poole, 1961; 1962b; Myers cind Schneider, 1964). 
Copulation is probably impossible without female cooperation (Myers and Poole, 1961). 
There are also indications that in a proportion of cases, female sexual condition may be 
difficult for males to assess (Myers and Poole, 1962b). Although most females were 
‘attractive’ to males on 1-3 consecutive nights, this could extend to 4-6. Also, the 
probability of conception was only partly related to ‘attractiveness’.

Birkhead ( 1982) was able to predict mate-guarding behaviour in magpies {Pica 
pica) from known data on gamete viability and sperm precedence for the species. Such 
data for wild rabbits do not exist, although there is relevant information from domestic 
rabbits. Mixed paternity rabbit litters can occur after artificial insemination (Beatty, 1960; 
Napier, 1961) and in natural matings (Stodart and Myers, 1964), and there may be marked 
differences in fertility of males (Beatty, 1960; Napier, 1961). Sperm may require about 6 
hours in the female tract to mature, or undergo ‘capacitation’ (Adams and Chang, 1962b). 
These authors induced ovulation in domestic rabbits with injections of lutenizing hormone 
(LH). Sperm placed in the uterus between 0.75 and 6 hours after LH injection caused 88- 
100% fertilization, falling sharply longer than 8 hours post-injection. Thus sperm which 
have been in the tract for longer (or mature faster) have a competitive advantage over more 
recent arrivals (Dzuik, 1965). Dzuik performed experiments where domestic female rabbits 
were mated to two males with distinguishable offspring at different times before ovulation 
with different intervals between males. The ‘white’ male (mated second in the 
experiments) was far more fertile than the ‘black’ when in direct competition in control 
matings. Despite his lower fertility , the black male sired the whole litter if mated 2 hours 
before the white male more than 5 hours before ovulation. Closer to ovulation, the white 
male sired part or all of the litter, even if mated two hours after the black one. Even at the 
time most favourable for the black male (longer before ovulation), the advantage of mating 
first was lower when the interval between matings was shorter. Mating before ovulation 
does not appear to speed up passage of sperm, in contrast to golden hamsters and rats 
(Yanagimmachi and Chang, 1963).

Eggs of domestic rabbit appear to be viable for only a few hours after ovulation. 
Adams and Chang ( 1962a) stimulated 49 female rabbits to ovulate with LH injections. 
Fertilization resulting from matings with two males declined rapidly from nearly 100% for 
matings 8-12 hours after injection to complete failure at 14 hours. Similar results are found 
if pregnancies are allowed to go to term (Hammond, 1934).

If the above information is applicable in free-ranging wild rabbits, it is predicted 
that male rabbits should mate as long before other males as possible. Probably this will be 
effected by mating as soon as the female is receptive, followed by guarding the female for 
at least two hours more. Ovulation should follow about 10 hours after his mating, giving 
plenty of time for sperm maturation. It is not known if the behaviour of wild rabbits in the 
field will reflect that of caged domestics. However, on balance it is likely that the timing of 
mating is critical, and that guarding of certain females for reasonably short periods would 
result in increased paternal success.
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Finally, males may adopt different strategies to maximize their lifetime reproductive 
success: for example, low investment-low payoff strategies might be as successful as 
aggressive acquisition of access to females. Alternatively, some males may strategically 
limited. For example, social dominance in male rabbits under natural conditions might 
correlate with high testosterone (Reece, 1985, in Bell, 1986), which is often correlated 
with aggression and resource-holding potential in animals (Owens and Hartley, 1991). 
Thus low-quality males may not make optimal use of an aggressive strategy.

1 .6 .0  Interactions between rabbits: mechanisms o f competition
1 .6 .1  Aggression

Rabbits can inflict great damage on each other, and cause death (Mykytowycz and 
Hesterman, 1975). In the main however, outright aggression is uncommon (see time 
budgets below). There is an apparent division of opinion on whether males or females are 
the more aggressive. Southern (1948) made the first observations of aggressive behaviour 
of rabbits. He observed that aggression, whilst rare, occurred mostly at the beginning of 
the breeding season and when the first litters reached maturity. Females were more 
aggressive than males. Myers and Poole (1961) observed aggression to depend on 
population density. Males were aggressive 6.9% of the time outside the breeding season, 
and 6.4% in season in a high density enclosure, and 4.0 and 3.8% in low density.
Females emerged as perhaps more aggressive, but with greater seasonality: comparable 
figures were 8.9%/1.2% and 4.4%/0.75%. Other studies have reported males to be more 
aggressive. In fifty 24-hour watches of a free-living population, Fullagar (in Mykytowycz 
and Hesterman, 1975) found that males spent 2% of their time above ground in agonistic 
behaviour, and females 0.7%. Cowan (1983) found the equivalent figures to be 0.75% 
and 0.35%, with slight seasonal variation, although this variation was greater in females 
(males 0.5-1.2% over 6x2 month blocks, and females 0.1-0.7%).

Differences of opinion over which sex is the more aggressive seem to be largely a 
false dichotomy, and may reflect differences in the distribution of burrows and mates. 
Aggression is more common in enclosed populations, rising with density- within-group for 
females and between-group for males (Myers and Poole, 1961). Interference in the social 
structure of a population can cause previously-unobserved levels of aggression 
(Mykytowycz, 1958). Dominance structure will affect observed rates of aggression. In 24 
hour observations of breeding rabbits enclosed at high density, Mykytowycz and Rowley 
( 1958) found that dominant males were aggressive 16% of all time above ground, and 
‘juvenile’ bucks mostly received aggression, 9% of the time. Dominant (pregnant) females 
were aggressive 7% of the time, and subordinates mostly received aggression, for 2%. 
Finally, aggression can depend on territory-holding status. Mykytowycz and Hesterman 
(1975) set up fights between ‘home’ and ‘foreign’ rabbits in small pens, within and 
between sexes. Possession of territory was important: home rabbits won significantly 
more contests than expected. Aggression was inter- and intrasexual in the confined 
conditions of the experiments, and the sexes were regarded as equally aggressive. Such
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ownership of territory has an apparently similar effect in the field: females will be 
aggressive a dominant male which has been removed from the population, and later 
replaced (Mykytowycz, 1958; Lockley, 1961; Reece-Engel, 1988).

1 .6 .2  Avoidance
It is possible that competition would be expressed in avoidance rather than direct 

aggression. Animals which do not benefit from the presence of others ‘...may aggregate 

around a resource, but are otherwise expected to avoid each other or to be aggressive...’ (Alexander,

1974). Avoidance within the constraints of the social structure should be different in 
same-sex and opposite-sex animals, if the sexes compete for different resources (1.5.2, 
1.5.3). A tendency toward moderation of behaviours should be greatest in animals 
constrained to be together most, and thus should be greater within- than between groups.

1 .6 .3  Social olfaction
One problematic aspect of studying rabbit behaviour is that olfactory 

communication occurs (Mykytowycz and Dudzinski, 1966; Bell, 1980; 1985).
Information may be carried in both urine and scents from specialized skin glands 
(submandibular, anal, inguinal, and eye glands). The observer is mostly excluded from 
knowing when olfactory information is being transmitted, and function of secretions from
several glands are unknown (Hughes and Myers, 1966; Bell, 1980; 1985). In rabbits, the
chin and anal glands are relatively larger than in other leporids studied, probably reflecting 
different social olfaction (Cowan and Bell, 1986). The sexes appear to engage 
differentially in social olfaction. Weights of the inguinal and chin gland of males only are 
inversely related to population density, and weights of the chin, inguinal and anal glands 
are positively correlated with sexual activity (Mykytowycz and Dudzinski, 1966). Overall, 
females have lighter scent glands, but the chin gland is relatively the least developed: this 
gland is the most significant in signalling of social status or territory. Weights of only anal 
and inguinal glands in females are positively correlated with social status.

Use of the chin gland in rabbits is relatively easily-detected, and is used to mark 
rabbits and objects. In a study of free-living rabbits, of 80 chinning bouts, 15% were 
directed towards conspecifics, and 85% on objects around the territory, particularly burrow 
entrances and soil scraped by rabbits (Bell, 1980). Dominant males carried out 80% of 
chinning during male-male aggression and scent marking ‘tours’. Anal glands coat the 
hard pellets of faeces with a secretion (Bell, 1980). Pellet deposition has been studied at 
long-lived latrine sites, with between 0.1 and 0.9 visits per hour depending on social status 
and sex (Sneddon, 1991). Adult males visit most frequently, and visits by both sexes peak 
at the start of the breeding season.

Access to limited breeding sites could be achieved by reproductive suppression. 
This is important in many species of mammal (Wasser and Barash, 1983), culminating in 
division of reproductive labour in the naked molerat (Faulkes, etal., 1990). In general.
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social subordinates are most affected, but the severity may depend on resource structure: 
for example in feral ponies Equus caballus usually coexist relatively amicably, but when 
resources are limited, aggression is seen which may cause reproductive suppression 
(Rutberg and Greenberg, 1990). Rabbits fit assessments of species likely to have 
reproductive suppression: ‘Such interference may be common in animals that feed on dispersed 

resources and live in small, cohesive groiqjs’ (Rutberg and Greenberg, 1990). Very high levels 

of resorption of litters in wild rabbits (Brambell, 1948; Lloyd, 1963) are consistent with 
social suppression in rabbits, and resorption (particularly in subordinates) may be 
influenced by the activities of other rabbits (Mykytowycz and Fullagar, 1973). There is no 
evidence that male chemical signals affect female reproductive condition: for example, 
exposure to foreign males does not induce abortion in female rabbits -the ‘Bruce effect’ - 
(Bell, 1986). However, males can be affected by exposure to non-matemal female 
conspecific urine -the ‘ Vandenberg effect’. Males can affect physiology of other males. 
Social grouping of enclosed domestic males caused subordinates to suffer testicular 
regression and lowered basal metabolic rate relative to dominants (Bell, 1986).
Subordinate males actually underwent testicular regression when females were introduced 
to pens containing only males, whilst testes of dominants increased in weight (Reece,
1985, in Bell, 1986).

1 .7  Expectations for the mating system o f rabbits
There is a fundamental difference between mammalian and avian matings systems. 

In all but the most extreme ecological conditions, female mammals are capable of 
supporting offspring on their own, whilst most female birds are not (Orians, 1969; Emlen 
and Oring, 1977; Clutton-Brock, 1989). This difference is probably mostly responsible 
for the observation that about 90% of birds are monogamous whilst about 90% of 
mammals are polygynous (Clutton-Brock, 1989). However, ecological conditions can 
greatly affect the mating systems of mammals. In certain species such as the fallow deer, 
there are many ecological variable which affect the mating system (Langbein and Thirgood, 
1989). However, in rabbits sites for breeding are the resource which primarily determines 
the distribution of females (Cowan and Garson, 1985), so predicting mating systems 
should be simpler. Broadly, if burrowing sites are localized, females will have overlapping 
ranges, and polygyny is likely (Emlen and Oring, 1977). Polygyny has been seen as the 
commonly observed mating system in social rabbits (Bell, 1983). However, there have 
been many reports of dispersed burrowing sites, and rabbits living in pairs (Parer, 1977; 
Garson, 1981; Roberts, 1987). Under these conditions, predominant monogamy is likely, 
although this has not been confirmed by genetic analysis. Under either condition, male 
density should reflect attempts to gain access to females (Williams, 1966b; Orians, 1969; 
Maynard Smith, 1978), should increase with that of females, and asymptote (Wittenberger, 
1980; Cowan, 1987b). It is necessary to confirm mating systems with genetic analysis: 
both protein electrophoresis and hypervariable DNA markers have revealed previously
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unsuspected complexities in mating behaviour in polygynous species (McCracken and 
Bradbury, 1978; Schwartz and Armitage, 1980; Pemberton etcd., 1992).

1 .8  The role o f neophobia in the behaviour o f rabbits
The situation at Bridgets Farm gave an opportunity to study the adverse reaction to 

novel stimuli (neophobia) in rabbits. This behaviour has received a great deal of attention 
in rat psychology, particularly in relation to poisoning and learned behaviours (Rozin and 
Kalat, 1973; Domjan, 1977). Outside that body of work, on caged animals, have been 
demonstrations that neophobia is important in the feeding ecology of more free-ranging 
animals including birds and rats (Mitchell, 1976; Cowan, 1977; Greenberg, 1983). 
Working on species of Dendroica warblers in the wild and in captivity, Greenberg has 
shown a relationship between the psychological reaction of individuals and the degree of 
ecological specialization of the species (Greenberg, 1983; 1990). This highlights the 
possible benefits for ecological studies from investigation of neophobia, which could be an 
important factor in food choice and diet in the wild. In the case of the rabbit in Britain, 
neophobic response to flavours and objects is also of interest with respect to strategies for 
population control. The present study gave an opportunity to carry out experiments and 
observations examining factors affecting neophobia in individually-recognizable rabbits. 
This unique work has been maintained as an almost free-standing section (chapters 6 and 7) 
as it is not directly linked with the body of the thesis.

1 .9  Aims o f the present study
1/ quantification of the distribution of individuals in relation to each other and

important resources.
2/ quantification of individual association within- and between social groups,

summarizing to quantify the relationship between social groups and sexes.
3/ quantification of social vigilance and rates of interaction, to assess

competition between categories of rabbit.
4/ analysis of the relatedness structure of the population.
5/ Investigation of the effect of relatedness on rates of association,

interaction, and vigilance.
6/ genetic analysis of the mating system.
7/ Assessment of neophobia towards novel flavours in the laboratory.
8/ Investigation of the importance of -and factors affecting- new object

avoidance in wild rabbits under natural conditions.
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Chapter 2: General Methods

2 .1 .0  Field m ethods
2 .1 .1  Site description

The field site was 3.6 ha of chalk and grass farmland called ‘Oregon Strip’ at 
Bridgets Experimental Husbandry Farm, Ministry of Agriculture, Food and Fisheries, 
Itchen Abbas, Hampshire. The site was last cultivated before 1984, when Lolium species 
were grown for silage, and was finally planted with conservation grassland ryegrass 
sward. The field sloped down from south to north. There were over 300 rabbit burrow 
entrances on the site, mostly at the north end where a wooded area meets grassland, 
although there were some in the open field on higher ground (Figure 3.1). The site was 
subject to regular disturbance by farming activity, a minor road on the western edge, a 
motorway half a kilometre to the east, and military aircraft.

In 1986 and 1987, Oregon Strip was open on all sides, and rabbits could move 
through the copse into the wheat fields to the north. Preliminary trapping suggested that 
such journeys were made, but infrequently. At the end of 1987, there was a rabbit-proof 
fence (minimum Im deep, Im high with 50cm T-pieces) installed all around the field and 
neighbouring fields, the whole being enclosed in a more substantial fence. This was carried 
out in the early winter of 1987, resulting in the loss of a 20m section of the warrens (24 
burrows in two groups) at the eastern end of the site (Figure 3.1), and disrupting a social 
group of rabbits (group 7). For unknown periods in the next two years, the field was 
effectively not enclosed as gates and parts of the fence were damaged or removed on 
several occasions. This was not a planned part of the project.

As Oregon Strip was within a complex of other fields which were all surrounded by 
the common fence mentioned above, contact should have been possible only with other 
fields in the complex. During the lapses in the integrity of the enclosure, it is known that at 
least 20 rabbits from experiments in neighbouring fields made at least one movement into 
Oregon Strip. These rabbits had been ferreted and cage-trapped from Braemore Estate 16 
miles NE of Fordingbridge, Hampshire. They were tagged, so it was possible to 
determine their degree of interaction by observation before they could be caught. Most 
were removed, but some became established before capture, so were left in the population 
(M208 and M195 in 1988). Braemore rabbits were found to be genetically quite distinct 
from the Bridgets Farm rabbits (chapter 5). Whilst being an unnatural and unplanned 
addition to the population, ‘introduced’, ‘migrant’ or ‘Braemore’ rabbits gave an 
opportunity to study social and genetic perturbations.

Other details about the site
During each winter the vegetation in the copse at the north end of the site died down 

sufficiently to find all burrows. A survey was made of all entrances in December-February 
in 1986/7, 1987/8 and 1988/9. In 1987/8 and 1988/9 entrances were classified into 
‘small’, ‘medium’, and large’, and ‘in use’ and ‘out of use’: this was not done fully in 
1986/7. At other times of the year, all accessible areas (especially the open field) were
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inspected regularly for signs of burrow development, lost eartags, discarded nests and dead 
rabbits. Interconnections between burrows were sometimes observed by following the 
path of ferrets used to catch rabbits (below).

2 .1 .2  The population
Trapping and ferretting in autumn-winter 1986 gave rise to a tagged population of 

51 rabbits. The maximum number of rabbits seen in evening and night counts to 10/12/86 
was 58. Only 18 tagged animals were known to survive the winter. The adult population 
at other times ranged between 30 and 45 adults, and was lowest in 1988. This seems to 
have been related to a severe epizootic of myxomatosis in the winter of 1987-88. In the 
spring of 1988 trapping for rabbits for a period of several weeks yielded more brown rats 
{Rattus norvégiens) than rabbits. Twenty-one rats were caught in a week but many more 
appeared to be present, apparently living in the warrens. Rat poison was placed in tubes 
too small for rabbits to enter, and signs of rats quickly declined. The population remained 
relatively low in 1988 (although supplemented by ‘migrant’ rabbits) but increased in 1989. 
At the end of 1989,350 rabbits of all ages were removed (G. McKillop, pers. comm.).

2 .1 .3  Schedule o f observations and trapping
The results reported in this thesis are derived from fieldwork at the site between 

1986 and 1989. Observation and trapping schedules are given in Tables 2.1 and 2.2.
Table 2.1. Nights trapping (mean 40 traps/night) Total of 155x40 = 6200 trap nights.

1986 1987 1988 1989
January 0 6 4 3
February 0 6 10 3
Mardi 0 4 8 3
April 0 4 7 10
May 0 12 3 0
June 0 12 6 0
July 0 5 6 0
August 0 2 10 0
Septanber 0 1 4 5
October 2 3 0 0
November 10 2 0 0
December 3 1 0 0

TOTALIS 58 58 24
Table 2.2. Evenings watching (4-7 hours)
(excludes neophobia trials: see chuter 7)

1986 1987 1988 1989
January 0 3 4 3
February 0 2 6 3
March 0 4 8 3
April 0 4 7 8
May 0 6 3 0
June 0 6 6 0
July 0 4 6 0
August 0 2 6 0
Septanber 0 2 4 0
OctobCT 0 0 0 0
November 0 0 0 0
Decemba 0 0 0 0

TOTAL 0 33 50 17
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2 .1 .4  Trapping and ferretting
Wire mesh cage traps (760 x 230 x 250mm) were baited with sliced carrots and set 

as in M.A.F.F. (1985). At the start of a season, traps would be set close to the warrens to 
expose all individuals to possible capture. Later, local trapping effort varied, and traps 
would be set near breeding stops or at points where runs entered vegetation. On most 
occasions when observations were made, traps would be set at the end of the session.

Domestic ferrets {Mustela furo) were used on three occasions to catch rabbits 
(Cowan, 1984). Ferreting is not usually carried out during the breeding season as ferrets 
may kill young, and pregnant females may be less likely to bolt. This made ferreting of 
limited use in the present study as breeding occurred at some level through most of the 
year. Also there were 208 burrow entrances in the major complex, up to 100 of which 
were interconnected, so that covering all exits was very difficult. Ferreting was attempted 
because its sex- and perhaps genetic bias is different to that of caging (Cowan, 1984).

2 .1 .5  Procedure after capture
Rabbits caught were held in cotton bags and the position of capture marked on the 

bag. Once inside the bags the animals became pacified, and could be transported 600m to 
the field laboratory. Procedures detailed below were then carried out.

Blood sampling
With only the ears exposed the rabbit was kept in the cotton bag whilst a small part 

of the posterior of the right ear margin was shaved and the vein examined. If the vein was 
not standing out the ear was warmed under an electric light. Once the vein was clearly 
visible it was punctured with a Sterilin sterile lance and 1ml of blood collected into a 1.5ml 
heparinized Eppendorf tube (see Materials). Cotton wool was applied to stop the bleeding. 
Samples were stored on ice and centrifuged within half an hour. Two minutes of 
centrifugation at low speed separated red cells below the serum, which was decanted into 
another tube and frozen at -20°C for 1-3 days before transport to the laboratory. The cells 
were washed 3x in 9 volumes of physiological saline (0.9%) and similarly frozen.

Ear tagging
Rabbits were marked in both ears for individual recognition by means of numbered 

aluminium chick-wing tags (rabbitsc900g) and uniquely-numbered coloured plastic 
Rototags from Dalton Supplies Ltd. (>900g). Rototags were inserted low down in the 
outside margin of the ear, avoiding blood vessels. Chick-wing tags were put low down in 
the ear, because growth moves tages up the ear making them vulnerable to loss. Juveniles 
were tagged to show their sex and point of first capture: a piece of plastic colour coded for 
warren of first capture was glued to the front of one tag (right=female, left=male).

Assessment of reproductive condition
The genitalia of the rabbits were everted by gentle pressure of the surrounding skin 

towards the body. Kittens were difficult to sex on a few occasions but usually it was clear 
that the genitals were either more tube-like (males) or less tube-like (females). Adult 
females were checked for signs of reproduction (eg bald patches on the chest, swollen
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mammae) and allocated a score from 1 to 5 relating to state of the vulva (Chudnovskii, 
1957; Bell and Webb, 1991). Males were assessed by whether testes were descended; if 
present, greatest testis length (excluding epididymis) was measured with callipers.

Measures of bodv size 
Kittens were weighed to the nearest lOg with a lOOOg Pesola balance, and adults 

were weighed to the nearest 50g in cotton bags with a 2000g Pesola balance. Before 
tagging, the length of the ear was measured from the tip (excluding hair) to the lowest point 
on the rim of the pinna (the occiput) using callipers.

Identification of external characteristics 
All rabbits were examined for characteristics such as fur colour and condition, and 

blemishes which would serve to identify them in the field if ear tags were lost or not 
visible. Any wounds were also noted. With the exception of the spot of white fur on the 
foreheads of some young, there were no obvious colour variants.

2 .3 .0  Behavioural m ethods

Behavioural observations were made from a wooden hide at the highest point at the 
south of the site. The hut was occupied five hours before dusk and no data were collected 
for 30 minutes to allow for disturbance caused by entering the hide. Observations were 
made at this time so that rabbits could be observed in daylight. Disturbance during dawn 
watches affects behaviour patterns more than at dusk (Webb, 1988). A Nickel 15-60 x 50 
zoom telescope allowed coverage of large areas, then local observation. Individual 
identities could be determined from tags 100m away (the maximum distance of any part of 
the field). The positions of rabbits were recorded as x and y coordinates: x was estimated 
from markers on fence posts and trees 2m apart which ran along the north end of the site, 
on top of the warrens. The y coordinate was determined from skewers with reflective tape, 
placed at 5m intervals for the first 25m, then at 10m intervals. Burrows in the open field 
were marked with these skewers.

2 .3 .1  Sampling o f social behaviour
Ad libitum and one-zero sampling can be severely compromised if behaviours have 

different probabilities of detection when performed by different individuals or in different 
contexts (Altmann, 1974). Two methods she considered to give relatively unbiased data 
were used in the present study: 1/ scan (‘instantaneous’) sampling, and 2/ focal animal 
sampling (the behavioural repertoire used in the observations was that used by Cowan, 
1983, modified from Southern, 1948; details are given in chapter 4 and Appendix 4.2). 
Scan sampling is one of very few acceptable methods for collecting data on behavioural 
synchrony. Behavioural observations were designed to provide information on spatial, 
temporal and spatiotemporal interactions between individuals. Data were collected by 
performing alternate scan and focal-animal samples. Observations recorded identity, 
position and social interactions by real-time description of the activities of the focal animal
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into a tape recorder for later transcription, and analysis with software written in Dbase IV 
(below). This pattem of scan sample/focal watch was repeated through the evening.

Scan samples
Scan sampling was applied at Bridgets Farm to sample spatial and temporal 

association between individuals. Thirty minutes after arrival at the hide, between 4 and 7 
hours before dusk, the first scan sample would begin. Starting randomly from one side of 
the field, rabbits were viewed in turn, to record: 1/ identity (from coloured eartags, or 
rarely from markings such as damage to ears). 2/ position in the field (as described above). 
The scan was terminated when all individuals present had been sampled. Data were 
ignored if rabbits were scared into the warrens before completion, as these samples would 
not represent all (approximately) simultaneous interactions of the population. The next 
scan was scheduled to begin 30 minutes after the start of the previous one. In August 1988 
this was changed to 15 minutes, in response to having more recognizable rabbits.

Focal animal samples
Only states (continuing categories of behaviour) of individuals can be sampled by 

scans, so a second method was required to sample actions (single events of behaviour): 
focal animal sampling was used. This method is suitable for unbiased recording of 
spontaneous social behaviour (Altmann, 1974). The duration of samples was 10 minutes 
until August 1988 when changed to 5 minutes. The effect of this should be minor as a 
focal watch must only be longer than the longest action of interest (Altmann, 1974), and all 
behaviours recorded were much shorter than even 1 minute. The rabbit selected as the 
focal individual was the one for which the least recent data were available (out of those 
visible). Rarely, watches were not completed before the next scan; the scan took priority.

2 .4 .0  Laboratory  methods

In this section are details of work carried out by me at University College, London 
(UCL), and also of work carried out in 2x2 weeks with Nuno Ferrand at the Instituto de 
Zoologia, Faculdade de Ciencias, Oporto, Portugal. The work with Ferrand gave data on 
a-globin, transferrin and some esterase 3. In addition to the work I carried out with 
Ferrand in Oporto, he and co-workers have electrophoresed samples supplied by me from 
the Bridgets Farm population. Some of these genetic data were valuable in the analyses in 
chapter 5, and have been included. All of the data from carbonic anhydrase 1 fall into this 
category. I am very grateful to Ferrand, and the authors Vieira, etcd., (1992) for these 
results. In addition Ferrand and Jorge Rocha have separated some genotypes of albumin 
(Ferrand and Rocha, 1992), the results of which are presented.

Finally, 1 spent two weeks in the laboratory of Wessel van der Loo at The Instituât 
voor Moléculaire Biologie, Vrije Universiteit Brussel, Belgium. Van der Loo’s laboratory 
has developed a bank of antisera against polymorphic immunoglobulins (van der Loo, et 
al., 1987; van der Loo, etal., 1991). These are very informative about genetic relatedness. 
Immunoglobulin data reported here were obtained with van der Loo in Brussels.
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2 .4 .1  Materials
Unless stated, chemicals/biochemicais were supplied by Sigma Chemical 

Company. Gel starch was ‘Electran’ (BDH), and cellulose acetate materials (including 
Titan III 94 x 76 mm gels) were from Helena Laboratories, Beaufort, Texas.

2 .4 .2  Abbreviations
DCIP: Phenolindo-2,6-dichlorophenol. MLB: 8- Dimethylamino- 23- benzophenoxazine. 
MTT: 3-[4,5-Dimethylthiszol-2-yl]2,5-dipheyltetrazolium bromide, NAD(H): Nicotine 
adenine dinucleotide (reduced form). NADP(H): Nicotine adenine dinucleotide phosphate 
(reduced form). PMS: N-Methyldibenzopyrazine methyl sulphate salt. Tris (Trizma base): 
T ris(hydroxymethyl)aminomethane.

2 .4 .3  Protein electrophoresis
Proteins may possess a number of charged amino acid residues, and migrate at 

different rates through a matrix, in an electric field. Residues of amino acids containing 
negatively-charged amino groups (lysine, arginine, histidine) and those containing 
positively-charged carboxyl groups (aspartic and glutamic acids) will contribute to the 
overall charge of the native protein. Many individual enzymes can be detected by activity 
staining (Harris and Hopkinson, 1976). Since the 1960* s, this technique has been used to 
detect heritable individual variation at protein loci (Berry, 1989). Where allelic products at 
the same locus (allozymes) have different net ionic charges at a certain pH, it may be 
possible to achieve separation of the products by electrophoresis. Starch gels may also 
separate in part by molecular size.

Starch gel electrophoresis
Starch gel electrophoresis was carried out following standard methodology (Harris 

and Hopkinson, 1976). Gels were prepared by standard procedures as follows: 
starch/buffer mixture (14% starch w/v) was brought to the boil in a conical flask. The 
contents were ‘degassed’ to remo\ e air bubbles. The starch suspension (final volume 
330ml) was poured into moulds to make gels measuring 200 x 260 x 6mm. Gels were 
cool and could be used within an hour, or stored in clingfilm overnight in a cold room.

Samples were loaded by soaking rectangles of Whatman no.3 filter paper (‘inserts’ ) 
in serum or haemolysate. The size of the squares varied from 4 x 6 to 8 x 6mm, depending 
on enzyme activity. Inserts were placed into vertical cuts 5mm deep (just less than the 
depth of the gel) and as wide as the insert. The position of these relative to the end destined 
to be cathodal depended on the mobility of the protein in a particular system and is given in 
the protocols for individual proteins. Electrical contact between the gel and bridge buffer 
was made with cloths soaked in the latter. The gel was covered in clingfilm (to prevent 
dehydration and electrical contact with the apparatus) and placed under a cooling plate in a 
coldroom, both at 5°C. After a length of run dependent on the enzymes of interest, the gels 
were sliced horizontally and stained for enzyme activity. Slices were immersed in stain
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solution or had an overlay of agar (2% w/v) and stain applied to the cut surface. Individual 
protocols for the enzymes are given below. Gels can be preserved by soaking in 5% (v.v.) 
glycerol for an hour followed by drying between cellophane sheets in an incubator at 37®C.

Cellulose acetate electrophoresis
Cellulose acetate electrophoresis was more convenient for esterase I than was starch. 

Methodology followed Richardson etal. (1986), and Hebert and Beaton (1989).
The gels were lowered slowly into bridge buffer, soaked for at least ten minutes and blotted 
dry just prior to the run. About 1;̂ 1 of each sample was applied with a Helena applicator, 

and the gel placed facedown onto filter papers which made contact with the buffer tanks. 
After the run, staining was carried out with an agar+stain overlay. Electrophoresis was 
carried out for 60 minutes at 4®C, 200 V and 5mA.

Agarose electrophoresis
Rabbits were typed for the serum protein transferrin using agarose gel 

electrophoresis as the separation on the system was good, and the time of run short. A 
solution of 1% agarose in gel buffer was made over a flame. The solution was poured into 
the gel mould, spread with a glass rod and stored overnight in a covered box to make a gel 
measuring 220 x 220 x 5mm. The smallest possible amount of sample (about 5/<l) was 
applied by micropipette to slots in the gel surface created by absorbing a small amount of 
gel with filter paper combs. Electrophoresis was carried out for 80 minutes, at 20v/cm with 
the gel placed on a cooling plate at 5®C, staining by immersion of the gel in its mould 
in kenacid blue general protein stain, according to Ferrand (1988). This same procedure 
was also used for the electrophoresis of Cal and Ca2 carried out by Ferrand and
co-workers in Oporto. The electrode buffer in this case was sodium barbital (0. IM), HCl
(0.04M), the gel buffer being a 1:1 dilution with distilled water (Vieira, etal., 1992). 
Electrophoresis was for 90 minutes at 8°C. Staining was with Coomassie blue (Fairbanks, 
1980). The identities of the two loci were confirmed using p-naphthyl acetate and Fast Blue 
RR for Cal, and fluorescein diacetate in 0.04M phosphate pH6.5 buffer for Ca2 (Harris and 
Hopkinson, 1976), all as described in Vieira, etal., ( 1992).

2 .5 .0  Details o f electrophoretic systems
The starch electrophoretic systems used in this study were derived from the 

literature, especially Harris and Hopkinson ( 1976). Other systems came from published 
works, or from discussions with other workers (attributed to source).

2 .5 .1  Starch gel electrophoresis buffers
1. Phosphate pH 6.0-6.5, continuous (Harris and Hopkinson ,1976; abbreviated to P 6.0, P
6.5 etc). Bridge buffer: 14.6g/l NaH2P04, 9.47g/l Na2HP03. Correct pH with 

concentrated HCl. Gel buffer bridge buffer diluted 1:15 (from here, ‘diluted’ means 
‘diluted with distilled water’ )
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2. Tris-EDTA-Borate pH 8.8, continuous (Harris and Hopkinson, 1976) (TEB). Stock 
buffer: 109g/l Tris, 8. lg/1 EDTA, 30.9 g/1 Boric acid. Bridge buffer Cathodal; stock 
buffer diluted 1:4. Anodal; stock buffer diluted 1:6. Gel buffer stock buffer diluted 1:19.
3. Tris-Glycine-Citrate pH 7.9-8.5, discontinuous (Harris and Hopkinson, 1976) (TGC). 
Bridge buffer: 6. lg/1 tris, 29.3g/1 Glycine. (pH 8.6). Gel buffer: 5.0g/l tris, 5.9g/l 
Glycine, 1.8g/l citric acid (pH7.9).
4. Citrate Phosphate pH 7.0, continuous (Harris and Hopkinson, 1976) (CP 7.0). Bridge 
buffer: 3.5g/l trisodium citrate, 11.3g/1 NaH2P03 adjust pH to 7.0 with NaOH (4M). Gel 

buffer: bridge buffer diluted 1:10.
5. Schiff and Stormont pH 7.3-S.2, discontinuous (Schiff and Stormont, 1970). Both 
buffers concentrated by 50%, Ferrand, pers. comm.) (Schiff). Bridge buffer: 1.8g/l 
LiOH, 17.7g/l Boric acid. (pH 8.2). Gel buffer: 0.29g/l LiOH, 2.84g/l Boric acid, 3.66g/l 
Tris, 2.04g/l Citric acid. (pH 7.3).
6. Citrate-Hydroxide pH 6.0, discontinuous (Amorim and Siebert, 1982) (COH 6.0). 
Bridge buffer: 45.2g/l NaOH, 84.0g/l Citric acid, (ph 6). Gel buffer: 4.2g/l Histidine 
hydrochloride, 0.4g/l NaOH. (pH 6.0).
7. Tris-Borate pH 8.8, continuous (Ferrand pers. comm.) (TB). Bridge buffer 12.lg/1 
Tris, 3. lg/1 Boric acid. Gel buffer bridge buffer diluted 1:5.
8. Methanoic acid/sodium hydroxide pH 1.6. (Ferrand, 1989)(Mt/OH). Bridge 
buffer: 147g formic acid, 1.6g NaOH/1. Gel buffer bridge buffer dilutedl: 1.

2 .5 .2  Cellulose acetate electrophoresis buffer
1. Tris-glycine pH 8.6 (J. Searle, pers. comm.) (TG). 3.0g tris, 14.4g glycine/1.

2 .5 .3  Enzyme protocols
Thirty proteins were run for a minimum of 50 individuals to search for 

polymorphism. The proteins surveyed were chosen on the basis of population genetics in 
rabbits and other mammals. Table 2.3 shows some sources, buffers and staining 
protocols, and number of alleles detected. Red cells or serum were used as source tissue, 
untreated except for the addition of 60mM DTT to reduce disulphide side chains (Harris 
and Hopkinson, 1976). Only globins required further treatment. Haemoglobin was 
broken down into a -  and p-globin chains (Fairbanks, 1980; Ferrand, 1989). Red cell 
haemolysate (10 jA) was dropped into 3 ml of swirling acid acetone ( 1ml conc. HCl in 

100ml acetone) at -20®C, and the precipitated protein vortexed. After centrifugation and a 
wash in plain acetone at -20®C, globins were spun down again, then dried and dissolved in 
0.5ml distilled water. This was diluted 1:2 with gel buffer before loading onto gels.

Although 13 proteins showed variability, it was not possible to use all of them as 
genetic markers. Ak  and Enol both displayed zymogram patterns which could not be 
interpreted easily, and in the absence of known-relatedness animals, it could not be 
determined if patterns were heritable. These proteins give complex patterns in other taxa
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(Richardson, etal., 1986). To date, they have not been reported polymorphic in wild 
rabbits. Mpi has been reported to have three alleles (Hartl and Hoger, 1986) and at least 
two of these occur in Britain (Roberts, 1985). However, this protein was found to be very 
susceptible to degradation under the storage regime in the present study and could not be 
used as a reliable marker: storing red cells in cryoprotectant (Cheng and VandeBerg, 1987) 
might have avoided this problem. Variation was detected at G6pd, as has been previously 
reported (Hartl and Hoger, 1986). This protein was not used as a marker because its 
usefulness is reduced by its being on the X-chromosome (Soulie and de Grouchy, 1983) 
and it could not be scored reliably. Pgm appeared to show a variant in one sample, but this 
was never found in other individuals, and has not been reported variable elsewhere. 6pgd 
is known to be polymorphic (Coggan, etal., 1974a) but only one variant was ever found in 
the Bridgets Farm animals. Polymorphism at Ada was first described by Coggan etal.
( 1974b) in Australian wild rabbits, and three alleles have been seen in British populations 
(Roberts, 1985; Webb, 1988). Richardson etal., (1980) reported variation in Dia and Ca2 
of British rabbits consistent with that observed here, although they did not find Cal 
variable. Several rabbit esterases are polymorphic (Schiff and Stormont, 1970). 
Polymorphism in a  -  and p-globin was deduced from amino acid sequence data as early as 

1966, but revealing these by electrophoresis has only recently been achieved for technical 
reasons (Ferrand, 1989; Ferrand, 1990). Zymograms of some of the polymorphic proteins 
used in the study are shown in Plate 1.
Table 2.3. Protein systems investigated, source of stain recipe and number of alleles detected, (see 
above for abbreviations). Analysis was on starch gels except where stated. (‘H+H (1976)’=Hanis and 
Hopkinson, 1976).
PROTEIN (abbreviation) E .C .N o. BUFFER STAIN No. alleles
proteins NOT used as genetic m arkers
Lactate Dehydrogenase 1,2 1.1.1.27 P7.4 Shaw and 1,1
(LDH) Prasad, 1970
Isocitrate Dehydrogenase 1,2 1.1.1.42 CP 7.0 Shaw and 1,1
(IDH) Prasad, 1970
Superoxide dismutasel,2 1.15.1.1 P 6.5 Shaw and 1,1
(SOD) Prasad, 1970
Nucleoside phosphorylase (NP) 2.4.2.1 P 7.0 H+H (1976) 1
Glutamate oxaloacetate 2.6.1.1 CP 7.0 H+H (1976) 1,1
transaminase 1,2 (GOT)
Fumarate 4.2.1.2 TGC Shaw and 1
dehydratase (FUM) Prasad, 1970
Acid phosphatase 3.1.3.2 P 7.4 H+H (1976) 1
phatase (AGP)
Glucose phosphate 5.3.1.9 CP 7.1 Shaw and 1
isomerase (GPI) Prasad, 1970
Mannose phosphate 5.3.1.8 P6.5 H+H (1976) 2
isomerase (MPI)
Adenylate kinase 2.74.3 P 6.5 Shaw and ?
(AK) Prasad, 1970
6-Phospho gluconate 1.1.1.44 COH 6.0 Shaw and 2
dehydrogenase (6PGD) Prasad,1970
G1 ucose-6-phosphate 1.1.1.49 P 6.5 Shaw and 2
dehydrogenase (G6PDH) Prasad, 1970
(continued)
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Table 2.3. (continued)
PROTEIN (abbreviation) E .C .N o. BUFFER STA IN No. alleles
proteins NOT used as genetic m arkers
Phosphoglucomutase 1,2 2.7.5.1 TGC Shaw and 2?,1
(PGM) Prasad, 1970
PeptidasesA3,C 3.4.11 TEB H+H (1976) 1,1,1
(PEP) and TGC (method A)
Phosphocreatine kinase (PK) 2.7.1.40 P6.5 H+H (1976) 1
Enolase (ENOL) 4.2.1.11 TGC H+H (1976) ?
Transferrin (Trf) N/'A Agarose: Ferrand, 1988 1

genetic m arkers Linkage
group

Adenosine deaminase (ADA) 3.5.44 P6 .0 H+H (1976) 4
Carbonic anhydrase 2 (CA2) 4.2.1.1 TEBTB H+H (1976) 2
Carbonic anhydrase 1 (CAl) 4.2.1.1 Veira etal., 1992 2
NADH- diaphorase 2 (DIA) 1.6.4.3 P6 .0 H+H (1976) 2
Red cell esterase 1 3.1.1.1 Schiff Shaw and 2 VI
(ES 1 ) (also on cellulose acetate TG) Prasad, 1970 2
Red cell esterase 3 3.1.1.1 Schiff Shaw and 2
(ES3) Prasad,1970 3
Beta globin N/A Mt/GH Ferrand, 1989 2 I
Alpha globin N/A Mt/OH Ferrand, 1990 2
Albumin N/A Ferrand et al., 1988 2
IgB (immunoglobulin light chain) Immunodiffusion-see below 3 v m
IgA (immunoglobulin heavy chain) Immunodiffusion-see below 3 DC
IgD/E (inununoglobulin heavy chain) Inununodiffusion-see below 3 DC

2 .5 .4  Staining systems
MTT, PMS and MLB were used at 5mg/ml solutions in water. Agar overlays were 

made of 2% agar w.v. with distilled water, and paper overlays were pieces of Whatman 
No.3 filter paper cut to fit the gel. Incubation was at 37®C.

Ca2: stain buffer 0. IM Phosphate pH 6.5, 25ml. Fluorescein diacetate, 20 mg in 5ml 
acetone. Add these together. Paper overlay. View under ultra violet light.
LHa: stain buffer 0. IM Tris/HCl pH 8, 25ml. NADH, 20mg. DCIP, Img (until royal 
blue). MTT 2ml. Agar overlay.
Ada: stain buffer O.IM Phosphate/HCl pH 7.5, 25ml. Adenosine, 40mg. Nucleoside 
phosphorylase, 10;d (as supplied). Xanthine oxidase, 10/<1. MTT, 1ml. MLB, 1ml. 
Agar overlay.
Es3: stain buffer 0. IM Phosphate 6.5, 25ml. 40 mg a-naphthyl propionate (dissolve in 
10ml acetone), 40mg, fast blue BB, 50 mg. Stain in shallow tray, up to 90 minutes. 
Beta-globin: stained with amido black (Fairbanks, 1980)- 0.6g amido black, 6g 
trichloroacetic acid, 50 ml 95% ethanol, 0.75ml glacial acetic acid, water to 200ml- and 
destained in acetic acid:ethanol:distilled water (1:5:5 v/v/v).
EsI (cellulose acetate): stain buffer 0.04M Phosphate 6.5,3ml. 5 mg a-naphthyl acetate 
(dissolve in 0.5ml acetone), 5mg fast blue BB). Agar overlay.
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2 . 5 . 5  Immunoglobulin analysis (with Wessel van der Loo at Instituut voor Moléculaire
Biologie, Vrije Universiteit Brussel, Belgium)

Serologically-defined polymorphisms of the major immunoglobulin (Ig) fraction of
the rabbit have been reported in the constant region of the kappa light-chain (controlled by 
the b-locus), for the variable region of the gamma heavy chain (a-locus), and for two 
adjacent markers on the constant region of the gamma heavy-chain which are closely-linked 
to the a-locus d and e-loci (van der Loo, etaL,l9S7). Over the last 3 decades, specific 
anti-allotype sera have been raised according to the methodology of Kelus and Gell (1967) 
in rabbits at the The Instituut voor Moléculaire Biologie. Sera from the Bridgets Farm 
population were tested against these anti-sera by immunodiffusion using agar gels with 2% 
polyethylene glycol (van der Loo etal., 1987; Hamers-Casterman etal., 1977). Every 
serum was tested (along with a positive control) with anti-sera to detect the common alleles 
a l, a2, a3, b4, b5, b9, d l l ,  el4, el5 having established that the rare b6 (not known in 
Britain, and rare elsewhere) was absent from a significant sample of the population. An 
example immunodiffusion gel is shown in Plate 1. Samples were pipetted into the wells 
marked ‘sample row’ and allele-specific anti-sera into every other well in the row marked 
‘control/antiserum’. The other wells in this row received known allotype serum. The 
serum and anti-serum diffuse through the matrix and produce a white line perpendicular to 
the sample well if they cross-react If not, there is no visible reaction.

It is known that the a-locus and d/e-loci are sufficiently closely-linked (0.3% 
recombination between a- and d/e-loci based on thousands of rabbits from over Europe, 
van der Loo, pers. comm.) that haplotypes exist which are very rarely disturbed by 
recombination. The anti-d 12 serum was in short supply so that only relevant haplotypes 
were tested for this marker. The Ig polymorphisms studied here can be summarised as: 
b-locus with three alleles, and a-locus with 6 alleles (two haplotypes per a-allele).
However, as all heterozygotes of the six a-locus alleles are not distinguishable, the a-locus 
is treated as a three allele system, as is the d/e ‘locus’.

Rabbit kittens do not start to produce their own Ig molecules until about three 
weeks old (about 200g weight): until this, they rely on those acquired through the placenta. 
They will usually have expressed their own genotype by 2 months old (500g). Thus by 
taking blood samples from the same individuals when <200g and >500g, it is sometimes 
possible to see which parent contributed a certain allele. This can be very informative in 
excluding potential parents.
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Plate 1. Photographs of starch gels run and stained for adenosine deaminase (ada), NADH- 

diaphorase (dia), (3-globin, and esterase 1 (esl). An example of an immunodiffusion plate is 

shown: upper section=testing for allele IgG b4, lower=testing for IgG b5. See text for details.
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2 .6 .0  Statistical analysis and data  handling

Where applicable, data were stored as Dbase IV files. This database package 
(Ashton Tate) interfaces with other IBM-compatible computer packages, and is readily 
translated for Macintosh spreadsheets. Handling and retrieval of data can be sophisticated 
using the programming facility of Dbase, and once data are on disk, it is rarely necessary to 
enter them again. Data files were analyzed using the statistical package for personal 
computers SPSS pc-i- (SPSS Inc.), in conjunction with the Version 2.0 base manual (SPSS 
Inc., 1988). For general linear models, the program SAS (6.04; SAS Institute, 1985) was 
used, again reading from Dbase files.

In statistical tests, dependent variables were checked for normality of distribution as 
a matter of course. Where possible, parametric statistics were used as these should usually 
be more sensitive than nonparametiic statistics (Siegel, 1956). If heteroscedasticity 
(inequality of variances between groups) was found when carrying out a parametric test, 
attempts were made to find a transformation to correct this, failing which, nonparametric 
tests would be used. The results of parametric tests have only been presented if the 
assumptions of normality of distribution and homogeneity of variances in the groups of 
data involved are considered reasonable. When Spearman's rank correlations were used, 
the scatter of the points was always observed, as only a linear relationship is likely to give a 
significant result with this test.
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Chapter 3. Social organization: spatial and temporal range overlap

3 . 1 . 0  Introduction
Analyses in this chapter investigate spatial and temporal distribution of the rabbits at 

Bridgets Farm, with respect to resource defence, and competitive verses cooperative group 
living. This is the first application of the methods of Roberts ( 1987) to a social population, 
and draws on the framework of Cowan (1987a,b) and Cowan and Garson (1985).

3 . 1 . 1  Resource localization: distribution and behaviour of rabbits
If rabbit group formation is primarily a result of burrow localization, the following 

predictions should hold for social populations (Cowan and Garson, 1985; Cowan, 1987b): 
a/ Burrows should be clustered.
b/ Construction of new warrens should be a rare event, even when the population 

grows. Excess individuals should be incorporated by one or more of i/ contraction of 
ranges, ii/ expansion of warrens (defined in 3.2.1.4) and iii/ reduced burrows /female. 

d  Burrows should be a limiting resource to breeding females, 
d/ Male distributions should reflect those of reproductive females.

3 . 1 . 2  Competitive versus cooperative group-living
If animals do not benefit from the presence of others they '..may aggregate around a 

resource, but are otherwise expected to avoid each other or to be aggressive..' (Alexander, 1974), If 
group living in rabbits is based primarily on competition for clustered resources, the 
following predictions should hold (Alexander, 1974; Vehrencamp, 1979):

a/ Rabbits should avoid each other as far as possible (there will be constraints, such 
as the need for reproduction, and to feed for a minimum time), or be aggressive.

b/ If mechanisms have evolved to minimize the costs and maximize the benefits of 
group living, this effect should be greatest in animals constrained to be together most 
(Alexander, 1974). Any tolerant or altruistic behaviour would be expected to be more 
developed within- than between group.

d  If the sexes compete for different resources, avoidance should be different in 
same-sex and opposite-sex animals, and may be different for males and females.

d/ Male distribution should reflect competition over access to reproductive females.

3 . 2 . 0  Methods
3 . 2 . 1 . 0  Analytical methods
3 .2 .1 .1 Distribution of burrows

The spatial distribution of burrows was investigated by comparing the number of 
burrows in samples of hedgerow to that expected under a Poisson distribution (Elliott, 
1977). Agreement with a Poisson series is the accepted test for randomness (Elliott, 1977) 
and it has been used to estimate clumping of rabbit burrows (Roberts, 1987). When the
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variance and the mean of a number of samples of observations are equal, the probability 

series follows the discontinuous Poisson series P^^)=e-^{X^/x\) where P(%) is the probability 

of X events in a sample, and X is the population mean. X can be estimated from the 

population statistic m (the observed mean of sampling units). The probability that x events 

will occur in a given sample is given by: P(x)=e-m (m^/x!). Sample units should be 

frequent so that they would sample an area smaller than regions of clumping; in the present 
case number of burrows were counted in each 2m along the hedgerow (=92 intervals). 
There are a number of ways of testing whether an observed distribution is significantly

different from Poisson. The variance to mean ratio (dispersion index. I) is distributed as 

with (n-1) degrees of freedom, and is calculated as (s2(n-l))/m, where s2 (the sample 

variance) =(2(fx2)-m2fx)/(n-l), m (the sample mean) = Zfx/n, x is a frequency class (0, 1, 

2 etc), f is the number of observations in class x, and n the number of samples taken from 

the population. If the critical value of at a given confidence level is not exceeded, then 

the null hypothesis that the observations fit a Poisson distribution is not rejected. The 
variance to mean ratio approach compares the fit of the distribution to Poisson, but does not

investigate how any deviation arises. This is done by a test between observed values 

and those expected under Poisson assumptions, for each frequency class (Elliott, 1977, 
p45). The number of degrees of freedom is given by (number of frequency classes) - 
(number of parameters estimated) - 1. In this case, v=(the number of frequency classes)-2.

3 .2 .1 .2  Relationship between distribution of burrows and rabbit locations
The relationship between the position of burrow entrances and locations of rabbits 

was tested statistically by performing Spearman’s rank correlations between the number of 
burrow entrances in each 2m inten al (as used in the clustering analysis) and the number of 
statistically-independent observations of rabbits in the same 2m intervals (individuals 
contributing data are listed in 3.3.4). These observational data were taken from all 
scheduled scan and focal animal locations in 1989 (2.1.3). A subset of statistically- 
independent location data was produced by using only one randomly-chosen location of 
each rabbit from each evening. It was clear that results would be qualitatively similar in 
different years, so data from 1989 only have been analyzed- the population was most dense 
in this year.

3 .2 .1 .3  Sharing of spatial range
Spatial interactions between individuals or groups may be quantified by overlap of 

home ranges (Cowan and Garson, 1985; Cowan, 1987a; Fallows, 1988). Cowan (1987a) 
considered that :

‘the minimum convex polygon method with inclusive boundary strip (Southwood, 1966) from all 
sightings made during scans and behaviour samples in the appropriate year...is the simplest 
technique for measuring home range which does not make assumptions concerning the distribution
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of those resources which influence range size and shape’.
Individual home ranges for 1988 at Bridgets Farm were plotted as the minimum convex
polygon of coordinates surrounding all scheduled scan and focal animal observations
(2.1.3; yielded only 35 evenings useable data due to weather, disturbance or lack of relvant
adult appearances). Using all observations in this way produced ranges where large areas
further from the copse were used only at low frequency (Figure 3.4, and the same was true
of 1989 data). These areas of low use may be misleading, because one or two
observations can completely change observed range overlap. Ideally, estimates of range
overlap should take frequency of use into consideration, but there were not enough data
collected. It was felt that an approximate and inferior method of looking at range overlap
was better than none. Accordingly, individual ranges in 1989 were estimated by plotting
all observations 25m or less from the copse; this excludes visits to field holes- primarily
female movements which would have biased comparisons between the sexes. This
approach seems reasonable on observation of the outcome (Figures 3.4 and 3.5). Range
area and proportion overlap between individuals was measured from plots on graph paper
(Cowan, 1987a; Fallows, 1988). This is an extremely time-consuming and laborious
procedure, and as the qualitative results seem clear by inspection of Figures 3.4 and 3.5, it
has been done only for only 1989, when there were most rabbits, and thus potentially the
greatest overlap.

3 .2 .1 .4  Sharing of temporal and spatial range
Scheduled scan samples were used to collect behavioural synchrony data; these 

represent one of few satisfactory ways to do this (Chapter 2; Altmann, 1974). Three 
measures of association between individuals in time and space were used, from Roberts 
(1987). With reference to the collection of data, the following points are noted. First, data 
were from daylight observations (all individuals could not be recognized at night), and so 
conclusions relate to daylight behavioural strategies. Second, some behaviours including 
olfactory signals would have been largely unobserved (Bell, 1980; Bell, 1983; Sneddon, 
1991). Third, association data will be inter-dependent insofar as simultaneous association 
and dissociation between different individuals may occur, and individuals may be 
associated via a third party. Fourth, measures of association may not be mutually 
exclusive: eg animals sharing a high proportion of their ranges are more likely to show high 
spatiotemporal overlap by chance than those which share less of their ranges (Cowan, 
1987b). This is accounted for here by examination across different measures of association 
(Roberts, 1987).

For the purposes of analyzing the effect of social groups, rabbits had to be assigned 
to social groups. Rabbits were generally defined as belonging to the same social group if 
they shared access to the same warren (group of interconnected burrow entrances; Cowan, 
1987a,b). In a very few cases (3.3.4), a rabbit shared burrows with two social groups, 
although the other group members did not. In such cases the rabbit was placed in both 
groups, unless this was inappropnate for a particular graphic or analysis, in which case it
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was placed with the group with which it most commonly shared entrances. Within any 
year, the same individuals have been included in all the spatial and temporal analyses, 
except in cases where there were insufficient data for inclusion. This is explained more 
fully in Table 3.0 and text.

The methods used for measuring temporal overlap were developed by Sue Roberts 
and Alan Grafen (Roberts, 1985; Roberts, 1987). My application of these methods was 
validated by Mrs. S. Pitt of University College London, in sessions of the UCL ‘Statistics 
Clinic’. Mrs. Pitt noticed some typographical errors in Roberts (1985) which can be seen 
by reference to Cox ( 1970) and statistical texts. These are noted in the section below. 
Apart from these typographical errors, the methods were applied as in Roberts (1985; 
1987). Sue Roberts and Alan Grafen were consulted on these points, and agreed that 
statistical references should be followed. I wrote Dbase IV programs for the analyses.

i/ within-evening temporal range-sharing
This analyzes the number of times that two rabbits are seen in the same scan

sample, compared to the null hypothesis that observations of each are independent of each
other. In general terms, there are three sections to the analysis. First, by way of a 2x2
contingency table of presence and absence of two rabbits, the expected number of times
that one rabbit was present when the other was absent in the same scan can be estimated
from scan data for each evening and all pairs. Second, the difference between observed
and expected values is combined into a statistic standardized by a variance term estimated
from the data. Third, these values are combined into a single statistic representing the
association between members of dyads over the whole data set, and the value tested by a t-
test to see if the overall observation was significantly different from expectation.

The expected number of associations between two rabbits on an evening is
estimated by a derivative of Cox's exact test (Cox, 1970). For a given pair of rabbits
(dyad) in a given evening, results of scan samples are classified in the following manner:

No. 2 No.2
present absent

No. 1 a b a+b=R
present

No. 1 c d
absent

a+c=A b+d=B
Higher-order categories were defined: a+c=A, b+d=B, a+b=R, and a+b+c+d=N.

Let an observation in class b (rabbit no. 1 present when no.2 is absent) be defined 
as a ‘success’. The expected number of successes (E) can be estimated from the matrix 
above under the stated null hypothesis. The distribution of E is hypergeometric, so has 

mean=BR/N (Roberts (1985) wrote BRN), and variance(E)=[ABR(N-R)]/[N2(N-l)] (Roberts 

(1985) wrote [ABR(N+R)]/[N2(N-1)]). For every dyad, E(=BR/N) and variance(E) are calculated 

for each evening. The difference between observed (b), and expected (E) number of
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synchronous sightings are summarized, for each evening and dyad, by the statistic h=(b-E) 
/Vvariance(E). (So in a field season of X evenings, there are X values of h for each dyad). 
In the absence of serial dependence of observations, h would have mean=0 and 
variance=l. Observations are known to be serially dependent, and it is assumed that the 
non-independence was such that mean h=0, and b and E had unknown common variances. 
A t-test is used test the null hypothesis that mean h (=H) is zero. For each dyad, H is 

found over X evenings, and the variance of H calculated as s2=(5:(hi-H)2)/(n-l) 

(Weatherbum, 1968) where h, is the value of h on the î h evening. H is used to test 

whether the degree of overlap is significantly different to random by computing the 

t-statistic as: t (df=n-i)=H-0/ V(s2/n). Negative values of h, H and t indicate association and 

positive ones dissociation. T-values were calculated for all pairs of adults for which 
estimates of h could be made. When rabbits are never out on the same evenings, no 
estimate of h is possible (Roberts, 1987).

There are problems in performing statistical analysis on these results from large 
numbers of tests (Roberts, 1985) so t-values were summarized into results arising from 6 
categories of dyads: within social group; li/ male-male, lii/ female-female, liii/ mixed sex, 
between social group; 2i/ male-male, 2ii/ female-female, 2iii/ mixed-sex. The data for these 
categories have been shown as frequency distributions, statistics of distribution, and 
numbers of significant results tabulated.

ii/ between-evening temporal range-sharing
This analyzed whether there was correlation between the numbers of times that 

members of a dyad were seen on an evening. The number of scans in which each adult was 
seen on each evening was counted. This was done for all adults, with the numbers kept in 
chronological order. For each individual a column was constructed: number of appearances 
on the first day, number on the second day, and so on. The correlation between these 
columns was calculated, for all pairs, by Spearman's rank correlation. It is known that 
there is serial dependence between the sightings of rabbits in scans on an evening (Roberts, 
1987), but data from each evening were used to produce a single figure, by which data 

were kept independent. The tied-rank correlation statistic was used (Siegel, 1956):

rg=(%x2+Iy2-^d2)/2Vzx2iy2, where d2 is the square of the differences between rank 

appearance of individuals x and y on an evening, Ix2=[(N3-N)/12]- ST^, T=(t3-t)/12, 

N=rank of individual x on that evening, and t=number of tied observations at each rank 

(similarly for y2). Results were summarized into the sex/group classes described above.

iii Spatiotemporal overlap (association bv proximitv)
Spatiotemporal associations were analyzed by comparing two data sets for each pair 

of rabbits by paired t-tests (Sokal and Rohlf, 1981, pp356-359). The first data set was the 
distance (Distl) between two rabbits when they were present in the same scan. The second
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data set was the distance (Dist2) between two locations: the position of rabbit A when 
rabbit B was absent (loci), and the position of rabbit B when rabbit A was absent (loc2).
A single random scan yielded Distl, another loci and a third loc2, taken from all of the 
appropriate scans on the same evening, so data were statistically-independent and 
comparable. Equations used were ts=Dbar/SDbar» where tg is the paired-samples t-statistic 

with b-1 degrees of freedom (b=the number of paired data points), Dbar is the mean 
difference between the paired observations Dbar=2(Distl-Dist2)/b, and S^bar is the SE of

Dbar calculated from the observed differences as SD/Vb, where SD=V[2(Distl-Dist2)2- 

((2(Distl-Dist2))2/b)]/(b-1). Paired t-tests can be used when ‘ [the] pair is composed of the 

same individuals tested twice, or of two individuals with common experiences before and after treatment’

(Sokal and Rohlf, 1981), which condition clearly applies here: Distl and Dist2 are linked 
because they measure characters of the same individuals under two conditions on the same 
evening.

There are many reasons for using all of these measures, following Roberts (1987).
There are a number of reasonable scenarios where one measure requires the others for full
interpretation. For example, ‘proximity’ could be very high between a male and a female,
but this would not necessarily indicate voluntary association. Males and females will be
constrained by reproduction to be very close at certain times, but might avoid each other the
rest of the time. Proximity analysis performs poorly for pairs which dissociate in time. If
only the proximity analysis were carried out, we would know only about association in
time-Hspace between individuals which ̂  associate, and not about temporal asynchrony
which might also be informative about the selective forces on sociality. By comparing
results from the three measures, we can evaluate different aspects of association. Some
relevant characteristics of the measures are shown in Table 3.0.
Table 3.0. Some characteristics of measures of temporal and spatiotemporal overlap.
M easure Some possible factors Data included Some relations

affecting m easure to o ther measures

Between-
evening

(evening-long
timescale:
synchrony
aboveground)

1/ association perhaps: 
a/ benefit/tolerance of being 
above ground, 
on 4-6 hour timescale. 
hi sharing information about 
global or local conditions, 
or similar response to them.
2/ dissociation perhaps: 
sd going imderground or 
failing to emerge 
in response to another rabbit. 
hi different response to condition.

A score can be obtained 
for all pairs.

Measm-es all pairs.

A pair could 
show association 
by this measure but 
avoidance within 
evenings, +/or in space.

Association by this 
measure may be partly 
coincidental via some 
conditions likely to affect 
rabbits alike eg weather.

(continued)
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Table 3.0. (continued)
M easure Some possible factors

affecting m easure 
W ithin* 1 /assoc ia tion  perhaps:
evening sJ benefit/tolerance of presence

being above ground on a 
15-30 minute timescale.

( 15-30 minute hi sharing information about
timescale: both local conditions, eg appearance
present in scan of a predator, or similar response,
on an evening 21 d issoc iation  perhaps:
when both a/ going underground quickly/
have been failing to emerge for <4-6 hours
seen). in response to another rabbit.

hi difference response to local 
conditions.

P ro x im ity  II association :
a/ benefit or tolerance 
of being close eg dilution 

(being different of predation, mate-guarding,
distance apart
when together 2 /d issociation:
than would a/ avoidance related
have been in to agonism.
absence of hi avoidance through
the other). necessity, eg getting

a better patch of food

Note that association 
by proximity is probably 
more meaningful for rabbits 
close together, ie in the same 
or neighbouring social groups.

Data included

A score can only be 
made where the rows 
and columns in the grid 
in 3.2.1.4i (p51) 
are non-zero.

Extreme avoidance 
or association 
can make no score 
possible.

Measures most pairs.

A score can only be 
made where 
A present/B absent 
and A present/B absent 
and A absent/B present, 
all on the same 
evening.

There can be a lot 
of pairs for which 
nothing is known.

Measures fewest pairs.

Relations 
to o th er measures
A pair could show 
perfect avoidance by 
this measure, but perfect 
association by ‘between- 
evening’ if above ground 
for the same no. of times.

Coincidental association 
by this measure could 
occur by local effects 
(eg disturbance by 
predators) but not more 
global effects hke weather.

Great temporal avoidance 
can cause no score by this 
measure, thus doing 
the other analyses 
helps to understand 
this one.

Only quantifies space use 
when together on an 
evening, but unlikely to 
be coincidental.

3 .3 .0  R esu lts

3 .3 .1 Numbers of rabbits
The study area supported between 30 and 45 adult rabbits at any one time. With 

continued trapping, the proportion of adults tagged rose from 50% at the start of 1987 to all 
but one adult by the end of the year. Throughout 1988 the adult population was completely 
tagged most of the time: occasionally a large rabbit would be seen in an area, and would 
disappear (presumed trapped) after a young-of-the-year was caught there. In total, 
untagged or unidentified rabbits including kittens and subadults represented only 15% of all 
scan observ ations in 1988. The situation was similar in 1989. In 1988 and 1989 the 
rabbits migrating from neighbounng experimental pens were already tagged.

3 . 3 . 2 Burrow distribution
A sketch map of the site is given in Figure 3.1, and the positions of burrows in 

1989 in Figure 3.2. Mean separation between warren centres was 21.4m compared to
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Figure 3.1 . Distribution map of major burrow entrances at Bridgets Farm site. Line denotes 
border between grassland and the copse towards the north of the site. o=single 
entrance,0=5 entrances. Bold figures indicate social groups.
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Figure 3.2. Ranges of females in 1989, with ranges of members of alternate groups represented by solid then broken lines (see 3.2.1.3 for détruis). 
Relationship is also indicated between female ranges and burrow distributions.
(Continued on page 57).
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Figure 3.2. (Continued from page 56).
Ranges of females in 1989, with ranges of members of alternate groups represented by solid then broken lines.
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36.6m for another social population (Cowan, 1987a). There were 264 burrow entrances in 
the deep soil at the border of the copse and the open field, and 47 more entrances in the 
open field between 2 and 70m from the copse. The holes more than about 15m into the 
open field were not used as refuge by adults when startled, and were used for breeding (see 
also Mykytowycz, 1960; Boyce, 1983). Many of the entrances of field holes were joined 
such that there were 11 multi-entranced complexes. These burrow complexes were 
surrounded by large accumulations of white chalk.

Although burrow entrances were cleaned out by rabbits after each winter, and 
occasional entrances were expanded, there were few new entrances constructed during the 
study. Between February 1987 and January 1988 there were three dug in the copse, and 
four in the field (two of these were single-entranced ‘stops’). Between January 1988 and 
April 1989 there were four entrances dug in the copse (all in groups 1 and 2), and three 
stops in the open field. Field holes were nearly all in use: they were well-developed and 
soil around them was padded down. Less than 30% of the small entrances in the copse 
were in frequent use in 1988 and 1989: these were mostly in loose soil. However, most 
medium (>70%) and large (>98%) burrow entrances in the copse were in active use in 
1988 and 1989. Usage was not assessed fully in 1987.

Burrows were very significantly clustered in 1989, and as they changed little over 
time, they were clustered throughout the study (Table 3.1). The null hypothesis that 
burrows were randomly distributed was rejected (p<0.001) by comparing the number of 
burrows in all 92 contiguous 2m intervals with that expected under Poisson assumptions 
(3.2.1.0). This was true for all classes of burrows examined: all burrows in the copse, 
burrows in use in the copse, burrows out of use in the copse, and three partitions of 
burrows in the open field (Table 3.1). There were more 2m intervals containing no 
burrows than expected, and more containing many burrows, so burrows were clustered. 
Examples of Poisson expectation and observation for ‘All burrows in the copse’ and ‘All 
burrows in the field’ are shown in Table 3.2.
Table 3.1. Results of variance/mean ratio analysis of the number of burrow entrances in 2m intervals 
(n=92 intern als) along the copse in 1989 compared to expectation from Poisson distribution. A full 
account of the statistics is given in 3.2.1.1.

Class of burrow mean 
(d is t from copse) in 92

no. entrances 
X 2m intervals

variance sig. (d.f:

all copse entrances (^ m ) 2.86 7.60 241.82 0.001
all copse in use 1.72 1.16 61.16 0.001
all copse disused 1.11 8.77 718.98 0.001

all field holes (^2m) 0.51 1.08 192.33 0.001
close field holes (>2 ^25 m) 0.32 1.24 358.22 0.001
far field holes (>25 m) 0.20 1.03 478.21 0.001
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Table 3.2. Observed distributions of burrow entrances in 2m intervals and the distribution expected under 
Poisson assumptions. A full account of the statistics is given in 3.2.1.1.

Class of number expected observed y? significance
in sample frequency 

as integer
frequency (d.f)

All entrances 0 5 23 64.80
in copse 1 15 10 1.67
(^2m) 2 22 13 3.68

3 21 17 0.76
4 15 6 5.40
5 8 11 1.13
6 4 5 0.25
>7 3 7 5.33
total 93 92 82.02 <0 .001(6)

All entrances 0 55 65 1.82
in field 1 28 12 9.14
(>2m) 2 7 11 2.29

>2 1 4 9.00
total 91 92 22.25 < 0 .001(2)
total with 2 and >2 pooled 17.09 <0.001(1)

3 .3 .3  Individual and sex composition of social groups
There was considerable fidelity in group membership within and between years

(Figure 3.3). There were no clear cases where established adults moved social group, but
male range shifts (expanding after the disappearance of a neighbour, or contracting when a
new neighbour appeared) were seen. There were always more reproductive females in a
group than males (Table 3.3). The mean minimum number of females was 2.7 (range 1-5)
and of males was 1.4 (range 1-2), whilst the mean maximum females was 3.8 (2-7) and
2.0 (1-4) males. Thus female group membership ranged from 1 to 7 individuals, and male
membership from 1 to 4. In fact the difference between the sexes is more extreme than
this, as the data include 6 males occupying ranges over two social groups and three
temporary male migrants. ‘Operational sex ratio’ was calculated by multiplying the number
of each sex by the number of days they were thought present in the population: 1987=1.27
females per male, 1988=3.08, 1989=2.51. The 1987 figure almost certainly overestimated
the number of males due to incomplete trapping in the early stages of the project
Table 3.3. Sex composition of social groups for all years. The figures represent the maximum and 
minimum number of potentially reproductive rabbits resident in a social group at any one time. Six males 
ranging equally over two groups are included as members of both. The column ‘F/M’ is the ratio of 
females to males for those groups which did not change composition during the observations.

-  -  -  - 1987"""" -""" 1988"-"- 1989.........
GRP FEMALES MALES FEMALES MALES FEMALES MALES F/M

1 2 1-2 2-5 1-2 4-5 2-3 - . -

2 2-3 2-3 2-3 1-2 2 1 2.0
3 3-5 l A 3^ 1-2 3 1 3.0
4 2-5 2A 2A 2 4 2 2.0

4a - - - - 3 1 3.0
4b - - - - 4 1 4.0

5 4-5 l A 3-7 1-2 5 2 2.5
6 2 2 2-5 2-3 5 1 5.0
7 1-2 2-3 1-3 1-2 3 1 3.0
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3 .3 .4  The positions of social groups, and range overlap
In analyses that follow, data from 1987 were contributed by 8 males and 14 

females. The males were: group 1, M27 and M64; grp 2, M29 and M44; grp 3, M39 and 
M52; grp 4, M37 and M39; grp 5, M37 and M148. The females were: grp 1, F34; grp 2, 
F33, and F35; grp 3, F38, F41 and F43 and F45; grp 4, FlOl, F193; grp5, F14, F106, 
F134, F300 and F301. Data from 1988 were contributed by 6 males and 14 females for 
whom home ranges were plotted in Fig. 3.4. The males were: group 1, M27; grp 2, M44; 
grp 3, M223; grp 4, M223; grp 5, M208; grp 6, M184, grp 7, M184 and M l95. Females 
were: grp 1, F30, F34; grp 2, F33, and F35; grp 3, F41 and F154; grp 4, F93, F193; grp 
5, F134 and F300; grp 6, FI 10, F182 and F224; grp 7, F84 and F182. Data from 1989 
were contnbuted by the 10 males and 25 females for whom home ranges were plotted in 
Fig. 3.5. The males were: group 1, M44 and M219; grp 2, M44; grp 3, M278; grp4, 
M223 and M245; grp 4a, M204; grp 4b, M200; grp 5, M208 and M248; grp 6, M184, grp 
7, M184. The females were: grp 1, F30, F209 and F233; grp 2, F33, and F35; grp 3, F41 
and F264; grp 4, F93, F193, F225 and F251; grp 4a, F 189, F197 and F198; grp 4b,
F221, F227 and F243; grp 5, F134, F214 and F300; grp 6, FI 10 and F224; grp 7, F84, 
F196, F202.

The relationship between the positions of burrows and observations of rabbits was
investigated statistically in data from 1989. The number of burrows in each 2m interval
(the same ones as used in the burrow aggregation analysis above) was very highly
significantly correlated with the number of statistically-independent observations of rabbits
in the same intervals made from all available valid scan sample data (Table 3.4). The
numbers of observations of males and females in each sector were also highly significantly
correlated. A similarly strong association between rabbit locations and burrow positions
was very apparent in the other years, but not investigated statistically.
Table 3.4. Results of Spearman’s rank correlation between the number of burrows in 92 x 2m intervals 
measured along the copse, and the number of statistically-independent observations of rabbits made in the 
same 2m intervals in 1989 (see 3.2.1.2). Also, the correlations between the number of observations of 
males and females in the same intervals.

All burrow s in use -— All burrow s  Males with females
and 25m from copse
Fs (corr. Z P r, (corr. Z P Fg (corr. Z P
for ties) for ties) for ties)

Both sexes 0.47 4.5 0.0001 0.51 4.8 0.0001 0.51 4.9 0.0001
Fem ales only 0.45 4.3 0.0001 0.46 4.4 0.0001
M ales onlv 0.43 4.1 0.0001 0.43 4.2 0.0001

The facts that burrow entrances changed little, and that space use was associated 
with their distribution, were reflected in consistent social group locations. There were two 
exceptions. First, a change in the boundary fence in winter 1987/8 forced group 7 towards 
group 6. Second, two new groups (4a and 4b) formed in 1989, apparently by fissioning 
of groups 4 and 5. Much of the frequently-used range of an individual was shared with 
other members of the social group, quantified for 1989 (Table 3.5; Figures 3.5, 3.6). 
However, there was very much less overlap of this range between individuals from
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different groups. At the start of the 1989 breeding season, two new groups (4a and 4b) 
formed. Group 4a included putative sisters (see Chapter 5) F197 and F198, plus F189.
All of these had been bom in group 4 and emerged frequently in 1988 from a hole 105m (x- 
coordinate) from the eastern edge of the field, and Om (y) into the field (from here on a 
coordinate system will be used: this position is 105x, Gy). F189 had moved from group 4 
from age 4 -7 months, and was temporarily associated with group 3. She joined group 4a 
in September 1988. Shortly after, M204 dispersed to the same area from group 2. M200, a 
putative brother of F197 and F198, had been bom in group 4, and from the age of 4 
months moved around, apparently attempting to join group 5. At the start of 1989 he 
joined three females who had been bom into group 5, F243 and F227 (putative sisters) 
with F221 (putative half sister), using burrows around lOOx, Gy. These rabbits became 
group 4b. Even though very close to each other and groups 4 and 5, groups 4a and 4b 
maintained their own range (Figure 3.2). These group formations resulted in stable 
changes in individual overlaps of female ranges. For example in 1988, F197, F198, F93 
and F193 shared most of their ranges. After group formation in 1988/89, F93 and F193 
overlapped (mean 87%), as did F197 and F198 (mean 66%), but the latter pair overlapped 
F193 by a mean of only 7%, and <1% with F93.
Table 3.5. Proportion of range (<26m from the copse) shared by different categories of rabbit in 1989 
(see 3.2.1.3). The data for overlap betvt een groups are only from the groups 4 f  4a+ 4b,+5, and 6+7, which 
were in close proximity; these data thus provide an estimate of the upper limit of overlap between groups. 
See Figure 3.2 for spacing between groups. See Fig. 3.6 for frequency distribution of data this table 
summarizes. Note that data include proportion overlap of range of individual A with B, as well as B with 
A. Data were contributed by 10 males and 25 females, 
sex 
class
same-group female-female 
same-group male-male 
same-groiq) mixed, prop of female range 
same-group mixed, prop of male range

adjacent group female-female 
adjacent group male-male 
adjacent group mixed, prop of female range 
adjacent group mixed, prop of male range

Mean male-male and female-female range overlap within group was very similar 
(5G- 55%). However, females shared a mean of 69% of their ranges with any male of the 
same group, whilst males shared only 26% with a female (Table 3.5). This was probably 
due at least in part to the fact that males had highly significantly larger observed ranges 

(±SE) than females: male n=lG, mean=394m2±74.G, female n=25, mean=132m2±17.G, 
Mann-Whitney U=36, Z=-3.25, p<G.GGl. There was a positive relationship between 
number of observations and home range size (Figure 3.7), but the mean number of 
observations per individual was not significantly different between the sexes (male 
47.7±1G.5, female=32.2±4.2, Mann-Whitney U=93, Z=-1.17, p=G.243).

mean 1 SE N
prop.
0.55 0.05 48
0.50 0.12 06
0.69 0.06 36
0.26 0.03 36

0.10 0.02 138
0.30 0.06 26
0.30 0.04 57
0.16 0.03 57
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Figure 3.3.
Social group membership.'!' (mtroduced)=migrants (seeCh.2),'D'=died,'R'=removed. Numbers denote group to or
from which rabbit has moved. Bold numbers on Y -axis denote social groups. Included are adults which appear in

analyses, or in the text.(Continued on page 63).
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Figure 3.4. Home ranges of individual rabbits in 1988 (see 3.2.1.3 for details). Circles frequently represent multiple observations.
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Figure 3.5. Home ranges of individual rabbits in 1989 (see 3.2.1.3 for details). Circles frequently represent multiple observations, (figure continued on p. 66).
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Figure 3.5. (Continued from pngc 65).
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Figure 3.6 Frequency distributions of the proportion of range overlap between different classes of rabbit in 1989. 
See section 3.2.1.3 for details.
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F igu re 3 .7 . Male and female ranges in 1989, plotted against number of observations. See section 3.2.1.3 for details.
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3 .3 .5 .0  Sharing temporal range
3 .3 .5 .1  Within-evening temporal range sharing

T-values indicating within-evening temporal association between a pair of rabbits 
were calculated (3.2.1.4i) for all pairs of rabbits included in the analyses (3.3.4). More 
negative t-values indicate greater association, at t=0 the presence of one rabbit is unaffected 
by that of the other, and positive t indicates dissociation. Frequency distributions are 
plotted in Figure 3.8.

Same-group females and same-group mixed-sex dyads associated within-evening 
more than the other (different-group) classes. First, same-group females and mixed-sex 
dyads had the highest mean t-values in all three years (Figure 3.9, absolute figures in 
Appendix 3.1). In contrast, the different-group classes had much lower means, about 
equal to each other. Second, same-group females and mixed-sex pairs had higher 
proportions of significant individual results than any different-group class (Table 3.6). In 
addition, distributions of t-values for same-group females and mixed-sex pairs showed 
negative skewness (6/6 cases), indicating that subsets of individuals associated even more 
(Figure 3.8, figures in Appendix 3.1), whilst rabbits from different groups tended to be 
less skewed in this direction, and in 5/9 cases were positively skewed. There were not 
enough same-group males to draw conclusions about these.

It was feasible that positive skewness in the distributions in the different-group
classes arose by greater avoidance between rabbits in neighbouring social groups. Perhaps
surprisingly, rabbits of all intergroup classes (except males in 1987) associated more
within-evening with neighbours than non-neighbours (Figure 3.10).
Table 3.6. Numbers and proportion of significant t-values measuring within-evening temporal 
association, shown separately for each sex/social group class. The rows of figures in bold represent the 
proportions of results in a class which were significant associations. ‘0.05’ and ‘0.01’ refer to significance. 
The third column under each year contains the number of dyads (‘N’) and the to ta l proportion of results 
which were significant at p<0.05 or 0.01.

 1987...........................  1988.  1989.....
Assoc. /Dissoc. Assoc. /Dissoc. Assoc. /Dissoc

0 . 0 5  0 . 0 1  N/ t o t a l  0 . 0 5  0 . 0 5  0 . 0  1 N/ t o t a l  0 . 0 5  0 . 0 5  0 . 0  1 N/ t o t a l  0 . 0 5
c l a s s
same-group 0 0 2 0 0 0 1 0 0 0 3 0
males 0 0 0 0 0 0 0 0 0 0 0 0

same-group 2 2 13 0 1 4 9 0 5 6 24 0
females 0. 15 0 .1 5  0 .31 0 0.11 0 .44 0 .56 0 0 .2 1  0 .2 9  0 .50 0

same-group 1 3 13 0 2 10 16 0 13 7 35 0
mixed 0. 08 0 .2 3  0 .31 0 0 .13  0 .63 0 .7 5 0 0 .3 7  0 .2 0  0 .57 0

diffCTent-grp 0 0 8 0 0 0 14 0 2 4 42 0
males 0 0 0 0 0 0 0 0 0 .0 5  0 .1 0  0 .14 0

different-grp 3 3 43 0 9 4 82 2 59 36 276 0
females 0 .07 0 .0 7  0 .14 0 0 .11 0 .05 0 .16 0.02 0 .21  0 .1 3  0 .34 0

diffCTent-grp 6 6 46 0 10 4 68 0 25 30 214 0
mixed 0 .13 0 .1 3  0 .26 0 0 .15  0 .06 0 .21 0 0 .1 2  0 .1 4  0 .26 0

69



Figure 3.8a. Frequency distributions of t-values (measure of within-evening temporal association)
in rabbits of different sex/social group classes, in 1987. A list of individuals contributing
to the data is given in section 3.3.4.
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Figure 3.8b. Frequency distributions of t-values (measure of within-evening temporal association)
in rabbits of different sex/social group classes, in 1988. A list of individuals contributing
to the data is given in section 3.3.4.
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Figure 3.8c. Frequency distributions of t-values (measure of within-evening temporal association)
in rabbits of different sex/social group classes, in 1989. A list of individuals contributing
to the data is given in section 3.3.4.
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Figure 3.9 Mean t-values (+/- SE) (measure of within-evening association) for different sex/social classes.
A list of the individuals contributing to the data is given in section 3.3.4. Frequency distributions are given in

WITHIN-EVENING (T-VALUES)Fig. 3.8 and absolute figures in Appendix 3.1.
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Figure 3.10. Mean t-values (+-SE) (measure of within-evening temporal association) of rabbits 
in different social groups, with data contributed by neighbours and non-neighbours separated.
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3 .3 .5  2 Between-evening temporal range sharing
Spearman’s rank correlations were used to test whether the number of times a 

rabbit was seen in scans on an evening was associated with the number of appearances of 
each other individual (between-evening temporal association: 3.2.1.4ii). Frequency 
distributions are plotted in Figure 3.11. Same-group female and same-group mixed-sex 
dyads had higher mean association values than did different-group dyads in all three years 
(Figure 3.12, absolute figures in Appendix 3.1). In addition, there were strong tendencies 
for a larger proportion of individual results from same-group classes to be significant, and 
to be more highly significant, than those from different group classes (Table 3.7). There 
were too few pairs to draw conclusions for males of the same social group.

As with within-evening association, heterogeneity within distributions of intergroup
classes was investigated with reference to whether pairs were in neighbouring groups or
not. With the exception of mixed-sex dyads in 1987, all classes showed greater (or in two
cases, equal) mean association with neighbours than non-neighbours (Figure 3.13).
Table 3.7. Numbers and proportion of significant Spearman’s r values measuring between-evening 
temporal association, with data shown separately for each sex/social group class. The rows of figures in 
bold represents the proportions of results in a class which were significant. ‘0.05’ and ‘0.01 ’ refer to 
significance levels. The third column under each year contains the number of dyads (‘N’) and the to ta l 
proportion of results which were significant at p<0.05 or 0.01.

-1 9 8 7 . —  1988- —  1989
0 . 0 5 0 . 0 1 N/ t o t a l 0 . 0 5 0 . 0  1 N/ t o t a l 0 . 0 5 0 . 0 1 N/ t ot a l

c l a s s
same-group 1 0 2 0 1 1 2 0 3
males 0 .50 0 .00 0.50 0.00 1.00 1.00 0 .67 0 0.67
same-group 5 6 13 1 8 9 5 9 24
females 0 .39 0.46 0.85 0.11 0 .89 1.00 0 .21 0 .3 8 0.58
same-group 2 9 13 3 13 16 12 10 35
mixed 0 .15 0 .69 0.85 0 .19 0 .81 1.00 0 .34 0 .2 9 0.60

different-group 5 2 8 8 4 14 8 5 42
males 0 .63 0 .25 0.88 0.57 0.29 0.86 0 .19 0 .1 2 0.29
different-group 12 21 43 18 37 82 64 59 276
females 0 .28 0 .48 0.77 0.22 0 .45 0.67 0 .23 0 .21 0.43
different-group 14 20 46 18 29 68 42 50 214
mixed 0.30 0 .44 0.74 0.27 0 .43 0.69 0 .20 0 .2 3 0.42

3 . 3 . 6  Spatiotemporal interactions (association bvproximity)
Spatiotemporal association (‘proximity’) was calculated for all possible pairs of 

rabbits, although many were not seen frequently enough for scores to be calculated (also 
true of Roberts, 1987). Frequency distributions are plotted in Figure 3.14.

Excluding same-group males for which there were very few data, same-group 
mixed-sex pairs showed the highest mean association by this measure in all years, followed 
by same-group females (Figure 3.15). Different-group classes had much lower mean 
values than same-group classes, although the differences were less strong in 1988,when 
same-group females associated on average only slightly more than different-group females 
(Figure 3.15; Appendix 3.1). There were no consistent patterns in the skewness of the 
distributions of proximity values (Figure 3.14). In all years, higher proportions of

75



Figure 3. l ia .  Frequency disüibutions of Spearman's r (measure of between-evening temporal association)
in rabbits of different sex/social group classes, in 1987. A list of individuals contributing
10 the data IS given in secüon 3 .3A  BETWEEN-EVENING (Spearman's r)
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Figure 3.1 la. Frequency distributions of Spearman's r (measure of between-evening temporal association) 
in rabbits of different sex/social group classes, in 1988. A list of individuals contributing

to the data IS given m sec u o n 3 .3 A  BETWEEN-EVENING (Spearman's r)
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Figure 3.1 le . Frequency distributions ot Spearman's r (measure of between-evening temporal association)
in rabbits of different sex/social group classes, in 1989. A list of individuals contributing
to the data is given in section 3.3,4.
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Figure 3.12 Mean Spearman's r (+/- SE) (measure of between-evening association) for different sex/social classes.
A list of the individuals contributing to the data is given in section 3.3.4. Frequency distributions are given in
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Figure 3.13. Mean Spearman's r (+-SE) (measure of between-evening temporal association) d" 
rabbits in different social groups, with data contributed by neighbours and non-neighbours separated.
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same-group females and mixed-sex pairs associated more than different-group classes, 
except females in 1988 (Table 3.8). There were only 23 significant results out of 676 tests; 
10 of these were significant dissociations between different-group dyads, and 12 were 
significant associations. One same-group mixed-sex pair associated significantly. It is 
likely that the low proportion of significant results reflects the stringency of the data 
subsampling and requirements of the test; these greatly reduced available data and thus 
degrees of freedom.

Unlike the other temporal analyses, there was no consistent pattern for association
with neighbouring- as opposed to non-neighbouring rabbits. In 1987, only males showed
any strong difference, but there were only 3 pairs. In 1988, all classes of neighbours were
on average more associating than non-neighbours, whilst the differences between
neighbours and non-neighbours in 1989 were small and inconsistent (Figure 3.16).
Table 3.8. The number of pairs of rabbits in each class which associated (t-value<0) and dissociated 
(t>0), according to the proximity analysis in all three years. The rows in bold represent the proportion of 
all dyads which associated.

..1987— ■ 1988— 1989-
c la s s  a s s o c d is so c N a sso c d is s o c N a s s o c d is s o c  N
same-group 0 0 0 1 0 1 2 0 2
males 1.00 1 .00
same-group 3 1 4 3 2 5 14 7 21
females 0 .75 0 .60 0 .67
same-group 7 2 9 10 4 14 17 8 25
mixed 0 .7 8 0 .71 0 .6 8

different-group 5 4 9 8 6 14 12 14 26
males 0 .56 0 .57 0 .46
different-group 11 9 20 44 26 70 96 120 216
females 0 .5 5 0 .63 0 .4 4
different-group 15 16 31 36 28 64 72 73 145
mixed 0 .48 0 .56 0 .5 0

3 . 3 . 7  The relationships between the three measures of association
Two rabbits were counted as associating for within-evening and proximity analyses 

if the t-value was less than zero, and dissociating if t was greater than zero. Because 
dissociations between evening were rare, a pair was counted as associating if Spearman’s r 
was significant p<0.05, and as dissociating if p>0.05. In 1987 and 1988, all same-group 
female and mixed-sex pairs which associated within-evening also associated between 
evenings (columns ‘t’ and ‘rs-i-t’ are equal in Table 3.9). In contrast, a proportion of pairs 
from different social groups which associated within-evening dissociated between evenings 
(‘rs-Ht’ < ‘t’). This difference was consistent but less strong in 1989. It was unusual for 
any pair to dissociate in both dimensions, but cases were disproportionately seen in pairs 
from different social groups (column ‘dissoc. rs+t’). Among pairs from different social 
groups which associated by proximity, many dissociated between- and/or within-evening 
(‘p’ is higher, usually much higher, than ‘rs-i-t-i-p’ for all three classes in all three years in 
Table 3.9). Most mixed-sex pairs of the same social group which associated by proximity 
also associated by the other measures (‘p’ usually equal or similar to‘rs-i-t+p’). In 1988, all 
pairs of same-group females which associated by proximity also associated by the other
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two measures, but only 8/14 in 1989, and 2/3 in 1987. Over the three years, 11-43% of 
different-group dyads associated by all three measures, compared to 38-60% of same- 
group females, and 52-71% of same-group mixed-sex pairs. Pairs of any class rarely 
dissociated by all three measures.
Table 3.9. The proportion of pairs of rabbits of each class which associated or dissociated by 
combinations of the different measmes erf association, ‘rs’ denotes results for between-evening 
(association=Spearman’s r (rs) significant at 5% level, dissociation=rs not significant), ‘t ’ denotes within- 
evening and ‘p ’ denotes spatiotemporal ( ’proximity’) association (for t and p, association=t<0, 
dissodation=t>0). 
s e x / g r p
1987
same-group 
males
same-group 
females 
same-group 
mixed

N —  a s s o c i a t i o n  — d i s s o c . N a s s o c i a t i o n d i s s o c .
r s t r s + t r s + t P r s + t + p r s + t + p

2 1.00 0.50 0.50 0.00 0 -.- -.-

13 1.00 0.85 0.85 0.00 4 0.75 0.50 0.00

13 1.00 0.85 0.85 0.00 9 0.78 0.67 0.00

different-group 8 0.75 0.86 0.75 0.13 9 0.56 0.11 0.00
males
different-group 43 0.86 0.74 0.65 0.05 20 0.55 0.35 0.00
females
different-group 46 0.83 0.74 0.65 0.09 31 0.48 0.26 0.03
mixed

s e x / g r p  N — a s s o c i a t i o n —  d i s s o c .  N a s s o c i a t i o n  d i s s o c .
1988 r s  t  r s + t  r s + t  p r s + t + p  r s + t + p
same-group
males

1 1.00 1.00 1.00 0.00 1 1.00 1.00 0.00

same-group
females

9 1.00 1.00 1.00 0.00 5 0.60 0.60 0.00

same-group 16 1.00 1.00 1.00 0.00 14 0.71 0.71 0.00
mixed

different-group 14 0.86 0.86 0.71 0.00 14 0.57 0.43 0.00
males
different-groiç) 82 0.73 0.68 0.48 0.07 70 0.63 0.34 0.00
females
different-group 68 0.82 0.68 0.54 0.04 64 0.56 0.34 0.02
mixed

s e x / g r p N —  a s s o c i a t i o n  — d i s s o c . N a s s o c i a t i o n d i s s o
1989 r s t r s + t r s + t P r s + t + p r s + t +
same-group 3 0.67 0.67 0.67 0.33 3 1.00 1.00 0.00
males
same-group 24 0.58 0.96 0.58 0.04 21 0.67 0.38 0.05
females
same-group 35 0.60 1.00 0.60 0.00 27 0.74 0.63 0.00
mixed

different-group 42 0.29 0.81 0.24 0.14 41 0.41 0.15 0.05
males
different-group 276 0.43 0.94 0.42 0.04 216 0.44 0.23 0.02
females
different-group 214 0.42 0.94 0.40 0.04 181 0.51 0.21 0.01
mixed
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Figure 3 .14a. Frequency distributions ot pro\unity t-values (measure of spatiotemporal association)
in rabbits of different sex social group classes, in 1987. A list of individuals contributing,
to the data is given m section 3.3.4.
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Figure 3 .14b. Frequency distributions of proximity t-values (measure of spatiotemporal association)
in rabbits of different sex/social group classes, in 1988. A list of individuals contributing,
to the data is given in section 3.3.4.
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Figure 3.14c.

1989

Frequency distributions of proxunity t-values (measure of spatiotemporal association)
in rabbits of different sex/social group classes, in 1989. .4 list of individuals contributing,
to the data is given m section 3.3.4.
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Figure 3.15 Mean t-values {+1- SE) (measure of spatiotemporal association) for different sex/social classes. 
A list of the individuals contributing to the data is given in section 3.3.4. Frequency distributions are given in 
Fig. 3.14 and absolute figures in Appendix 3.1. PROXIMITY

1987
t-value

- 2.0

-1.5

f

4-
n=9

O
n=9

© mean t-value proximity 
+  +se 
4- -se

-1.0-
i-

-h
O 4- n=20

K -0.5- + ©
n=31

4-
increasing

0 .0 -
O

4- O
association 4-

1988

t-value

A
increasing

1989

t-value

0.5 1 

1.0

increasing

association

males females mixed sex males fem ales mixed sex 

same social group | different social group

-1.5
n=5

n=l- 1.0 - n=70

n=64-0.5- n=14

0 .0 -

0.5

males females mixed sex males fem ales mixed sex

same social group | different social group

-1.3

-0.9-

n=145

n=216

0.6

males females mixed sex males fem ales mixed sex
same social group | different social group 

sex/social group class

86



Figure 3.16 Mean t-values (+/- SE) (measure of spatiotemporal association) for different sex/social classes.
A list o f the individuals contributing to the data is given in section 3.3.4. Data contributed by individuals in
neighbouring and non-neighbouring social groups are plotted separately.
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3 .4 .0  D iscussion

Following Cowan and Garson (1985) and Cowan (1987b), predictions were made
(3.1.1) under the assumption that burrow localization imposed important selective 
pressures on rabbit group living. How the data related to the predictions is discussed here.

3 .4 .1  Resource localization as an important factor in rabbit group living 
Burrow dispersion and space use by rabbits was consistent with the predictions of

the hypothesis that localization of suitable burrow sites is the primary factor in coloniality in 
rabbits, as discussed below under the structure in 3.1.1. 

a/ Burrows should be clustered 
Burrows were highly significantly clustered (Tables 3.1, 3.2): this is a necessary 

condition for a grouped population if resource localization is important in coloniality.
b/ Construction of new warrens should be a rare event, and excess 

individuals should be incorporated by one or more of i/ contraction of ranges, ii/ expansion 
of warrens and iii/ reduction in numbers of burrows per female.

Building of new burrow entrances was very rare (3.3.2) even though the adult 
population varied between about 30 and 45. Extra individuals were incorporated by 
processes other than construction of new warrens. In 1989, social groups 4a and 4b 
formed by fission of groups 4 and 5, such that 20 adults (half the adult population) lived in 
only a 40m stretch of burrows (3.3.4). The new groups used existing entrances. There 
were more females in the same area, and no new entrances, so the number of entrances per 
female was reduced. These facts point to costs of construction of new warrens which are in 
some way prohibitive (also Myers etal.^ 1975; Cowan, 1987a). However, there are a 
number of possible advantages for young females in not going further afield, such as 
remaining where burrow topography was known (all 6 females were in parts of their natal 
warrens), and maintenance of contact with familiar or related individuals.

c/ Burrows should be a limiting resource to breeding females 
Space use indicated that burrows were a limiting resource. The correlation between 

the statistically-independent obsen ations of female rabbits and the positions of burrows 
(Table 3.4) was highly significant. During the formation of the new groups 4a and 4b, 
individual range overlaps changed so that there was limited space shared by groups 
4/4a/4b/5 (3.3.4, Figures 3.2 and 3.5), and individual females were forced to shift their 
ranges (eg females 134, 93, and 193; Figures 3.4 and 3.5). This group organization, 
range shifts and low overlap betw een adjacent groups (Table 3.5 provides a rough estimate 
of overlap of frequently-used range, as described in 3.2.1.3) all suggest attempts to gain 
access to burrows. Factors such as keeping near burrows in case of predator attack, or 
though energetic considerations, could also contribute to the patterns observed. Many 
studies report direct defence of w arrens, and the effect of site familiarity is sufficient for 
even young rabbits to repel neighbouring adults (Webb, 1988). It was not possible to 
demonstrate that female ranges w ere more associated with burrows than males (males could
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be near burrows for predator avoidance, and through association with females), although 
the correlation between statistically-independent observations of rabbits and positions of 
burrows was higher for females than males (Table 3.4).

d/ Male distributions should reflect those of reproductive females
Male spatial distributions were apparently a reflection those of females. First, 

males had significantly larger ranges than females, and there was a strong tendency for 
male ranges to overlap those of females more than the converse (Table 3.5). In particular, 
some males could overlap two groups of females. The clearest examples were that M223 
in 1988 overlapped groups 3 and 4 (Figure 3.4) and M44 in 1989 overlapped groups 1 and 
2. Second, new groups 4a and 4b started with females remaining at the edges of their natal 
warrens, being joined by males from different groups later. This is very similar to the 
sequence of group formation given by Myers and Poole (1961). Third, the positions of 
males were more highly correlated with the positions of females than they were with the 
positions of burrows (Table 3.4, rs=0.51 compared to 0.43).

3 .4 .2 .0  Competitive verses cooperative group living in rabbits
The preceding section showed that burrow distribution and the spacing of rabbits at 

Bridgets Farm was consistent with group living driven by localization of burrows, as in 
Cowan and Garson (1985) and Cowan (1987b). However, such group living is not 
necessarily competitive for all individuals or all of the time. This will be particularly true 
when there is long-term attachment to a particular site (Alexander, 1974; Koenig, 1981); 
the fidelity of individuals to social groups at Bridgets Farm (Figure 3.3) shows that this 
condition applied.

Spatial and temporal analy ses provided some information about the character of 
group living in the Bridgets population, as discussed here under the structure of section 
3.1.2. It is recognized that there are some major limitations to these data. First, as daylight 
observations only were made, relationships or strategies of individuals out of sight (night, 
underground, in cover) might modify patterns observed. Second, enough data were not 
collected for seasonal analysis. Seasonal patterns could be important in understanding 
factors in operation.

3 .4 .2 .1  If group living is competitive, avoidance should occur where possible
At the broadest level, the within-evening temporal association analysis did not

indicate avoidance between rabbits. In fact, some synchrony was indicated: mean within- 
evening t-\ alues for all classes in all years were negative (ie rabbits were more 
synchronized in being recorded in scans than expected by chance; Figure 3.9). This 
contrasts with the findings of Roberts ( 1987), working on low-density populations with 
dispersed burrows. In those populations, most space-sharing (equivalent to same-group) 
mixed-sex pairs associated significantly, whilst most males dissociated significantly.
Hardly any females shared space at all. Non-sharers of space (equivalent to different
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group) mostly dissociated. The differences may be due simply to dispersion of rabbits in 
the two types of population. However, in addition to the tendency of a pair of rabbits to 
associate, the t-value for a dyad may also be affected by i/ simultaneous presence of other 
individuals with which relationships might be different to the target individual, and ii/ 
ambient conditions such as rate of disturbance (Roberts, 1987). Localized disturbance at 
Bridgets Farm was high, including a road next to groups 1 and 2, and a frequently-used 
farm track at the opposite end of the colony. The fact that members of neighbouring 
groups were clearly more synchronized than non-neighbours in 7/9 cases (Figure 3.10) 
may indicate a common reaction to localized conditions: t-values for non-neighbouring 
different-group pairs (which might be expected to be least synchronized by localized 
conditions) were generally closest to neutrality (Figures 3.10). However, other 
explanations exist such as a level of deliberate synchrony between neighbouring groups to 
observed monitor each other, or grouping to maximize anti-predator benefits. These 
explanations are less consistent with results of the other measures of association (below).

In the between-evening analysis, most rabbits associated (Figure 3.11) and 
between 29 and 100% of tests in any class were significant (p<0.05). These data also 
showed a component of synchrony between rabbits in general (Figure 3.12; proportion of 
significant results in Table 3.7). However, this time, neighbouring pairs were more 
synchronized than non-neighbours in only 5/9 cases (Figure 3.13). Little difference 
between neighbours and non-neighbours is expected if synchrony is caused by large-scale 
or long-lasting conditions. Thus much of this synchrony may have been due to such 
factors as weather (activity of rabbits is affected by minimum and maximum temperatures 
and wind speed, Kolb, 1986) and serious or repeated disturbance. It is likely that the 
observed background of association represented constraints on behaviour rather than 
intrinsic adv antage. Evidence for this is seen by comparing association within- and 
between ev enings. Although members of different social groups associated by one 
measure, there was a tendency to avoid each other by the other measure (Table 3.9; ‘rs+t’ 
is always smaller than rs or t indiv idually).

Association by proximity quantifies something quite different than the other two 
measures. Any benefit of association is derived specifically from being close and is likely 
to be strongest in pairs which are close together: a rabbit is unlikely to have an effect on a 
distant conspecific. As expected, proximity t-values in different-group classes were much 
more evenly distributed around 0 than in the within-evening analysis (Figure 3.15: all 
means but one are within ISE of 0). As association by proximity indicates being close to 
another individual, it might be expected that pairs from neighbouring groups would show 
more dissociation by this measure than non-neighbours if strong general avoidance 
occurred between groups. Equally, if synchrony between neighbours by the other 
measures reflected anti-predator benefit, they might also be expected to show grouping by 
this measure. There was no clear indication that either of these was true: there were 
different patterns within- and between years (Figure 3.16).

In summary, the present data did not show indicate strong avoidance between most
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pairs of rabbits, in contrast to Roberts (1987) who worked on a population of 
predominantly mixed-sex pairs. That study showed much stronger within- and between- 
evening dissociation by rabbits from different social groups (Table 4 in Roberts, 1987). 
However, the lack of avoidance at Bridgets Farm probably was due, at least in part, to 
constraint from two sources. First, it is suggested that Bridgets Farm rabbits tended 
towards association within-and between evenings due, at least in part, to synchronous 
responses to (respectively) short-term, and meterological/disturbance factors. Second, it is 
likely that the higher population density and larger groupings at Bridgets Farm made 
avoidance of a number of individuals infeasible, through constraints to spend a certain 
amount of time above ground in order to carry out normal activities.

3 .4 .2 .2  Mechanisms to maximize benefits should be greatest within groups
The clearest result from all the analyses separately and together was the dichotomy 

between members of different- and the same social group (at least females and mixed-sex 
pairs for which there were enough data). It is recognized that data on space-use were not 
sufficient to perform a very robust analysis. However, there was quite a clear separation of 
rabbits into spatial groups (Figures 3.4,3.5), and range overlap between members of 
different groups was much smaller than that within-group (Table 3.5). Within a group, 
there was little avoidance in space between same-sex individuals: on average both sexes 
shared 50-55% of their ranges with same sex individuals of the same group in 1989 (Table 
3.5). However, this was at least partly a function of local density: in group 1 (3 females 
occupied about 40m of the length of the field, mean range =I49.5m2) mean overlap 
between females was only 16.1% compared to 74.0% in group 4a (3 females in <10m, 
mean range=152.3m2). Results for same-group mixed-sex dyads are difficult to interpret, 

due to different range size of the sexes. The observed low overlap between neighbouring 
groups, and the dynamics of group fissions, range shifts and contractions (above) may 
reflect exclusion around burrows, and thus some competition between members of 
different social groups.

The relatively high level of within-evening synchrony of female-female and mixed- 
sex pairs of the same group (means Figure 3.9, proportions of significant results and 
associations in Tables 3.6,3.9) indicate one or more of i/ association through benefit (eg 
predator detection), ii/ association through necessity (eg reproductive activity), iii/ 
cooperation such as signalling to share information, iv/ incidental benefits such as running 
from a predator in response to another rabbit doing the same. Whilst it is not possible to 
choose definitively between these alternatives, it seems that benefit does arise for group 
members as compared to non-members. This benefit is likely operate via communication 
about, or responses to, short-lived events such as appearance of a predator.

Even with high background synchrony in the population as a whole, same-group 
females and mixed-sex pairs showed greater between-evening association than members of 
different groups (mean in Figure 3.12, proportion of significant results in Table 3.7). This
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result has different implications than higher within-evening association, because between- 
evening association is affected by longer-lasting or more general factors like weather. 
However, the mean level of association within groups was above that of neighbouring 
pairs in all cases. It seems unlikely that a local factor severe enough to affect association by 
this measure would go undetected by neighbouring rabbits. Thus, extra association may 
come from an advantage of synchrony with members of the same- rather than different 
social groups, or perhaps preferential information transfer (deliberate or accidental).

The proximity analysis again showed association based on group membership; 
mean association (Figure 3.15) and proportion of individuals associating (Table 3.8) were 
higher in same-group females and mixed-sex dyads than all different-group pairs. This is 
unlikely to be coincidental or due to constraint of sharing range: rabbits were closer to the 
same coordinates when both were present than they would have been in the absence of the 
other. In the case of mixed-sex pairs, this closeness could easily be explained by time 
spent in mateguarding or other reproductive activity. These results show a similar pattern 
to Cowan ( 1987a). In that study, the percentage of observations where rabbits were less 
than 10m apart was 12% for same-group females, 28% for mixed-sex pairs, and 1-5% for 
members of different groups. Both Cowan’s and the present study differ markedly from 
the results for Roberts’ (1987) populations where the usual ‘social group’ was a 
male-female pair, and all other classes of individual had very limited contact.

The present results differ somewhat from those of Cowan ( 1987a) where social 
rabbit populations were characterized by intrasexual aggression and intersexual tolerance or 
association. In the Bridgets Farm population, same-group females were found to associate 
in time and space almost as much as mixed-sex dyads, and well above their different-group 
counterparts. Possible reasons why females would spend time close to each other include 
selfish effects like dilution of predator pressure (factors relevant to rabbits reviewed in 
Cowan, 1983) and cooperative effects like group defence against neighbouring females. 
Other factors could also be involved. Female dominance hierarchies are less strong than 
those of males, even in enclosures at high density, and it is a frequent observation that 
aggression declines after group formation (eg Myers and Poole, 1961). Additionally, 
males will interrupt aggression between females in their social group; up to 31% of female 
agonistic interactions (Cowan, 1987a). This high rate might be enough to reduce female 
agonism, although it seems unlikely that males could influence the proximity of females. 
Finally, there are many possible areas where co-operation could be mutually beneficial
(1.5.1). Females are likely to be closely-related because of low female dispersal (Webb, 
1988; Cowan, 1991 ; and at Bridgets Farm, chapter 5), so the potential for kin selection 
exists, or perhaps reciprocal altruism between familiar individuals.

In sharp contrast to the situation in different-group pairs, same-group females and 
mixed-sex pairs which associated within-evening all associated between evening in 1987 
and 1988, and many in 1989 (Table 3.9). This, and the foregoing, point to a difference in 
tolerance or association based on group membership. This is consistent with the prediction 
that under sociality based on competition, tolerance should be greatest amongst individuals
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constrained to spend the most time together. In the case of females, relatedness is likely to 
be confounded with group membership, as is familiarity for all classes.

3 .4 .2 .3  If the sexes compete for different resources, avoidance should differ 
depending on sex

Up to 75% of same-group mixed-sex pairs at Bridgets Farm associated 
significantly within-evening (Table 3.6). This association could reflect a range of activities 
including pair-bonding, mate-guarding (Bell, 1983), increased foraging efficiency in the 
presence of a familiar and non-competitive individual (Roberts, 1988). Roberts (1987) 
reported that 10/22 same-group mixed-sex dyads associated significantly, and mixed-sex 
pairs have also been observed to associate underground (Mykytowycz, 1958). Higher 
association might also be expected in neighbouring mixed-sex dyads: for example, males 
might try to gain extra-pair matings (eg Birkhead, etal., 1990), and females could achieve 
some benefit from extended choice of mates (Bell, 1983; Partridge, 1983; Partridge, 1988). 
However, there was no evidence that mixed-sex neighbouring pairs associated more 
frequently than equivalent single-sex pairs (Figures 3.10,3.13, 3.16).

Same-group females on a\ erage associated above the level of different-group pairs 
for all years and measures (above). However, there was a pattern that same-group females 
associated slightly less than did mixed pairs of the same group. In four categories (within- 
evening, between-evening, proximity, proportion showing association at all three) for three 
years, same-group females only once showed greater association than mixed-sex pairs 
(within-evening, 1987). A similar pattern was not seen for comparable classes from 
different social groups; mixed-sex pairs were more associating than female pairs in only 
two years of within-evening data, one year of between-evening data, and one of proximity. 
Lower association in same-group females than mixed-sex pairs might suggest lower 
tolerance between females, consistent with the prediction that under competitive group 
living, association is expected to be lower between animals which compete for the same 
resource. However, it is possible that the difference was due to the constraints of 
reproduction on mixed-sex pairs, and relationships are analyzed with respect to social 
behaviour in chapter 4.

There were not enough same-group male dyads at Bridgets Farm to draw 
conclusions. The small number of these in itself could be because of competition. Roberts 
( 1987) reported great avoidance between males in dispersed populations: 10/16 dyads 
dissociated, and it has been reported from other wild and enclosed social populations that 
same-group breeding males are always aggressive whereas female same-group aggression 
varies with population density (Myers and Poole, 1961). This may reflect the fact that 
females are difficult to guard and resources for mate-guarding might be limited (Bell,
1983): if social dominance will not guarantee reproduction to the dominant, continued 
defence is predicted (Clutton-Brock, 1989). In addition, potential for male-male 
cooperation may be lower than for females: they may compete for a localized resource 
which cannot be shared (females). Also, as males are predominantly the dispersing sex
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(Daly, 1981; Cowan, 1983; Webb, 1988; chapter 5) the conditions are likely to be 
unfavourable for kin effects.

3 .4 .2 .4  Male distributions should reflect attempts to defend access to females
On several occasions, male range-expansion occurred after the disappearance of 

other males (eg M44 in 1989 covered group 1 in addition to group 2 after M27 
disappeared) and range-contraction coincided with the establishment of other males in an 
area (eg M223 stopped ranging o\ er group 3 when M278 became established there in 
1989). Similar rearrangements surrounded the formation of group 4a and 4b in 1989. 
These observations suggest competitive exclusion between ranges of males. The same is 
indicated by the variation in sex ratios in social groups (tabulated for 1989 in Table 3.3). 
Variation of the magnitude of 0.3-3 females per male in a social population has been 
considered indicative of contest competition where certain males get access to more females 
(Cowan and Garson, 1985). In contrast, in dispersed populations under scramble 
competition, the commonest group is a heterosexual pair (Cowan and Garson, 1985; 
Roberts, 1987). The variation in sex ratio in groups Bridgets Farm in 1989 was consistent 
with contest for females.

3 .4 .3  Mating system indicated by association analyses
Roberts (1985) described her spatial, temporal and spatiotemporal analyses as a 

battery of tests for monogamy. She concluded that measures of association were such that 
monogamy was a likely mating system in her population with dispersed burrows. In the 
sense of Emlen and Oring (1977) these measures represent a battery of tests for the 
potential for a certain mating system.

At Bridgets Farm, females had overlapping ranges, and the ranges of males 
overlapped them (Figures 3.4,3.5; Table 3.5). Temporal and spatiotemporal analyses 
indicated that mixed-sex dyads were the most associating class, and there was potential for 
interaction between the sexes. The sex ratio (Table 3.23 and text) and distributions of male 
ranges indicated that at least some males would have access to more than one female, in 
contrast to Roberts (1987) where most males overlapped one or no females. The actions of 
individual males such as ones which moved to join groups of females (M204, M200) or 
ones which extended their ranges when a male disappeared (M44) also suggested attempts 
to gain access to females. Thus on the basis of spatial and temporal association, the mating 
system at Bridgets could have been mostly polygynous, although elements of other 
systems including hierarchical promiscuity would be possible (Wittenberger, 1980). 
However, correlation between observed social organization and mating system may not be 
accurate. The development of sensitive parentage analyses have revealed monogamy where 
none was expected (Foltz, 1981), extra-pair paternity where monogamy was expected 
(Birkhead, et at., 1990) and ‘non-reproductives’ which gain matings (Rabenold et 
u/., 1990). Whether or not the potential for polygyny was realized is dealt with in chapters 
4 and 5.
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Chapter 4. Social behaviour and access to resources

4 .1 .0  In troduction

This chapter examines social behaviour in sex/social group classes of rabbits in the 
Bridgets Farm population. The focus will be competition by rabbits for resources as 
indicated by vigilance (Cowan, 1983; Roberts, 1988), and by aggression (Cowan, 1987a).

The approach of measuring vigilance in rabbit groups of different sizes, to infer the 
extent of competition or advantage in groups, has been used at least three times previously: 
Boyce (1983), Cowan (1983), Roberts (1988). The present analyses extend previous 
work in two ways: 1/ the population studied had stable multi-female social groups (like 
only Cowan, 1983 of the three previous studies), and 21 social status and social group 
membership were included as factors, and more social context parameters were measured. 
Cowan ( 1983) and Roberts ( 1988) have highlighted the importance of performing analyses 
on known individuals of defined social relationships.

An assessment was given in chapter 1 of the significance of females as a resource 
for which male rabbits compete, and burrows for which females compete. The patterns of 
temporal and spatial distributions of rabbits in Bridgets Farm described in Chapter 3 
indicated that there was intrasexual competition for clumped resources, but that social 
group membership was a moderating factor for females. It is the aim of this chapter to 
derive more information about the extent and nature of competition between rabbits, and 
determine if they were consistent with female competition for localized burrows, and male 
competition for females. It is an additional aim to investigate the influence of social group 
membership and sex on degree of competition.

4 . 1 . 1 .0  Expected patterns o f behaviour under competition for localized resources 
If group living in rabbits is driven largely by female competition for a localized

resource (burrows), with males competing for access to aggregated females, some 
expectations for patterns of social interactions can be derived, as follows.

4 .1 .1 .1  Females should compete for access to burrows
Chapter 3 presented evidence that burrows were a clustered resource at Bridgets 

Farm, and there was apparently competitive exclusion of females from around warrens. 
Competition between females should also be seen in vigilant and aggressive behaviours, 
and much aggression should be related to burrow access.

4 .1 .1 .2  Males should compete for access to females
Chapter 3 showed that male spacing behaviour indicated attempts to maximize 

access to females; this should also be seen in vigilant and aggressive behaviour. Defence
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of access to females could be achieved by a number of routes including territoriality and 
mate guarding (Clutton-Brock, 1989).

4 .1 .1 .3  Mixed-sex pairs should not compete for resources
If females and males compete for different resources, aggression should be lower 

between the sexes than within, and a rabbit of the opposite sex should cause less vigilance 
than one of the same sex. These differences may be great, as aggression will necessarily 
be reduced, at least for periods, for the purposes of reproduction.

4 .1 .1 .4  Mechanisms to reduce the costs of group living
If mechanisms have evolved to reduce the degree of aggression, they should be 

most developed in animals constrained to be together most (Alexander, 1974), or in more 
closely-related animals (Hamilton, 1964a,b). Female rabbits of the same social group will 
tend to have high relatedness, as female juvenile recruitment is high (Mykytowycz and 
Gam bale, 1965; Cowan, 1991). Also they tend to be in close association (chapter 3). For 
both of these reasons same-group females might show less signs of competition than 
different group ones. However, there is a factor which works in the opposite direction.
As same-group females associated more, and because they nearly always breed in burrows 
controlled by their own group (Myers and Poole, 1961), they will tend to have more 
opportunities to be aggressive, and will be in more direct competition than different-group 
females. Any comparison of aggression within- and between-group must account for 
potential number of interactions.

Males cannot reliably limit the share of the reproduction of other males (chapter 1). 
With high male juvenile dispersal (Mykytowycz and Gambale, 1965; Cowan, 1991) and 
low relatedness between same-group males, there will be little potential for kin interaction. 
Thus males are expected to be approximately equally aggressive within- and between 
groups as there is little potential for cooperation in either situation.

Mixed-sex pairs are potential mates and thus expected to be non-aggressive, at least 
some of the time. This will probably apply most to same-group pairs, as these seem to be 
the most common mates (genetic evidence in Daly, 1981 ; Webb, 1988), and associate at 
high levels (chapter 3). However, counter to this, there are known contexts where within- 
group intersexual conflict arises. Females may be chased by dominant same-group males, 
a/ during female-female agonism (Cowan, 1987a), and b/ when attacking young 
(Mykytowycz and Dudzinski, 1972). Males may be chased by females during rejected 
courtship (Southern, 1948; see also Clutton-Brock etal., 1992). Between-groups, females 
may be chased off the territory of different-group males (Cowan, 1987a). Thus no clear 
prediction is apparent about the effect of social group membership on intersexual 
aggression.
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4 .1 .1 .5  Summary of predictions of behavioural analysis
If sociality in rabbits is primarily competitive under the model of Cowan and 

Garson (1985) the following predictions should hold:
1/ Females should compete for access to burrows, and much female aggression 

should be over access to burrows. Tolerance is expected to be higher within- than between- 
group, as females are constrained to be together, and may be related.

2/ Males should compete for access to females, and much male aggression should 
be over access to females. Competition is expected to be approximately equal within- and 
between social groups as there may be no reliable way to cooperate, and all males will tend 
to maximize matings.

3/ Mixed-sex pairs should be the most tolerant, if they do not compete for the same 
resource. No clear prediction is possible about the effect of social group membership on 
intersexual aggression.

4 .1 .2  Apparent mating system
Roberts (1987) described her measures of temporal and spatiotemporal association 

as a batteiy of tests for monogamy. In chapter 3 it was shown that mixed-sex pairs of the 
same social group were the most associating class, indicating considerable potential for 
polygyny. However, the extent of polygyny can be examined by behavioural observations 
of rates of interaction between the sexes. It is an aim of this chapter to determine how 
observed access to females was distributed among males.

4 .2 .0  M ethods

The analyses reported here are based on the schedule of observations and 
behavioural sampling strategy given in chapter 2 (based on Altmann, 1974). Behavioural 
watches were analyzed using a Dbase IV program written by Dave Cowan (January 1991). 
This program allowed a personal computer to be used as a timed event recorder, so that 
audiotaped descriptions of behaviour could be analyzed as individual time budgets. In 
1988, 374 watches totalling nearly 24 hours were entered in this way, and in 1989, 174 
watches totalling over 8 hours. The number of watches reported in analyses falls below 
these levels, because of removal of watches involving rabbits observed only rarely, rabbits 
with no neighbours (therefore no score for distance to nearest neighbour) and watches 
involving immigrant rabbits not part of the social system under study.

In 1988, between 9 and 30 watches were made on each of 11 adult females and 5 
adult males which could be ascribed social status from aggressive behaviour (Appendix
4.1). These were F34, F35, F41, F93, FI 10, F 182, F193 (dominant females); F33,
F134, F154, F224 (subordinate females); M44, M184, M208, M223 (dominant males);
M l95 (subordinate male). In 1989, between 4 and 12 watches were made on each of 6
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adult females and 5 adult males: F41, F93, F193, F35 (dominant females); F227, F196 
(subordinate females); M l84, M200, M204, M223 and M208 (dominant males). Below 
are outlined the behaviours which form the basis of this chapter. Behaviours of more 
passing significance are described in Appendix 4.2.

4 .2 .1  Definition o f behaviours
Aggressive behaviours

Three forms of aggressive action were recorded, i/ fight A fight was a fast chase 
ending in physical contact. Usually contact took the form of the chased animal rolling over 
apparently when cornering too steeply; the other would then run into the fallen animal. 
Aggression usually ended quickly, and damaging behaviours such as ‘ripping’ and biting 
(Mykytowycz and Dudzinski, 1966; Mykytowycz and Hesterman, 1975) were not seen, 
ii/ chase Chases occurred with variation in intensity, but were recorded as one type. The 
most intense chase involved a rabbit running at full speed for as much as 20m up to another 
individual, followed by full speed running of both animals. An apparently less intense 
category occurred: the aggressor would suddenly make a rapid run at the other usually from 
nearby. The receiver responded by running a few meters, followed by the other, then both 
stopped, iii/ displacement A displacement was scored when a rabbit occupying a particular 
site (usually feeding) moved a few meters, apparently in response to the sudden arrival of 
another rabbit. These interactions are subtle but detectable (Cowan, 1983). Displace is 
distinct from approach (Appendix 4.2) because speed of movements is noticeably greater.

Vigilant and feeding behaviours
Feeding occupies a great proportion of rabbit time-budgets, and is typically 

interspersed with vigilance (Cowan, 1983; Roberts, 1988). Following Cowan (1983) 
three types of vigilant behaviour were distinguished: a/ ‘head up chewing’ was scored 
when a rabbit raised its head and scanned the field whilst still chewing food, b/ ‘head up’ 
was recorded when a rabbit raised its head and did not chew (frequently the head was 
raised ver\ quickly), and c/ ‘vigilance’ was scored when the rabbit became nearly vertical, 
with its front paws lifted off the ground. Two types of feeding were recorded: a/ ‘head 
down’, where the rabbit simply cropped plants (thus its eyes would be about a head-length 
from the ground), and ‘eat high’ w here it cropped tall plants from any position other than 
‘head down’ (thus its eyes might be up to a body length above the ground).

4 .2 .2  Vigilance as a measure o f competition
Vigilance in rabbits has been used as a measure of social competition (Boyce, 1983; 

Cowan, 1983; Roberts; 1988). Vigilance has been used in the same way here, as an 
indication of competition between individuals of different sex/social group classes. The 
analysis has been modelled closely on that of Roberts ( 1988). Five measures were
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extracted from watches consisting primarily of feeding; number o f scans, time spent 
scanning, duration o f feeding bouts, number o f feeding bouts, and length o f sequence. 
Number o f scans (N S in Table 4.1) was the number of ‘head up’+ ‘head up chewing’ in a 
watch. Time spent scanning (S S) was the time spent ‘head up’+‘head up chewing’ in a 
watch. Duration o f feeding bouts (DF) was the time in ‘head down’ in a watch (‘eat high’ 
was relatively rare and generally shorter, so was not added into this measure of feeding), 
and number o f feeding bouts (N B) was the number of these. Length o f grazing (G), was 
time in minutes of ‘eat high’ + ‘head down’ + ‘head up’+ ‘head up chewing’. The 
behaviour ‘vigilance’ was not included in the rate or proportion of vigilance as it was 
usually a response man-made noises (car horns, aircraft, farm vehicles), so might be 
stochastic in distribution.

Three variables measuring feeding/vigilance, rate of scanning, proportion of 
time spent scanning, and durations of feeds, were calculated from NS, SS, DF,
NB and G, transformed following Roberts (1988) to achieve normal distributions of 
residuals in the regression analysis (formulae in Table 4.1). These three dependent 
variables measure different ways of changing vigilance. Increased rate of vigilant bouts 
will increase ‘rate of scanning’ and tend to decrease ‘duration of feeding’. Longer bouts 
will increase ‘proportion of time vigilant’. ‘Duration of feeding’ was used to summarize 
the amount of effort put into feeding when rate and length of scans are put together. There 
is some overlap between these as more bouts will tend to increase the proportion of time 
vigilant, but all three are required for full interpretation of vigilance (Roberts, 1988). In the 
rest of this chapter, increased length of feeding bouts and decreased rate and/or proportion 
of time spent scanning will sometimes be referred to as ‘increased feeding efficiency’ as 
shorthand, and the reverse situation as ‘decreased feeding efficiency’ (or similar wording).

The dataset for 1988 was analyzed using the General Linear Model procedure of 
SAS 6.04 (SAS, 1985), with advice from Dr. Janice Lord (Macquarie University, 
Australia). Cases were excluded w here a score for all variables in Table 4.1 could not be 
made; for example if there was no male present, no score was possible for distance to the 
nearest male. The advantage of using multiple regression in this situation is that it would be 
virtually impossible to collect enough data to examine a hypothesis under a single set of 
conditions: there are many factors contributing to vigilance, most of which cannot be 
controlled experimentally. An alternative is to collect data under a range of conditions (eg 
different social contexts, times of day) and use multiple regression to analyze the effect of 
each variable with the others held constant by partial regression (Sokal and Rohlf, 1981). 
The effect of each variable can be expressed as a slope coefficient which describes the rate 
of change of the dependent variable per unit of the independent variable. The multiple R2 
value for a model is the proportion of the variance in the dependent variable which can be 
explained by variation in the independent variables (Sokal and Rohlf, 1981).

Roberts (1988) regarded a rabbit 12m away as ‘close’. The Bridgets Farm site was
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more densely-populated than Roberts’, so in the present analyses rabbits within 5m have
been regarded as close, in keeping with analyses in chapter 3. Also, initial comparison of
5m and 12m as a cut off showed little difference in R2s and other statistics).
Table 4.1. Variables in multiple regressions, transformations as Roberts (1988). Definitions in 4.2.2.
Dependent variables..................................................................................................................................
Original measure Transformation Parameter represented
Duration ‘head down’ log^ q(DF/NB) Mean duration of feeds
No. bouts scanning logio ((NSxlOOO)/G) Rate of scanning bouts
Time spent scanning logio ((SSxl(X))/G) Proportion of time spent scanning

Independent variables...............................................................................................................................
Non-social factors
Time Number of minutes that the midpoint of the watch was before dusk
Date Converted to day of the year where 1st Jan=day 1,2nd Jan=2 etc
Cloud Cloud cover at the start of the evening, 0/8 to 8/8

Social factors
SGSS Number of same social group same sex adult rabbits within 5m
SGDS Number of same-group different sex adult rabbits within 5m
DGSS Number of different-group same sex adult rabbits within 5m
DGDS Number of different-group different sex adult rabbits within 5m
DnMALE Distance to the nearest adult male rabbit
DnFEM Distance to the nearest adult female rabbit
Identity Individual identity: to control for individual differences. Coded as a class variable

in GLM procedure of SAS. All other variables were taken as continuous.

Variables used in place of others when social group membership had no effect (see Table 4.5)
No. males No. adult males of any social group within 5m (=SG-i-DG)
No. females No. adult females of any social group within 5m (=SG+DG)

To determine if the presence of other rabbits increased feeding efficiency, mean rate 
and proportion of scanning were calculated per individual under the conditions 1/ no adults 
within 5m, 2/ any rabbit within 5m, 3/ one or more same-sex rabbits within 5m, and 4/ one 
or more different-sex rabbit within 5m. The mean for each rabbit was taken as a datum (so 
that data were statistically independent estimates of the effect of the condition chosen), and 
these data were compared by Wilcoxon Signed Rank tests. This procedure was used in 
very similar circumstances by Roberts (1988).

4 .2 .3  Social dominance
At Bridgets Farm, aggression between all classes of rabbit was rather rare, as has 

been reported for other populations (Mykytowycz and Rowley, 1958; Myers and Poole, 
1959). Interactions between all individuals were not observed, so a sociometric matrix 
(Altmann, 1974) could not be made in full. Dominance relationships were defined within 
social groups as ‘home’ rabbits nearly always win conflicts with members of other groups 
(Mykytowycz and Hesterman, 1975). At Bridgets Farm the small numbers of individuals 
of each sex in a group and low rate of encounters meant that it was possible only to class 
rabbits as dominant or subordinate (also in Myers and Poole, 1961). Social dominance
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was determined by the outcome of aggression within group, i/ Number and outcome of 
chases/fights in a dyad, ii/ Number and outcome of displacements (Cowan, 1987a; Webb, 
1988). Typically, one of a pair always wins encounters, unless a reversal of status occurs, 
in which case great aggression might be seen. Even where numbers of interactions are as 
low as one, status can be ascribed with reasonable confidence (Webb, pers. comm.). In an 
extensive study of a social population similar to that at Bridgets Farm, subordinates never 
chased or displaced dominants (Webb, 1988). In the present study, a few females could 
not be given social ranks based on aggression as they interacted too rarely; these have been 
specified and were not included in analyses involving social status.

There were too few behaviours recorded in 1987 where the identities and group 
affiliations of individuals were known, to allow useful subdivisions of data; data are not 
presented. Data from 1988 and 1989 have been analyzed separately as the distribution of 
rabbits in time and space were different: in 1989 rabbits were at higher density (chapter 3). 
For certain rapid behaviours such as agonistic chases, it was not always possible to identify 
both participants: this is specified when relevant, otherwise data have been excluded.

4 .2 .4  Analysis o f the effect o f social status on access to the opposite sex
Association by proximity was measured by the similarity method of Lehner (1979).

Similarities were calculated as the number of times that pair were within 5m of each other in 
a scheduled scan sample, divided by the sum of the numbers of scan samples in which each 
appeared. The scans used were randomly-selected single ones from each evening. This 
was to overcome the serial dependence between positions of rabbits over a period shorter 
than an evening (Roberts, 1987).

Social status of females may be positively correlated with breeding success 
(Mykytowycz and Fullagar, 1973), so dominant males are predicted to try and gain access 
to high-ranking females. It was tested whether dominant males associated more with 
dominant- or subordinate females by comparing a male’s similarity with each dominant- 
and subordinate female in the same group. As social status could not be ascribed for F30, 
F300 or for F233 in 1989 on the basis of agonistic interactions, there remained 4 dominant 
females and 5 subordinate females available to test the null hypothesis that males associated 
equally with females irrespective of female social rank. The comparisons were made using 
the Wilcoxon Signed Rank test which is suitable, and does not assume that the dominance 
relationship in one case is the same as that in the next (Webb, 1988).

4 .2 .5  Testing the effect o f social group membership on female agonism
To test whether social group membership had an affect on the probability that a 

female would be chased by another female, the following procedure was carried out. It 
was important that the degree of association between females was taken into account: 
clearly females which were never near each other would not have the opportunity to chase.
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Accordingly, similarities (4.2.4) were calculated from a random subset of single scans per 
evening, quantifying the proportion of scans in which each pair of females were within 
10m of each other. (This distance was chosen rather than the 5m chosen to quantify 
intersexual association for two reasons. First, females of different social groups would 
very rarely be within 5m of each other, so using 5m would have little resolution for the 
question at hand. Second, chases typically involved running many meters, and females 
within 5m are probably well within the range where a chase would have occurred if it was 
going to.) A table was compiled of the similarities between females, and how many chases 
had been observed between them. For each pair, a rate of involvement in chases per unit 
similarity was calculated. This was a direct measure of the frequency with which females 
would be chased when near a given female, with each pair being a datum (a similar 
procedure was used in O’Brien, 1991). For each female, these rates were organized into 
same-group and different-group comparisons: that is, whether test female X was involved 
at a higher rate of chasing with same-group female A than with different-group female B. 
Wilcoxon Signed ranks tests were carried out between the ‘same-group’ and ‘different- 
group’ columns, with each test female X as an independent test of the null hypothesis that 
females chased at rates irrespective of social group membership. In some cases, there were 
no chases seen between a pair with high sirrtilarity:ih\s would give an infinitely low rate of 
chasing. To counter this, one chase was conservatively ascribed to the pair, so that the rate 
of involvement became similarity! 1 rather than similarityiO.

4 .3 .0  R esu lts

4 .3 .1 .0  Analysis o f social vigilance
The 1988 data set was large enough to be subdivided to address a number of 

specific questions about the effect of social environment on vigilance. Data from 1989 
have not been analyzed in the same way, as there were only 125 useable watches in all 
(about 1/3rd as many as in 1988)- not enough for the necessary subdivisions to analyze the 
data adequately. Initial analyses of the 1988 data set showed that the factors affecting 

vigilance varied with sex, social status and sex of the nearest rabbit. To show the 
importance of these factors, results from 30 multiple regressions are reported, using the 
three dependent and 10 independent variables in Table 4.1. The outcomes of these are 
given in Tables 4.2, 4.3, 4.5 showing multiple R2, probability of the whole model, along 
with P values and slope coefficients. Multiple R2 in significant models ranged from 0.22 to 
0.70, so much of the variance in \ igilance was explained by the variables used. Social 
variables were frequently significant predictors of vigilance, whilst date, time before dusk 
and cloud cover were so rarely. Individual identity was an important factor for dominant 
females, but not for other sex/social status classes (Table 4.2).
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4 .3 .1 .1  Feeding and scanning in males
For all males, the regression models were significant, explaining 24-29% of the 

variance in scanning and feeding. By far the most important factor identified in male 
vigilance was distance to the nearest male: feeding bout length increased significantly with 
this distance, and rate and proportion of scanning decreased significantly (‘All males’ Table
4.2). There was only one subordinate male in the analyses, so little can be deduced about 
the importance of male social rank on vigilance. Subordinate and dominant males had 
similar responses to distance to the nearest male and female: feeding efficiency decreased 
by all measures as the nearest male got nearer, and increased as the nearest female got 
nearer (Table 4.3). In contrast, responses to the presence of more rabbits of the same 
social group were diametrically opposed: the subordinate male lost feeding efficiency in the 
presence of more same-group males or females by all measures (significantly for duration 
of feed in the presence of more same-group males), whilst dominant males gained feeding 
efficiency by all measures with more of either sex present (Table 4.3). Subdivision of the 
data by social context, such as sex and social group of the nearest rabbit, failed to reveal 
further factors affecting male vigilance: data from these different contexts were similar in 
pattern (data not shown).

If males mate-guarded females, distance to the nearest female might be a significant 
predictor of vigilance, particularly distance to a nearby same-group female (potential mate). 
In addition, subordinate males might be expected to behave differently to dominants, as the 
former receive aggression from males, and may rarely be ‘allowed’ to guard females. The 
effect of distance to the nearest female was investigated by running the multiple regressions 
for individual males when closest to a same-group female, p coefficients were calculated: 
these are standardized partial regression slopes which express the rate of change of the 
dependent variables in standard deviation (SD) units per SD of the independent variables, 
p coefficients allow slopes of different variables to be compared directly (Sokal and Rohlf, 
1981). For the four dominant males, 11/12 p coefficients showed declining feeding 
efficiency with distance to the nearest female (significant for 1/4 males), whilst 9/12 
showed increasing efficiency with distance to the nearest male (Table 4.4). Typically the 
slopes were greater in relation to distance to females than males, so distance to the nearest 
female was the more important. This pattern was much stronger for rate than proportion of 
scanning, suggesting that males monitored nearby females as they got further away, 
consistent with mate-guarding rather than, or in addition to, anti-predation (Roberts, 1988). 
The subordinate male behaved in exactly the opposite manner, p coefficients were higher 
for distance to the nearest male than female for all variables, and results approached 
significance for distance to the nearest male (Table 4.4).

Overall, the effect of social context on male scanning and feeding was apparently 
quite straightforward. As the nearest male got closer, males scanned significantly more and 
fed in significantly shorter bouts (Table 4.2). In contrast, closeness of females and more
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females present were associated with small increases feeding efficiency (Tables 4.3,4.5); 
other variables were less important. There was evidence that dominant males mate-guarded 
(Table 4.4). The single subordinate male differed from dominants in losing efficiency 
significantly in the presence of the same-group male (Table 4.3), and showing less female- 
related vigilance (Table 4.4).

4 .3 .1 .2  Feeding and scanning in females
The situation for females was much more complicated. For all females together, the 

regression models explained 22-31% of the variance in vigilance, and were highly 
significant. Proportion of scanning decreased significantly with the presence of more same- 
group males within 5m, and with more same-group females (‘All females’ Table 4.2). 
However, subdivision of the data showed that females behaved very differently depending 
on their social status and the sex of the closest rabbit. For subordinate females, duration of 
feeds increased significantly with the number of males (of any group) present, and there 
was a significant decrease in the proportion of time spent scanning with more same-group 
males present (‘Subordinate females’ Table 4.2). Thus subordinate females fed more and 
scanned less in the presence of more males, and were also affected significantly by distance 
to the nearest male and female, and by time and date. In contrast, none of these effects was 
significant in dominant females, even though the sample sizes were greater. However, 
identity was a highly-significant factor for dominant females.

The question of whether the sex of the nearest individual influenced vigilance was 
addressed by running the regressions for all watch data on dominant females where the 
nearest rabbit was a male, and the same for subordinates. The same was done for when a 
female was the nearest rabbit. The sex of the nearest rabbit was an important factor, with 
many results being significant, and with an excess of pcO.lO. However, the effect of sex 
of the nearest rabbit was not the same for both ranks. It was necessary to analyze these 
patterns to understand the significantly different results for subordinate and dominant 
females described above.

1 .When the closest neighbour was a female When a subordinate female was closest 
to another female, the presence of more males was associated with increased feeding 
efficiency. Length of feeds increased significantly, and there was strongly decreased rate 
and proportion of scanning with more males present ( ‘Subordinate females, nearest is 
female’ Table 4.3). However, feeds lengthened significantly further from the nearest male.

Dominant females closest to another female beha\ ed in the opposite manner to 
subordinate females. The presence of more males increased rate and proportion of scanning 
(significantly in the case of rate in the presence of different-group males), and decreased 
length of feeds (Table 4.3). Com ersely, the presence of more females allowed increase in 
feeding efficiency (significant for all measures in the case of more same-group females).
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2. When the closest neighbour was a male When closest to a male, subordinate 
females again gained feeding efficiency in the presence of more males: feed lengths 
increased and proportion of time spent scanning decreased, significantly in the case of same- 
group males (Table 4.3). Again, the advantage of males present declined as they got 
closer. The reaction to more females was dependent on their social group. Presence of 
more different-group females led to a significant increase in proportion of time spent 
scanning, whilst the presence of more same-group females was neutral or slightly 
beneficial. Rate and proportion of scanning rose very significantly as the nearest female 
receded, and feed lengths increased significantly.

Again, dominant females behaved differently to subordinates, although this time no 
individual result was significant at p<0.05. They decreased proportion of time scanning 
and increased length of feeding bouts with more males present; this gain in feeding 
efficiency declined as the nearest male got further away. In contrast, they lost feeding 
efficiency as the number of females increased.

Summary of vigilance and feeding
As these results are complicated, the clearest trends have been presented as sign of 

slope with significance level (Table 4.5). A summary follows.
For males, the most important overall determinant of vigilance was the distance to 

the nearest male: when a male was close, feeding efficiency decreased significantly by all 
measures. Distance to the nearest female had the opposite effect: closer to females, males 
increased feeding efficiency by all measures.

For females, allocation of \ igilance was more complicated. When dominant 
females were closest to a rabbit of sexl, presence of more sexl rabbits increased feeding 
efficiency, whilst more of sex2 decreased it (Table 4.5). Similarly, having sexl rabbits 
closer tended to increase feeding efficiency, whilst efficiency increased as the closest sex2 
rabbit receded. In contrast, subordinate females always increased feeding efficiency in the 
presence of more males. However, subordinate females always benefitted by being further 
from the nearest male, seen in a significant increase in feed length (Table 4.5). They were 
approximately neutral to the presence of more females, except when closest to a male, 
when more different-group females led to significantly increased proportion of time spent 
scanning. Also closest to a male, subordinate females gained significantly from having 
females closer.
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Table 4.2. Results of multiple regression models of vigilance of 11 adult females and 5 adult males in 
1988. In the first line for each class of rabbit, and significance are given for models with pc0.05. 
Below that are given the identity and p of variables significant at p<0.05. See Table 4.1 for variables 
entering the models. Directions of the slopes are marked as ‘+ ’ for positive regression and for negative.

Duration of feeds Rate of scanning Prop, time scanning 
CATEGORY R2 P R2 P R2 P

All males 0.25 0.011 0.29 0.003 0.24 0.022
(N=1G3) DnMALE+ 0.006 DnMALE- 0.010 DnMALE- 0.024

D om inant males 0.21 0.18 0.16
(N=81) DnMALE+ 0.039

Subord inate 0.62 0.029 0.54 0.39
male (N=22) SGSS- 0.015

All females 0.31 0.0001 0.22 0.0014 0.24 0.0003
(N=187) identity 0.0001 identity 0.0001 identity 0.0001

SGDS- 0.045
SGSS- 0.037

D om inan t 0.41 0.0001 0.27 0.009 0.35 0.0002
fem ales identity 0.0001 identity 0.0003 identity 0.0001
(N=110)

Subordinate 0.37 0.001 0.10 0.24
fem ales DGDS+ 0.028
(N=77) SGDS+ 0.0005 SGDS- 0.017

DnMALE+ 0.004
DnFEM+ 0.035

time- 0.006 time+ 0.019
date+ 0.022

D om inan t 0.57 0.004 0.57 0.010 0.46
fem ales, identity 0.002 identity 0.005 identity 0.037
nearest DGDS+ 0.030
is female DGSS+ 0.008
(N=49) SGSS+ 0.006 SGSS- 0.003 SGSS- 0.015

D om inant 0.52 0.0006 0.42 0.013 0.57 0.0001
fem ales, identity 0.0001 identity 0.009 identity 0.0001
nearest is male (N=61)

Subordinate 0.48 0.027 0.29 0.24
fem ales. DGDS+ 0.014
nearest is SGDS+ 0.035
female DnMALE+ 0.007
(N=44) hme- 0.040

date+ 0.024

Subordinate 0.64 0.015 0.59 0.050 0.70 0.003
fem ales. DGDS- 0.009
nearest is SGDS- 0.015
male DnFEM- 0.007 DnFEM+ 0.009 DnFEM+ 0.003
(N=33) time- 0.015 time+ 0.011

cloud+ 0.019 doud- 0.018
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T able 4.3. Slopes and significance of social factors in some regressions in Table 4.2. (&=p<0.10 
*=<0.05, **=<0.01, ***=<0.005). Slopes indicate the direction and magnitude of change of dependent- 
with the independent variables. The variable names have been made more explicit relative to Tables 4.1 and 
4.2 to make them easier to interpret, eg DGSS concerning males= DO male.

Duration of feeds Rate of scanning Prop, tim
CATEGORY slope slope slope

D om inant DO female 0.08 -0.07 -0.13
m ales DGmale -0.25 -0.04 0.05

SG female 0.08& -0.006 -0.43
SG male 0.11 -0.13 -0.15

DnMALE 0.004* -0.003& -0.004&
DnFEM -0.002 0.004 0.002

Subord. DG female
m ale DGmale - . - - . -

SG female -0.23 0.20 0.11
SG male -0.88* 0.36 0.24

DnMALE 0.007 -0.011& -0.011
DnFEM -0.007 0.0011& 0.006

D om inant DGmale -0.55& 0.65* 0.69
females. DG female 0.47** -0.25 -0.41
nearest is SG male -0.30& 0.27& 0.27
fem ale SG female 0.18** -0.21*** -0.24*

DnMALE -0.002 -0.001 0
DnFEM 0.002 0.003 0.005

D om inant DGmale 0.18 -0.13 -0.24
females, DG female
nearest is SG male 0.02 0.06 -0.10
m ale SG female -0.06 0.06 0.07

DnMALE -0.003 0.008& 0.005
DnFEM 0.001 -0.001 0

S ubordin . DGmale 0.60* -0.38 -0.57
females. DG female 0.09 -0.01 0.01
nearest is SG male 0.25* -0.27 -0.40
fem ale SG female 0.03 -0.01 -0.04

DnMALE 0.007** -0.004 -0.005
DnFEM 0.003 0.001 -0.002

Subordin . DG male 0.27 0.24 -0.30
females. DG female -0.27 0.03 0.58**
nearest is SG male 0.26& 0.04 -0.43*
m ale SG female 0.01 0.02 -0.07

DnMALE 0.007 0.003 -0.015&
DnFEM -0.007* 0.010*** 0.013***
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Table 4.4. Results of multiple regressions to investigate the importance of mate-guarding. Data were 
used for each male only when closest to a same-group female; this should include most potential mate- 
guarding. Slopes have been expressed as p coefficients, which are standardized into SD units. ‘Dom’= 
dominant, ‘Sub’=subordinate. &=p<0.10 *=<0.05). An example of interpretation: +(ve) P for rate of 
scanning with distance to the nearest female, indicates more scanning as the nearest female recedes.

Identity N Duration of feeds Rate of scanning Prop. time scanning
P for distance to P for distance to P for distance to

R2 male female R2 male female R2 male female
Dom. M44 17 0.23 0.05 -0.06 0.41 0.01 0.33 0.38 -0.10 -0.50

M184 12 0.53 0.95 -1.33 0.50 -1.00 1.39 0.37 -0.45 0.51
M208 20 0.47 0.13 -0.57& 0.27 -0.15 0.20 0.26 -0.26 0.25
M223 21 0.43 -0.04 -0.64* 0.64* -0.18 0.44* 0.35 -0.22 0.33

Sub. M195 09 0.89 1.47& -0.55 0.89 -1.43 0.53 0.88 -1.59& 0.60

4 .3 .1 .3  Effect of social group membership
In most multiple regressions concerning females, social group membership of 

surrounding rabbits was apparently unimportant (Table 4.3). The only marked exception 
was for subordinate females nearest to a male. In this case, proportion of scanning 
increased significantly and length of feeds decreased with more different-group females 
present, whilst same-group females had a small effect in the opposite direction (Table 4.3). 
For dominant females nearest a female, more same-group females allowed significantly 
decreased scanning; this effect was in the same direction, but non-significant, in the 
presence of more different group females (Table 4.3).

There was only one pair of same-group males in the analyses (M184 and M195). 
M l95 was only observed with M l84 as the nearest male, in whose presence he lost feeding 
efficiency significantly (Table 4.3). For M184, presence of M195 actually allowed greater 
efficiency by all measures: exactly the opposite as with different-group males (Table 4.3).

4 . 3 . 1 . 4  Costs and benefits of sociality in terms of vigilance
To determine if the presence of other rabbits was overall a benefit in terms of 

feeding efficiency, rates and proportion of scanning were averaged for individuals under 
the conditions 1/ no adults within 5m, 2/ any rabbit within 5m, 3/ one or more same sex 
rabbits within 5m, and 4/ one or more different sex rabbit within 5m. Wilcoxon Signed 
Rank tests showed that there was \ ery little difference in \ igilance with no neighbours than 
with neighbours of any sex or the same sex (Table 4.6). For all categories, the presence of 
other rabbits led to a small reduction in vigilance; this reduction was always smaller in the 
presence of same sex rabbits than different sex rabbits. The only significant result was for 
different sex rabbits, in 1989. To investigate whether there were differences in advantage 
of social vigilance between the sexes, or between social ranks of females, rate and 
proportion of time spent vigilant were compared between categories by Mann Whitney U 
tests. In 1988 and 1989, females scanned more than males by both measures, although not
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significantly so (Table 4.7). Dominant females scanned more than subordinates in 1988, 
again, non-significantly. There were not enough females watched in 1989 to make this 
analysis feasible.
Table 4.5. Summary of multiple regression slopes and significances for social factors affecting scanning 
and feeding (&=p<0.10 *=<0.05, **=<0.01, ***=<0.005). Variable names have been simplified as in 
Table 4.3. Where ISE change in slope could change its sign, a blank is entered. Where group membership 
made httle difference, and the procedure was informative, DGDS+SGDS and DGSS+SGSS were combined 
into No. males/No. females for regression.

Duration of feeds Rate of scanning Prop, time scanning
CATEGORY slope slope slope
Dom inant No.females + - -
m ales DGmale -

SG male + - -
DnMALE + * - & - &

DnFEM - + +

Subordin. SG female + +
male SG male - * + +

DnMALE + - & -
DnFEM - + & +

All males DnMALE + ** ** *
DnFEM - + +

Dom inant No.males * + * +
females, No. females + ** - ** - *
nearest DnMALE -
is female DnFEM + +

Dom inant No.males +
females, No. females - + +
nearest DnMALE - + & +
is male DnFEM + -

Subordin. No. males + * & &
females. No. females
nearest DnMALE + ** - -
is female DnFEM

Subordin. No. males + & &
females, DG females - + **
nearest SG females -
is male DnMALE - &

DnFEM - * + *** + ***

Dom inant No.males + +
fem ales No. females + - -

DnMALE - + +
DnFEM

Subordin. No.males + *** & *
fem ales No.females +

DnMALE + *** - -
DnFEM - + * +
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Table 4.6. Results of Wilcoxon Signed Rank tests of rate and proportion time spent scanning by rabbits 
under different conditions. N falls below no. rabbits watched when certain rabbits always had neighbours.
Social conditions Variable No. ranks+/- Z P
during watch 
1988, all rabbits N=14....................
No neighboursc5m Rate of scanning -51+9 -0.91 0.36
Any rabbitc5m Prop.of scanning -4/+10 -1.35 0.18

No neighbours<5m Rate -6/+8 -0.09 0.93
Same sex rabbitc5m Proportion -ll+ l -0.53 0.59

No neighboursc5m Rate -3/+11 -1.73 0.08
Different sex rabbit<5m Proportion ^/+10 -1.04 0.30
1988, females only N=10................
No neighbours<5m Rate -31+1 -1.48 0.14
Any rabbit<5m Proportion -31+7 -1.68 0.09

No neighbours<5m Rate -31+7 -1.58 0.11
female rabbitc5m Proportion -31+7 -1.78 0.07

No neighboursc5m Rate -1/+9 -1.89 0.08
male rabbitc5m Proportion -31+7 -1.07 0.28
1989, all rabbits N=9..................
No neighbours<5m Rate -21+7 -1.01 0.31
Any rabbi tc5m Proportion -31+6 -0.77 0.44

No neighbours<5m Rate -3/+3 -0.52 0.60
Same sex rabbitc5m Proportion -31+3 -0.34 0.74

No neighbours<5m Rate -21+6 -1.82 0.07
Different sex rabbitc5m Proportion -11+7 -2.10 0.03*

Table 4.7. Results of Mann Whitney U tests of rate and prop, of scanning between sexes and ranks.
C ategory Variable mean±SE Z P
1 9 8 8  .....................
Males (5) Rate 2.87(0.49) -0.74 0.46
Females (11) 3.08(0.23)
Males (5) Proportion 0.14(0.03) -0.74 0.46
Females (11) 0.16(0.01)

Dominant(7) Rate 3.32(0.33) -1.13 0.26
Subordinate(4) 2.84(0.25)
Dominant(7) Proportion 0.17(0.02) -0.94 0.34
Subordinate(4) 0.15(0.01)

1 9 8 9  ...................
Males (5) Rate 1.85(0.51) -1.28 0.20
Females (6) 2.43(0.45)
Males (5) Proportion 0.07(0.03) -0.73 0.47
Females (6) 0.11(0.03)

4 .3 .2 .0  Levels o f agonistic behaviour in social group/sex classes
There were marked differences in number of chases seen between same-sex and 

different-sex rabbits in both years. Data from 1988 and 1989 are combined (Table 4.8).
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T able 4.8. Combined numbers of chases 1988 and 1989, classified by sex/group of participants, 
sex/group class Number of chases

intrasexual
femalosame-group female 47
femalodifferent-groupfemale 24
malosame-group male 16
male> different-group male 17

intersexual
female>same-group male 1
femalodifferent-groupmale 0
male>same-group female 17
male>different-groupfemale 10

(total observed) total where both known (217) 138

4 .3 .2 .1  Intersexual aggression
Intersexual aggression was too rarely observed for statistical analysis. Apparent 

contexts of interaction are reported, following Cowan ( 1987a,b). Males chased females 
away from other females or interrupted their aggression (sometimes with enurination) in 
14/27 cases in 1988-9. In 7, females were chased from field holes. Male-female 
aggression was seen on 3 occasions where sexual behaviour was interrupted when another 
male chased the female, and in 3 cases over pieces of carrot. Female aggression to an adult 
male was seen only once; a chase apparently over access to a piece of carrot

4 .3 .2 .2  Intrasexual aggression 
Female-female aggression

There were 71 female-female chases observed in 1988-9. Nineteen (27%) were in 
direct defence of breeding burrow s in the open field, and 20 (28%) occurred when a female 
had been receiving sexual attention from a male, typically near the main warrens. There 
was territorial chasing between females of different-groups, 7% (5). The contexts of the 
other 25 chases were not clear. Fights between females were very infrequently seen: only 
2 in 1988 and none in 1989. One fight involved F93 driving F198 from a field hole.

It was investigated whether high association between same-group females (chapter 
3) was reflected in the degree of chasing between females (4.2.5 for methodology). 
Analysis was on 1988 data as there were too few chases recorded in 1989. The fourteen 
females which appeared in chapter 3 analyses were used (3.3.3). Table 4.9 was compiled 
with similarity (rate of association<10m, 4.2.4) for each pair, with their number of chases. 
Rate of chasing per unit similarity was calculated, and within- and between-group data 
compared. Many comparisons w ere uninformative because: 1/ a female was involved in no 
chases within- and/or between group, eg F93 in Table 4.9, and 2/ similarity per chase was 
greater than the similarity obsen ed in the other class and a comparison would be unequal, 
eg FI 10. It is appropriate to use Wilcoxon Signed Ranks test to test the difference

111



between within- and between-group chasing for the 9 individual females with relevant data. 
F154 and F224 had more than one relevant relationship each, so were represented by one 
mean within- and one between-group rate of chasing each.

Females of the same social group were significantly less likely to be involved in 
chases with each other than with females of different-groups, per unit proportion of time 
within 10m (Table 4.10).
Table 4.9. The relationship between similarity (proportion of scans in which females were<10m apart) 
and the number of chases occurring between them. A larger ‘simil./chase’ indicates that a greater 
proportion of time was spent <10m apart without a chase occurring, ie greater tolerance. F154 and F224 
were represented by one mean within- and one mean between-group rate.

g ro u p - en-group-'
Id en titie s S im il. C hases S im il./chase Iden tities S im il. C hases S im il./ch :

30/34 0.139 0 ^0.139 30/33 0.0 1 ^0.0
33/35 0.247 2 0.123 33/30 0.0 1 ^0.0
34/30 0.139 0 ^0.139 34/35 0.0 2 ^0.0
35/33 0.247 2 0.123 35/34 0.0 2 rsO.O
41/154 0.137 4 0.034 41/93 0.047 0 ^0.047
134/300 0.172 1 0.172 134/224 0.049 4 0.012
154/41 0.137 4 0.034 154/33 0.056 0 ^0.056
154/41 0.137 4 0.034 154/35 0.037 0 ^0.037
224/110 0.174 4 0.043 224/300 0.037 1 0.037
224/110 0.174 4 0.043 224/134 0.049 4 0.012
224/182 0.167 2 0.083 224/300 0.037 1 0.037
224/182 0.167 2 0.083 224/134 0.049 4 0.012
300/134 0.172 1 0.172 300/224 0.037 1 0.037

examples of uninformative comparisons
93/193 0.190 0 ^0.190 93/134 0.044 0 ^0.044
110/224 0.174 4 0.043 110/134 0.028 0 ^0.028

Table 4.10. Results of Wilcoxon Signed Rank tests, testing the null hypothesis that females chased 
each other irrespective of social group membership. A single mean value of within- and between-group rate 
of chasing has been used to represent each of F154, and F224 (see text).

M ean sim ilarity/chase ±SE Z P
w ithin group 0.111 0.018 -2.31 0.021*
between group 0.017 0.068

Male-male aggression 
Of 33 chases between resident adult males observed in 1988-9, 23 (69%) involved 

a male chasing another male from a female to which the chaser had performed a courtship 
behaviour that evening. Territorial chases comprised 4 ( 12%) and the remaining 6 were 
unknown in context. That 23/33 chases between males involved the receiver being chased 
from a female, suggests that an important cause of agonism between males at Bridgets 
Farm was defence of females. There were only 5 fights seen between males (2 in 1988 and 
3 in 1989) where both participants were known, not involving migrant (2.1.1) males. Two 
occurred shortly after the attacker had made a sexual approach to a female: in one of these, 
the fight occurred immediately al ter the male enurinated a female. The other was near a 
breeding burrow, around which both males spent some time.
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Territorial behaviours were performed predominantly by males (Table 4.11), with 
only one parallel run seen between females. Among males, the most commonly seen 
territorial behaviour was pawscraping which occurred at a territorial boundaries in 58% of 
observations, but also occurred near field holes. Intergroup parallel runs were also seen 
near territorial boundaries.
Table 4.11. Territorial behaviours in male rabbits in 1988 and 1989.

enurination  chin pawscrape parallel run 
boundary 2 4 14 5
burrow 0 7 6 0
unknown 0 1 4  0

4 .3 .3 .0  Access to females: male resource defence
4 .3 .3 .1  Number of females per male resident in social groups

The ratio of resident females to males in a social group varied greatly, and certain 
males occupied territories containing many females (Table 4.12). The maximum ratio in a 
single group was 5:1, and the minimum 0.7:1.
T able 4.12. Distribution of male and female rabbits in 1988 divided into 4 quarters of the year, by social 
group. Numbers in brackets represent rabbits probably incapable of reproduction.‘f/m’=females/ male.

group

---fem ales.........
quarter: 1 2 3 4 1 2 3 4

1 3 1 1 1(1) 2 2(1) 2(1) 2(2)
2 2 1 1 1 4 3 2 2
3 3 1 1 1 4 4 2 1
4 1 1 1(3) 1(2) 2 2 2(6) 2(6)
5 1 1 1 1(2) 2 2 2(5) 2(6)
6 2 1 2 2 3(1) 5 3(1) 3(1)
7 2 1 1 1 2 1 1(1) 1(2)
minimum f/m 0.7 1.0 1.0 1.0
maximum f/m 2.0 5.0 2.0 2.0

4 .3 .3 .2  Distribution of male association bv proximitv with females
To examine the extent to which males could maintain close association with the 

females in a group, spatiotemporal association between all individuals was quantified using 
similarity within 5m (methods in 4.2.4). Males typically had high association with one 
same group female, and lower association with additional females (Table 4 .13a/b). Some 
associations outside the social group were detected, but these were relatively rare. On 
inspection, it appeared that dominant females were preferentially associated with. To 
investigate this, for each male, similarities were compared for each dominant/subordinate 
female pair in the male’s social group, using Wilcoxon Signed Rank tests. Dominant 
males might be expected to be able to show the greatest degree of any preferential 
association, so they were tested separately in 1989 when subordinate males were also 
available for analysis. Social status of females was a factor determining levels of 
association: dominant males associated significantly more with dominant females than with 
subordinate ones in 1988, with a similar but non-significant effect in 1989 (Table 4.14).
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(Small sample sizes probably account for the difference between years: removal of the 
comparision containing the high association of M208 with subordinate F214 is sufficient to 
turn the result from non-significant to significant P<0.05.)
T able  4.13. Measures of spatiotemporal association {similarity) for intersexual dyads, by social group. 
Within-group results are in bold, and between group in plain text. All rabbit which appeared in 
association analyses (chapter 3) are included. Data were from single random scans each evening.
a . 1988
social group

1 F30 
F34

2 F33 
F35

3 F41 
F is ;

4 F93 
F193

1 2 3 4 5 6 7—
M27 M44 M223 M223 M208 M184 M184
0 .22
0 .18 0 .10
0 .06 0.18

0 .33

M195

0 .13
0 .18

0.24
0.22

5 F134 0.25
F300 0.40

6 FI 10 0.14 0.21
F182 0.17
F224 0.11 0.07
F84 0. 0

0.10
0.06

0 . 0

b . l9 8 9
social g rp  1---------  2 3

M44 M219 M44 M278 
1 F30 0 .3 3 0 .0

F209 0.0  0 .4 0  
F233 0.17  0 .1 4

M223 M245
4a
M204

4b
M200

F33
F35
F41
F264

F84
F202

0 . 0
0 .25

0.33
0 . 0

M208 M248
6-7
M184

4 F93 0.23 0.10 0.14
F193 0.14 0 .0 0.14
F225 0.14 0 .0
F251 0.18 0 .0 0.07

4a FI 89 0 .38 0.14
F197 0 .13
FI 98 0.11 0 .25 0.14

4b F221 0.20 0 .30 0.17
F227 0.14 0 .22 0.20
F243 0.13 0.17

5 F300 0 .38 0 .0
F134 0.08 0 .25 0 .0
F214 0.06 0 .40 0 .2 0

6 FI 10
F224 0.25

0.50

0.0
0.0
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Table 4.14. Results of Wilcoxon Signed Rank tests to determine if dominant males associated more 
with dominant or subordinate females. Similarities were calculated from single random scans each evening.
s ta tu s /sex N o. mean total
class te s ts sim iIarity±S E

1988
dominant male/dominant fern 6 0.21 0.04
dom. male/sub.fem 0.10 0.04

1989
dom.male /dom.fem 9 0.26 0.03
dom.male /sub.fem 0.16 0.04

all males /dom.fem 12 0.18 0.04
all males /sub.fem 0.12 0.03

-1.99 0.05*

-1.68 0.09

-1.51 0.13

4 .4 .0  D iscussion

The analyses reported here investigated social behaviour at Bridgets Farm, with 
respect to the hypothesis that group living in rabbits is primarily based on competition for 
clustered resources (Cowan and Garson, 1985). Predictions were made, and results will 
be discussed under the structure laid out in 4.1.1.

4 .4 .1  Female competition
Females should be seen to compete for access to burrows

The effect on female vigilance of having more- or closer females present was 
dependent on factors including social status of the female, sex of the nearest rabbit, and 
social group membership. Subordinate females gained significantly improved feeding 
efficiency by one or more measure in the presence of more males (Table 4.3). Similar 
results have been interpreted as increased foraging/vigilance efficiency in the presence of 
non-competitive rabbits, and/or reduced need to monitor a mate’s activities (Roberts,
1988). In marked contrast to this, the effect on a subordinate female of having more same- 
group females present was approximately neutral, indicating that the advantage associated 
with males was not gained, or was countered by a disadvantage. This suggests relative 
antagonism or competition between subordinate and other same-group females. 
Furthermore, when a subordinate female was nearest to a male, the presence of more 
different-group females led to significantly increased proportion of time spent scanning, 
and decreased length of feed. This result again indicates that subordinate females were in 
conflict or competition with other females, this time from different social groups. 
Surprisingly, in the light of the foregoing, when subordinate females were closest to a 
male, the\ gained from closeness of the nearest female: feed lengths increased significantly, 
and rate and proportion of scanning decreased significantly as the nearest female receded. 
This benefit of closeness of females could be due to anti predator benefits, balanced by
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safety from female aggression in the presence of the nearby male. Such protection of 
females by males is well-known: in the order of 30% of female-female aggression may be 
interrupted by males in social populations (Cowan, 1987a). It is also possible that the 
presence of a nearby same-group female deterred aggression by different-group females.

For dominant females, an unexpected and interesting result emerged consistently. 
Whether closer to a male or female (but the effect was much stronger, significant for all 
measures, when closest to a female) dominant females gained feeding efficiency in the 
presence of more of that closest sex, and tended to benefit by being closer to them (Tables 
4.3,4.5). It is possible that dominant females were able to maximize a benefit of group 
living (the most obvious possibility being antipredator benefits), by being closest to a 
female at certain times and males at others: both situations gave feeding/vigilance benefits. 
Subordinate females were apparently unable to do the same, gaining only from the presence 
of more males, and overall they lost feeding efficiency (significantly shorter bouts) closer 
to the nearest male (‘Subordin. females’ Table 4.5 ).

It was very unexpected that dominant females responded to the presence of more of 
a given sex in opposite ways depending on the sex of the nearest rabbit. When nearest to a 
male, the presence of more females reduced feeding efficiency, and efficiency was further 
reduced closer to the nearest female (Table 4.5) ; the effect of males was nearly the reverse. 
Reduced feeding in the presence of females could be explained by competition: for 
example, \ igilance concerning burrow access for a female close to parturition. However, 
the other situation is more difficult to understand: when a dominant female was closer to 
another female, more females were beneficial: significantly in the case of same-group 
females (this time more males led to reduced feeding efficiency). Perhaps dominant 
females chose to be with another female (possibly a close relative) at certain times (for 
example, when not concerned with reproduction) to maximize a benefit. Relationships 
between the sexes are dealt with in 4.4.3.

The whole situation of female vigilance was veiy complicated, and it is recognized 
that there may be factors which have not been identified, such as correlations between 
social variables. However, it seems that female vigilance was dependent on the spatial 
distribution of other females: feeding efficiency was lost in some contexts by both 
dominant and subordinate females in the presence of more females (Table 4.5). Thus 
vigilance may have been directed towards female rabbits, and context-specific female- 
female competition is indicated. Ev idence for competition between females from vigilance 
time-budgets has been presented by Roberts ( 1988), and Cowan (1983). Investigation of 
more detailed contexts in the present study showed that dominant (but not subordinate) 
females could also apparently experience significant gains in feeding/vigilance efficiency in 
the presence of females, particularly same-group ones (Table 4.3, ‘Dominant females 
nearest is female’). This is anah zed with respect to relatedness of females in chaper 5.

The structure of the Bridgets Farm site posed problems for analysis of burrow
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defence, as the burrows in the main warrens could not be clearly observed. Females 
performed behaviours consistent with burrow defence: of 71 female-female chases 
observed in 1988-9, 19 (27%) were in direct defence of breeding burrows in the open 
field. However, the full extent of female burrow defence could not be assessed by 
behavioural analyses. Any number of the rest of the chases might have been associated 
with burrow defence, including the 20 (28%) which occurred when a female had been 
receiving sexual attention from a male (and thus might be approaching post-partum sexual 
receptiveness). Analyses such as relating rates of vigilance to distance from a burrow 
would be difficult to interpret, as this could also reflect flight distance. The approach of 
Cowan (1987a), to compare rates of aggression at different distances from warrens, was 
rejected as females were predominantly within 5m of warrens. A good approach to this 
problem might be studies of rates of aggression of females with known reproductive states.

Female tolerance should be higher within- than between social group
For most situations and categories of rabbit, the effects of social context on 

vigilance/feeding were approximately the same irrespective of social group membership 
(Table 4.3). There were not enough data to allow comparison of the effects of males on 
each other, and there were only small differences for heterosexual pairs. The clearest 
indication of a difference based on group membership was for subordinate females nearest 
a male: feeding/vigilance efficiency was approximately unaffected by presence of more 
same-group females, but decreased significantly with more different-group females (Table
4.3). In addition, dominant females nearest a female gained significantly higher feeding 
efficiency in the presence of more same-group females for all measures, but only for length 
of feed near more different-group ones (Table 4.3). Overall, females scanned significantly 
less in the presence of more same-group females (Table 4.2). These results may be 
indicative of a greater degree of tolerance of females of the same group. However, these 
results might also be seen if males are more effective at preventing aggression between 
same- than different-group females, and subordinate females take this into account when 
allocating social vigilance.

There was also evidence for relatively high tolerance among same-group females in 
the analysis of chasing behaviour. Rates of chasing (per unit proportion of time within 
10m of each other) were significantly lower between same- than different-group females 
(Table 4.10). The magnitude of the difference was such that on average, same-group 
females would be within 10m of each other for about 6 times longer without a chase 
occurring, than would females from different-groups. This is consistent with the rates of 
association in chapter 3, where same-group females were relatively associating by all 
measures compared to different-group females, and supports the interpretation of those data 
as indications of tolerance.

The apparent tolerance between same-group females was sufficient to overcome the
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following factors. Females of the same social group should be in most direct competition 
because a/ they nearly always breed in burrows controlled by their own social group 
(Myers and Poole, 1961), b/ two females very rarely simultaneously raise litters in the 
same burrow (Kiinkele, 1992), c/ competition for burrows will be exacerbated by 
reproductive synchrony (Myers and Poole, 1961; 1962; Myers and Schneider, 1964).

4 .4 .2  Male competition
Males should compete for access to females
Vigilance data indicated competition between males. Males showed very 

significant decreases in duration of feeds and significant increases in rate and proportion of 
time spent scanning as the nearest male got closer (Table 4.2). On the other hand, the 
feeding efficiency improved by all measures as the nearest female got closer (Table 4.5). 
This is ver>' similar to the result of Cowan (1983) that when the nearest rabbit was a male, 
males increased the proportion of time vigilant, whilst a female being nearest had the 
opposite effect. In the present data, the disadvantage of competition was apparently borne 
disproportionately by the subordinate male, who lost feeding efficiency by all measures in 
the presence of the same-group male (significantly in the case of feeding bout length) and in 
the presence of same-group females (Table 4.3). The dominant male(s) gained in both 
situations. This parallels the suggestion that subordinate females bore more of the costs of 
intrasexual competition (4.4.1 ; Table 4.5).

There were three main indications that males were concerned with access to 
females. First, vigilance data indicated mate-guarding (Table 4.4 and text). Although 
distance to the nearest female was not significant in the main GLM models of all data 
together (Tables 4.2,4.3), distance to the nearest female (DnFem) was more important than 
distance to the nearest male (DnMal) when considering only data nearest a female, when 
mate-guarding would most be expected to occur (Table 4.4). For all four dominant males, 
the positi\ e difference in slope of DnFem and DnMal was greater for rate of scanning than 
proportion of time spent scanning. Increased rate- without equal increase in proportion of 
scanning indicates that more, shorter scans were used as the nearest female receded. This 
has been interpreted as ‘monitoring a nearby object’ consistent with mate-guarding 
(Robert, 1988). For the only available subordinate male, DnMal was more important than 
DnFem for all variables, as might be expected for an individual under threat of attack, and 
behaviourally limited in ability to associate with females. Second, 69% of all male-male 
chases in\ oIved a male chasing a male from a female to whom the first male had performed 
a courtship behaviour on the same evening (4.3.2.2). Third, dominant males had 
significantly greater association by proximity with dominant than subordinate females in 
1988 (Table 4.14). Female rank and productivity tend to be positively correlated 
(Mykytowycz and Fullagar, 1973; Webb, 1988). Thus males are expected to attempt to 
reproduce w ith high-ranking females. This is consistent with other reports of high
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association between dominant rabbits (Mykytowycz, 1958; Lockley, 1961; Daly, 1981; 
Webb, 1988). It is possible that there are other influences on these differences in rates of 
association including inbreeding avoidance and the advantages of association with known 
individuals.

At Bridgets Farm, females outnumbered males (about 3:1, chapter 3). Large 
groups of females tend to make territorial defence difficult and favour mate-guarding of 
individual females (Wittenberger, 1980). However, both territorial behaviour (Table 4.11) 
and mate-guarding were indicated at Bridgets Farm. Aggressive interactions were rare, and 
it is possible that unseen factors including social olfaction limited agonism. Male 
scentmarks, being androgen-dependent, could be signals which reflect the condition of the 
male territory owner, so that other males would be deterred from engaging in conflict. This 
is consistent with the view that androgen-dependent ‘badges of status’ reach evolutionary 
stability only if they are honest signals (Owens and Hartley, 1991).

The competition between males indicated by the vigilance analyses may reflect the 
nature of the resource over which they compete. Male rabbits may inevitably be in conflict 
if they cannot reliably limit the share of the reproduction of other males (chapter 1). This 
reasoning was applied to explain the instability of cooperation between male dunnocks in 
polyandrous breeding groups (Davies and Houston, 1986). Cooperation was thought to be 
further destabilized by the short lifespans of the birds, as there would be no way for 
reciprocal altruism to evolve. This is likely to apply in male rabbits: although males can 
live for at least 5 years (Bell and Webb, 1992), male survival declines at about 8% per 
month (Cowan, 1983), so the probability that a male and his male groupmate will both 
survive to the next breeding season is about 0.09. Also, male juvenile dispersal is high 
(Mykytowycz and Gambale, 1965; Cowan, 1991) so relatedness between males of the 
same group will be low, creating little potential for kin interaction.

Male rabbits from different social groups will also tend to be in competition as they 
can be expected to attempt to maximize lifetime reproductive success by achieving as many 
matings as possible, including in neighbouring groups. Overwintering dominant males 
may have daughters in their social groups, and inbreeding avoidance might be an extra 
impetus for matings in other groups (Harvey and Ralls, 1986).

4 .4 .3  Competition between the sexes
Mixed-sex pairs should be the most tolerant
Analyses of aggression indicated little competition between the sexes. In common 

with other studies (Cowan and Garson, 1985; Myers and Poole, 1961, but see 
Mykytowycz and Hesterman, 1975), intersexual chases at Bridgets Farm were observed 
very infrequently compared to intrasexual ones. There were not enough chases to make 
numerical analysis robust, but there was qualitatively a low rate of intersexual chasing, 
particularly given the high association between same-group males and females (chapter 3),
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and the large number of mixed-sex dyads. There were no intersexual fights observed 
compared to 7 intrasexual ones.

Overall, evidence from vigilance analyses for intersexual competition was limited 
(Table 4.5). Dominant males benefitted by feeding/vigilance efficiency with more and 
closer females, in sharp contrast to the significant disadvantages of having males present 
(above; Table 4.5). Only in the case of dominant females closest to another female was it a 
significant disadvantage for a rabbit to be in the presence of more of the opposite sex. 
Subordinate females always benefitted from the presence of more males under a range of 
conditions, significantly in some, and fed significantly longer and scanned significantly 
less overall (Table 4.3; Table 4.5). Also, of all types of neighbouring rabbits, ones of 
different sex gave the only significant nett vigilance benefit (Table 4.6). However, 
subordinate females lost efficiency by all measures closer to the nearest male, and dominant 
females suffered as outlined above.

Loss of feeding for females in the presence of males (above) should not represent 
competition for breeding sites and mates, as these are sex-specific requirements: and there 
is little aggression between the sexes (above). Inconsistency of the effect of having more 
or closer males (for subordinate females), and the social context-specific nature of the effect 
in dominant females, suggest factors other than competition for a general resource such as 
food. One possibility is the effect of male interference in female-female competition, which 
would most affect dominant females. Males chase same-group females to interrupt female- 
female aggression (Cowan, 1987a), and to protect young rabbits from female aggression 
(Mykytowycz and Dudzinski, 1972). These latter authors showed that, in captivity, 
females would kill or injure young according to relatedness, foreign> same social group> 
own young, whilst males protected young. In the contexts of both female-female and 
female-juvenile aggression, the conflict may be over reproductive success: males stand to 
lose if females harass each other or injure their offspring, and female harassers will tend to 
gain resources or reduce density-dependent costs (Cowan, 1983). However, these 
conditions apply mostly to same-group mixed pairs, but there was very little effect of social 
group on the dominant female-male conflict (Table 4.3). An alternative explanation for the 
increase in vigilance in the presence of males is that the conflict was over sexual attention. 
Rejected courtship is a common cause of intersexual agonsim (Southern, 1948; Cowan, 
1987a; see also Clutton-Brock eî aL, 1992). ‘Unwanted’ courtship may represent a cost in 
time, or females might benefit from choosing a different mate (Bell, 1983). Again, this 
should affect dominant females more, as they are more likely to be sought-after mates 
(4.4.5). Intersexual conflicts over sex might also be the reason that feeding efficiency of 
subordinate females increased significantly with distance to the the nearest male, even 
though they got significant benefits with more males. There could be an optimum distance 
at which females are less likely to be harassed sexually, but at which they still gain a benefit 
of grouping.
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4 .4 .4  Costs and benefits o f sociality in terms o f vigilance efficiency
There have been at least three previous studies of vigilance benefits of group 

formation for rabbits (Boyce, 1983; Cowan, 1983; Roberts, 1988). The studies of Boyce 
(1983) and Roberts ( 1988) were both on populations with different social structure to the 
Bridgets Farm population; Boyce’s population formed only rare temporary aggregations, 
and Robert’s population was primarily dispersed heterosexual pairs. Boyce (1983) found 
that lone individuals alerted significantly less often than rabbits in groups, and concluded 
that vigilance was often directed towards other rabbits. Roberts (1988) reached the same 
conclusion, and experiments with stuffed predators indicated that social vigilance was of 
similar magnitude to antipredator vigilance.

The population of Cowan ( 1983) was similar to that at Bridgets Farm. Cowan 
reported that although grazing efficiency was higher in males and females from larger social 
groups, larger social groups also experience more temporal avoidance (a cost in feeding 
borne particularly by subordinates), and have a higher proportion of subordinates. If 
subordinate females were then forced to feed more consistently when above ground, 
greater average feeding in larger groups would actually represent a cost to subordinates of 
avoidance in groups rather than a general feeding/vigilance benefit. Thus it is not sufficient 
to measure group size alone; the effects of competition and intra-group relationships must 
be accounted for (Cowan, 1983). At Bridgets Farm, subordinate females fed for a slightly 
higher proportion of time above ground, and scanned at a lower rate than dominants (Table
4.7). In addition, there were clear differences in patterns of vigilance in dominant and 
subordinate females (Table 4.3; 4.3.1.2). These are difficult to interpret in the present 
context, as a major component of the difference between females of different statuses 
appears to be their very different relationships with males (Table 4.3; 4.3.1.2; 4.4.3).

To determine if grouping led to important vigilance benefits, it is helpful to 
examine scanning in specific contexts of presence of other rabbits (4.3.1.1; 4.3.1.2), and 
overall rates with rabbits near and not near (4.3.1.4). Both sexes performed significantly 
increased vigilance with more same-sex rabbits present, at least under certain conditions 
(4.4.1 ; 4.4.2). There was also some vigilance towards males observed for dominant 
females (4.4.3). Thus to overcome these costs and arrive at a mean feeding/vigilance 
benefit of grouping, at least some classes of rabbit would have to spend enough time near 
those indi\ iduals which allowed \ igilance benefits. There was no significant overall 
benefit of this kind in either year (4.3.1.4; Table 4.6). The trend was in the direction of a 
benefit of grouping: in both years, for the majority of rabbits, rate and proportion of 
scanning were higher in the absence of neighbours than in the presence of rabbits (Table 
4.6). Although there were not large numbers of individuals in these tests, there were 
enough data to detect many significant effects in other areas of the vigilance analyses. 
Detecting little overall viglance benefit parallels the finding of Cowan ( 1983) that time spent
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vigilant did not decline with the presence of conspecifics, nor did the proportion of time 
feeding increase. When subdivided into contributions from different classes of rabbit, the 
results at Bridgets Farm were similar to those in Roberts (1988): same-sex rabbits had no 
significant effect, and different sex rabbits led to the largest increase in efficiency, 
significant for proportion of time spent scanning in 1989 (Table 4.6).

In summary, the data presented here suggest that while context-specific 
improvements in vigilance efficiency could occur in the presence of other rabbits, corporate 
vigilance may not have been important factor in the maintenance of group living at Bridgets 
Farm, as any antipredator vigilance benefits were apparently countered by increased need 
for vigilance towards other rabbits.

4 . 4 . 5  Mating system
Although many factors of rabbit ecology are predicted to favour polygyny 

(Roberts, 1987) perhaps only one female can be monopolized even when aggregated 
(Cowan, 1987b). Analyses of vigilance, and contexts of male-male agonism, suggested 
that males guarded females from the approach of other males (4.4.2). Defence of certain 
females also was evident in the association between the sexes: although males were closely- 
associated with a number of females, it was rare for a male to associate with more than four 
females, and typically one was ‘preferred’ (Table 4.13). Also, socially dominant males 
were found to associate by proximity with dominant females significantly more than with 
subordinate ones (Table 4.14). Social dominance in most species studied appears to give 
high breeding success; the same has been reported for both sexes of rabbit based on 
behavioural (Myers and Poole, 1962) and genetic (Webb, 1988) observations.

In conclusion, behavioural analyses of the mating system at Bridgets Farm 
suggested a kind of territorial polygyny moderated by the difficulties of mate defence, thus 
there were elements of hierarchical promiscuity (Wittenberger, 1979). However, in 
rabbits, aspects of behaviour are unlikely to be observed: night-time ranges of rabbits are 
larger than daylight ones (Gibb, etal., 1978), some receptive females may be ‘shy’ (Myers 
and Poole, 1962), and there is little information about underground behaviour. Whilst 
most matings may be achieved by certain males, other males will also breed, and the extent 
of this will be best seen by genetic means, especially if sperm competition (Birkhead etal., 
1988) or mixed paternity litters (Myers and Schneider, 1964) are important A genetic 
approach is the subject of the next chapter.
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Chapter 5. Genetic analysis of population substructure

5 .1 .0  Introduction

The nature of sociality may be modified by the relatedness structure within social 
groups, even in the presence of significant intraspecific competition (Vehrencamp, 1979; 
Holmes and Sherman, 1985). A main aim of this chapter is to determine the relatedness 
structure of the population of rabbits at Bridgets Farm, and to investigate the effect of 
female social behaviour with respect to relatedness. Additionally, mating success of 
individuals is investigated, and the mating system related to behavioural observations 
reported in earlier chapters. Finally, the ability of migrant rabbits to join social groups and 
breed is investigated with genetic data.

5 .1 .1  Genetic variation and population substructuring in rabbits
Considerable protein polymorphism has been found in domestic and wild rabbits

(Haiti and Hoger, 1986; Coggan, etal., 1974b; Richardson, 1980). The latter studies 
showed that rabbit populations may have limited gene flow even if only a few miles apart. 
However, social structure within a population may not lead to genetic differentiation (Daly, 
1981). Despite a probable lack of differentiation in gene frequencies within populations, 
there are reasons to expect heterogeneous relatedness within populations (1.3.1.3). 
Probably the most important factor is high female recruitment into natal groups. In a 
British population of group-living rabbits, 20% of males and 5% of females underwent 
successful breeding dispersal, with 67% and 33% of juvenile males and females 
respectively moving to groups other than their natal one (Cowan, 1991). Females were 
significantly less likely than males to disperse.

5 .1 .2  Genetic consequences o f migration and their detection
It is regarded as difficult for rabbits to enter foreign social groups (Mykytowycz, 

1958; chapter 1). The migrations of rabbits into the Bridgets Farm population presented an 
opportunity to assess the success of immigrants in contributing to the next generation. 
These effects can be assessed at a broad level by investigation of allele frequencies; 
immigration of significant numbers of animals from one population into another (‘barrier 
breaking’) may lead to an excess of heterozygotes if the gene frequencies of the two 
populations are very different (Haiti, 1980). Also introduction and persistence of particular 
alleles could be followed. One approach would be to study the changing genetic 
relationships between source and recipient populations over time, following the 
introduction of alleles (Berry, etal., 1991).

Investigation of relationships between populations can be carried out by 
phylogenetic methods based on allozyme frequency data, requiring calculation of allele
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frequencies, conversion of these to genetic distances, and the grouping of related taxa 
(Buth, 1984). Discussions of the properties and uses of the different genetic distances and 
clustering methods make it clear that the decision regarding which measure to use is not 
easy (Buth, 1984; Rogers, 1991). A common approach in phylogenetics is to use a variety 
of measures, and examine differences in results. Nei’s genetic distance (D), and Rogers’ 
similarity coefficient (S), are measures with different derivations, commonly used in 
systematic studies of allozymes. While D is a measure of rate of electrophoretically 
detectable substitutions, and S is a mean geometric distance between allele frequencies, 
these often given similar groupings in systematic studies (Buth, 1984).

In common with the choice of genetic measure, there is a choice of algorithm to link 
taxonomic units. Swofford and Olsen ( 1990) consider that the commonly-used UPGMA 
(unweighted pair-group method with weighted averages) has few advantages and several 
disadvantages over other methods such as Distance Wagner procedure. The reasons for 
continued use of UPGMA include historical factors, and the few assumptions required 
(data must be only ultrametric). Disadvantages include that there is no objective definition 
of optimal trees when data are not ideal, and the assumption of ultrametricity is usually 
violated in real data The Wagner procedure does not require this assumption. They 
conclude that:

‘..there is little practical reason to use cluster analysis because related methods (such as the Wagner 
or neighbour joining methods) are applicable to more general additive distances.. ’ (Swofford 
and Olsen, 1990).

5 .1 .3  Genetic approacfies to individual reproductive success, pedigree
reconstruction, and relatedness structure

5 .1 .3 .1  Individual reproductive success
Studies of reproductive success in rabbits have inferred parentage in the absence of

genetic information (Mykytowycz and Fullagar, 1973; Cowan, 1987b). Such non-genetic
determination relies on ecological estimates of relatedness such as social group membership
of young animals which are implicitly assumed to have not dispersed (Parer, 1977; Cowan,
1987b). In addition, observation of courtship and matings, individual levels of
association, and timing of reproductive cycles will add information about likelihood of
parentage (Webb, 1988). These behaviours are often particularly apparent in species with
monogamous breeding systems, making them accessible to such study. Any rabbit in a
social population will have numerous possible parents, and the rarity of seeing matings
(Cowan, 1983; Webb, 1988) or parental care (Broekhuizen, etal., 1986), complicates
assignments of behaviourally likely parents. In addition, the fact that multiple paternity is
known in w ild rabbits (Stodart and Myers, 1964) makes use of such information
unreliable, particularly in the case of fathers (Quel 1er and Goodnight, 1989).

Since the 1960's, inherited variation at protein loci has been used as a source of
genetic information about individuals and species (Powell, 1975; Wayne, etal., 1986;
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Richardson, et al., 1986; Berry, 1989). Detected protein variation generates individual 
genotype scores which are the raw data for parentage analysis using two approaches 
described below (Queller and Goodnight, 1989).

5 .1 .3 .2  Pedigree reconstruction
Pedigree analysis ideally proceeds by following the reproduction of individuals for 

a long time such that their true pedigree is known. This is possible in captive populations, 
or in rare cases in the wild (Schwartz and Armitage, 1983). Standard quantitative genetic 
methods can then be used to determine coefficients of relatedness (Falconer, 1981). 
However, in situations other than these ideal ones, it will be necessary to reconstruct lost 
pedigree information, such as by exclusion of single parents by identification of those 
adults which could not have contributed to the genotype of the offspring (Lacy, etal., 
1988). It is necessary to assume that, a/ genotypes have been typed correctly, b/ detected 
protein variation is inherited in a Mendelian fashion, c/ there has been no mutation between 
the generations under study, d/ there is no multiple paternity, and e/ that all possible parents 
have been sampled. Under these conditions, single adults can also be excluded if all parent 
pairs involving them are excluded.

Often, especially if the number of polymorphic loci available is low, exclusions will 
leave more than one possible parent of each sex. In this situation, reproduction has been 
analyzed by counting the number of times certain rabbits are excluded as parents (Daly, 
1981; Webb, 1988). This procedure relies on the assumption that different numbers of 
exclusions reflect differences in reproductive success. This will not always be the case, 
particularly because of variance in homozygosity, and possession of rare alleles (Webb,
1988). However, genetic incompatibility is nearly always conclusive proof of 
non-patemity/matemity (Chakraborty, etal., 1988). In cases where it is difficult to 
determine one parent with any degree of certainty, possible parents remaining can be 
ascribed likelihoods of parenthood in dyadic or triadic models (Meagher and Thompson, 
1986), as used by Webb ( 1988) w hen studying reproductive success in a population of 
wild rabbits under frequent obsen ation.

5 .1 .3 .3  Estimation of relatedness within social groups by genetic similarity
A second approach to the study of relatedness in populations is to dispense with 

pedigree analysis altogether, and use genetic similarity methods. Measures of genetic 
similarity within populations are of increasing significance in evolutionary and population 
biology: studies of dispersal, kin selection and mating behaviour have benefited greatly 
from genetic analysis (Chakraborty, etal., 1988). The coefficient of relatedness r as 
applied to the study of altruistic behaviour in social groups (Hamilton, 1964a,b) is 
expressed as a regression or correlation coefficient. Recent methods for characterizing 
relatedness within social groups have relied on estimating these coefficients from allozyme
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data by genotypic correlation or regression between pairs of animals (Pamilo, 1984).
There are a number of problems with these approaches, including loss of information in
multiallelic systems, difficulties in application to a number of loci simultaneously, and the
inability to estimate individual relatedness values (Queller and Goodnight, 1989). In a
recent review article, Pamilo ( 1989) highlighted one method in particular as suitable for
study of individual relatedness, that of Queller and Goodnight ( 1989):

“The interesting suggestion by Queller and Goodnight is that the estimators can also be used for 
individual estimates of relatedness - something people have desperately wanted to do” (Pamilo,
1989).

Unfortunately, several years later, there is apparently still no software available which will
apply this estimator to the study of individual relatedness (Goodnight, pers. comm.),
although it does exist for analysis at the level of the social group (below).

The method of Queller and Goodnight ( 1989) overcomes a number of the above
difficulties of estimating relatedness (Pamilo, 1989). It is closely related to approaches of
correlation and regression, and ‘identity by descent’. It eliminates the downward bias seen
with regression methods in small samples, and improves estimates of r in subsets of
populations (Queller and Goodnight, 1989). The measure was specifically designed for
application to allozyme data, gives more weight to informative loci (relative to regression
methods), and can be used for individual relatedness. Queller and Goodnight consider that:

“Individual estimates of relatedness tend to be highly variable, but in aggregate can still be very 
useful as data for nonparametric tests. Such tests allow testing for differences in relatedness 
between two samples or for correlating individual relatedness values with another variable” 
(Queller and Goodnight, 1989).

For these reasons, this method (and the software Relatedness 4.2 for Apple Macintosh)
was used to estimate relatedness amongst the rabbits in social groups at Bridgets Farm,
based on allozyme data. Goodnight is hoping to update Relatedness 4.2 to generate
matrices of pairwise relatedness between individuals (Goodnight, pers. comm.).

5 .1 .4  Aims o f genetic investigations in the Bridgets Farm population
In this chapter, three main elements of the genetic structure of the population at 

Bridgets Farm are examined. First the genetic consequences of the migrations of 
genetically distinct rabbits. Second, relatedness within sexes and social groups, and 
patterns of dispersal. Third, using genetic exclusion of candidate parents, offspring are 
attributed to individuals so helping to characterize the mating system.

5 .2 .0  M ethods

5 .2 .1  Phylogenetic methods
Genetic distance between sampled rabbits from Braemore Estate, and from Bridgets 

Farm in each of 1986-1989, were calculated using the program BIOSYS-1 version 1.0 for 
IBM (Swofford and Selander, 1981). Phylograms were based on 6 common measures of
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genetic distance: Nei’s Minimum Distance and Genetic Distance, Rogers’ and Modified 
Rogers’ Genetic Distance, Edwards’ E, and Cavalli-Sforzaand Edwards’ Arc Distance. 
These gave very similar results and data are reported for Rogers genetic distance only, as 
this measure is simple and interpretable in a geometric sense (Rogers, 1972; Swofford and 
Olsen, 1990). For the reasons outlined in 5.1.2, Wagner networks are presented.

5 .2 .2  Assessment o f parenthood
A  likelihood method of assessing relatedness in the Bridgets Farm population may 

have been a useful tool, but it proved impossible to get access to suitable software.
Instead, I wrote a program in Dbase IV to perform genetic exclusions, identifying all the 
adults in the population which could not have been parents of each offspring. This included 
all rabbits in adult condition for a period when they were defined as being ‘alive’ (below). 
The efficacy of different genetic markers at excluding parents was examined, and also the 
differences in exclusion depending on sex and social group of the parents relative to the 
social group of the offspring. Kittens were ascribed to the social group in which they were 
first caught (Webb, 1988). However, to counter offspring ascribed to the wrong group, 
females in neighbouring social groups to the kitten’s putative group were also counted as 
possible mothers. All sampled adult males were included as potential fathers. After the 
single parent genetic exclusions, tables were constructed of the possible parents and all 
offspring in that section of the population. Males known to have died were excluded from 
being possible fathers of kittens bom more than a month after the males’ death. In the case 
of disappearances, the time of ‘death’ was taken as one month after the last observation. 
Females were treated differently (unlike males, they of course cannot have offspring after 
death). Females were excluded as possible parents from the known date of death, or one 
month after the last sighting.

After removal of absent adults, pairwise exclusions were carried out to attempt to 
find the most genetically consistent parent pair. In some cases, pairs could be investigated 
further because the kitten was sampled before and after its own genotype immunoglobulins 
were expressed, and paternal and maternal genotypes could be deduced. This is explained 
in Table 5.2 and associated text. Finally, when a parent pair was found which satisfied 
genetic considerations, biological data were assessed to determine the likelihood of the 
pairing: for example if the female was proposed as the mother of a litter too soon after 
another one. Using this rather laborious procedure, it was possible to determine with some 
confidence the parentage of certain offspring.

5 .2 .3  Genetic similarity by Goodnight’s program Relatedness 4.2
The Apple Macintosh program Relatedness 4.2 written by Keith Goodnight became 

available with the publication of Queller and Goodnight (1989). The coefficient of 
relatedness (r) is based on ratios of the frequency of an allele in two individuals x and y
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compared to the sample mean: r=(Py-P)/(Px-P) where Py= the frequency in individual y 

(similarly P^) and P is the population mean. In the case of groups, r=(Pi(.j)-P)/(Pjj-P) 

where Py is the allelic frequency of the jth individual in the i‘h group, and Pi(.j) are the 

allelic frequencies in other individuals in the group. These statistics are summed (as a ratio 
of sums) over all allelic positions, loci, groups, and individuals. A problem with small 
samples could arise because each individual contributes relatively too much to the estimated 
population mean. This is overcome by excluding the ‘target’ individuals from the estimate 
of the population mean. In the case of groups, the whole group is dropped, this time for a 
philosophical reason: because members of groups are hypothesized to be related, inclusion 
of the group would bias the population mean (Queller and Goodnight, 1989).

This measure of r (which will be referred to as coefficient of relatedness, or R) 
assumes at most only weak selection on the marker loci. Thus in the light of evidence of 
selection on IgG loci (van der Loo, etal. 1987; see below) it was necessary to determine 
whether relatedness is higher than expected via immunoglobulin loci. R works best when 
there are systems with more than two alleles, since in diallelic systems two offspring of 
heterozygous parents can be completely unrelated at a locus.

Although Relatedness 4.2 does not have a facility to calculate individual relatedness 
per se, it is possible to use it in that way by identifying two individuals as a group. 
However, this approach is very time-consuming and laborious, so was applied in this way 
to determine the relatedness between females in 1988 and 1989 only.

The migration into the population of animals originally from Braemore Estate some 
40 miles from Bridgets Farm could add considerable complications to analysis of 
relatedness based on comparisons with population gene frequencies, as there could be 
heterogeneity in the distribution of variation (Pamilo, 1989). It is recognized that this could 
affect the present results of genetic similarity, and where possible this is taken into account 
by removal of known migrants from analyses.

5 .2 .4  The power o f the present system to exclude possible parents
The efficiency of genetic exclusion was investigated to determine if it functioned as 

expected, by examining three facets. 1/ Proportions of excluded parents within and 
between social groups. It is expected that less exclusions will occur within-group; a/ if the 
true parent is often within group, and b/ if group members are more related than non
members. 2/ The number of loci at which parents were excluded. If loci are unlinked and 
unaffected by epistatic fitness, the probability of a parent being excluded at increasing 
numbers of loci should decline multiplicatively. 3/ The exclusion value of each locus. It is 
expected that polymorphic systems with more alleles of more equally-distributed 
frequencies will exclude parents more often (Chakraborty, etal., 1988).
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5 .2 .5  Genetic markers under study at Bridgets Farm
All the immunoglobulin phenotypes reported here were scored in collaboration with 

Wessel van der Loo in Brussels. Esterase 3 and a-globin were scored with Nuno Feirand 
in Oporto, and albumin by the same worker and Jorge Rocha. Nuno Ferrand and 
coworkers scored carbonic anhydrase 1 (Vieira, etal., 1992). Full experimental details of 
the allozyme proteins screened for polymorphism are given in Chapter 2. Thirteen of these 
were found to be polymorphic. The protein markers carbonic anhydrases land 2, 
adenosine deaminase, NADH-diaphorase, esterase 1, B-globin, and immunoglobulin {IgG) 
loci b, a, d and e are used in the population genetic analyses which follow. Some 
additional information was available for esterase 3, a-globin and albumin.

Due to close physical linkage between IgGd and IgGe these are included as a single 
locus with the three haplotypes treated as alleles (chapter 2; van der Loo, 1987). Similarly 
the carbonic anhydrases were seen to be closely-linked by analysis of composite CaI-Co2 
genotypes in the Bridgets samples. These genes are closely-linked in many species 
including humans (Tashian and Carter, 1976). Thus Cal-Ca2 are treated as one locus with 
three alleles, denoted Gas.

It has been shown that there is large linkage disequilibrium (LD) between IgGb 
allele b5, and IgGe allele e l4  in rabbits (van der Loo, etal., 1987). The two loci are 
known to be physically unlinked (they are not on the same chromosome) - this is the first 
case where LD between unlinked protein loci has been reported (van der Loo, 1987; van 
der Loo et at., 1987). The LD is also very large, and would represent about 20-50% extra 
mortality for least favoured phenotypes if the allelic imbalance were due only to epistatic 
fitness (van der Loo, 1987). Because the two loci contribute to the same molecule, it is 
highly unlikely that the LD results from linkage to other interacting proteins - it is most 
likely to be a case of epistatic fitness.

Details of numbers of samples tested and the outcomes are given in chapter 2. Only 
polymorphic loci are considered here. Identities of alleles at allozyme loci were confirmed 
by running subsets of samples on the same gels as known genotype material from captive 
domestic rabbits in the rabbit genetics laboratory of Nuno Ferrand. This confirmed the 
identities of all alleles relative to the published literature, with the exception of an extra 
allele sXAda described below (Table 5.1). Alleles have not been referred to by their first 
published designations as the latter have entered the literature piecemeal, and are a confused 
mixture of alphabetic and numeric characters. In all cases the most anodal allele is 
designated ‘a’ and progressively less anodal alleles ‘b’, ‘c’ etc. In the case of the 
immunoglobulin loci, the original notation has also been rearranged to conform to the 
pattern determined for the allozymes (Table 5.1).
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Table 5.1. Allele equivalence with previous studies for allozyme loci used in the present study
locus allele published allele authority

designation designation
Ada a 2 Cogganera/., (1974b)

b 1
c 5 Sunnucks and Ferrand, in prep
d 3 Coggan^/o/., (1974b)

NADH-dia a f Richardson^/a/., (1980)
b s

P-globin a 2 Ferrand (1989)
b 1

a  -globin a 2 Ferrand (1990)
b 1

Albumin a 2 Ferrand and Rocha ( 1992)
b 1

Esl a a Richardson et at., (1980)
b b

Es3 a a Schiff and Stormont (1970)
b b
c c

Ca2 a f Richardson et al., (1980)
b s

Cat a 2 Vieira g/oZ., (1992)
b 1

Cal/2 a 2/2 Vieira e/a/., (1992)
(cas) b 1/2

c 1/1
IgGb a b4 van der Loo et al., (1987)

b b5
c b9

IgGa a al
b a2
c a3

IgGd/e a dl2el4
b dl2el5
c dllel5

5 .2 .6  Population genetic measures
Genotypes of all adults caught in 1986 were used to calculate allele frequencies to 

represent that year, although there was little knowledge of the relationships between them. 
Each subsequent year at Bridgets Farm was represented by all new rabbits captured. There 
was no reason to believe that these were not a random sample of the population, and all 
have been included. Similarly, all were included in gene frequency and Hardy-Weinberg 
calculations. Gene frequencies w ere calculated by gene counting (Haiti, 1988). Four 
estimators of genetic diversity were calculated from these frequencies - the mean number of 
alleles per locus A, the percentage of all loci polymorphic, P, mean individual 
heterozygosity (direct count) Hoc- and mean expected heterozygosity (from observed 

phenotypic frequencies under Hardy-Weinberg equilibrium) H^w-

Significance of difference in allele frequencies was assessed by the standard %2 test 
of Workman and Ni swander (1970).
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5 .2 .7  Estimating dates of birth
Date of birth was estimated from application of the integrated form of the Gompertz 

growth equation (Cowan, 1983; Webb, 1993). The constants from Cowan’s population 
were used here as growth rates are similar among British populations (Cowan, 1983). The 
formula applied was: age=((Ln(-Ln(S/Smax))/-a)+b), where S is the weight at capture, S^ax 

is a mean maximum weight, a is the slope and b the intercept. Values of the constants were 
Smax=1759, a=-0.0166, b=70.55.

5 .2 .8  Investigating the correlation between social behaviour and relatedness 
To investigate whether relatedness affected social behaviour, three separate

analyses were carried out.
1/ Coefficients of relatedness (R) were calculated for all possible pairs of females in 

1989 association analyses, as was similarity (the proportion of randomly-chosen scans in 
which they were within 5m of each other; 4.2.4 and Lehner, 1979). The relationship 
between these two variables was investigated by Spearman’s rank correlation (Siegel, 
1956), separately for same- and different group females.

2/ Rates of association per chase {tolerance) were calculated (Table 4.9) for females 
in 1988. So it was possible to test the relationship between coefficients of relatedness (R) 
and tolerance^ again using Spearman’s rank correlation.

3/ Finally, the effect of the relatedness of the nearest female on the three vigilance 
measures from chapter 4 was investigated. For each female, mean values of each variable 
in the presence of other individual females were calculated. To remove much variance due 
to factors other than the presence of a given female, data were used where the a female was 
the closest neighbour and within 10m (Table 5.14). Wilcoxon paired samples signed-rank 
test (WSR tests; Sokal and Rohlf, 1981) were then carried out between vigilance when 
paired more- and less-related females were the closest neighbours. Each female entered the 
analysis only once as an independent test of the null hypothesis that vigilance was 
unaffected by relatedness. Of the set of females to which the focal female was nearest at 
some time, the most genetically-similar represented the ‘more-related’ class, and least 
similar represented the ‘less-related class’.

5 .3 .0  R esu lts

5 .3 .1  Genetic variation detected
5 .3 .1 .1  Characteristics of the genetic markers

Along with the three alleles at the Ada locus commonly seen in British populations 
(Roberts, 1985: Webb, 1988), an additional allele was seen intermediate between alleles 1 
and 3 of Coggan e ta l, ( 1974b). In place of breeding studies (outside the scope of the 
project), genetic data are presented from the only possible sampled parent pair of the litter
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containing F231, where mother and daughter showed the new phenotype (Table 5.2). The 
extra eiectromorph will be referred to as Ada-c.

Immunoglobulins were especially informative if young were sampled before and 
after 3-4 weeks of age. When first caught, the young in Table 5.2 showed the phenotype 
be, ab, ab (in the order IgGb IgGa IgGd/e). On recapture F231 had the phenotype be, be, 
ab which means that the father must have had a c allele at IgGa. Similarly, F233 was 
recaptured showing cc, aa, bb, which means that the paternal genotype included c, a, b. 
Because of this age-specific expression, IgG heterozygotes can be far more informative 
than those of allozymes. F232 and M234 were not recaptured.
Table 5.2. Genotypes of putative parents of litter 231-234. Putative parents are highlighted in bold, as 
is the Ada locus. F232 and M234 have IgG scores missing as they were captured at the age where only the 
mother’s genotype is detected. F231 and F233 were seen to express paternal alleles as well.

Ada NADH-Dia Cas P-globin E s l Es3 IgGb IgGa IgG d/e
M 208 bb bb be bb aa ae be ae bb
F224 ac aa be aa bb ab be ab ab
F231 be ab ab ab ab be be ab
F232 ab ab be ab ab aa
F233 ab ab bb ab ab aa oc aa bb
M234 ab ab œ ab ab

5 .3 .1 .2  Changes in allele frequencies at Bridgets Farm. 1986-1989
Allele frequencies at Bridgets Farm in 1986 and 1987 (before the unintended 

migrations of rabbits) were very similar (Table 5.3). However, there were marked 
differences in allele frequencies in Braemore and Bridgets Farm samples: for example Ada- 
a was highly significantly rarer at Braemore than at Bridgets Farm in 1987 (Ada-a., 

x2df=i=29.9, p<0.001; all alleles, x2df=2=54.9, p<0.001) and p-globin-b significantly 

more common (p-globin-b, %2df=i=13.4, p<0.01; all alleles %2df=i=15.02, p<0.01). The 

appearance in 1988 of Ada-c represented an allelic introduction; it was absent in 127 rabbits 
in 1986-7. Overall there was only a small genetic effect of the migrations in the frequencies 
seen in 1988: Rogers genetic distance between 1986 and 1987 was 0.068, and between 
1987 and 1988 was 0.071 (Table 5.4). There were larger differences between 1988 and 
1989 (Rogers genetic distance 1988-89=0.112). In 1989, Acfcz-c exceeded 3%, p-globin-b 
reached 20%, and there was a large increase in IgGa-b from 4 to 12%. Frequencies 
changed towards those of Braemore rabbits: this is seen in the changes over 1986-89 in 
allele frequencies aX Ada-c, p-globin-b and IgGa-b (Table 5.3). A Wagner network of 
Rogers’ genetic distance was derived from allele frequencies at Bridgets Farm in each year 
1986-1989 and Braemore Estate (Figure 5.1). The other genetic distances gave trees with 
very similar topography which are not presented. The data here and Figures 5.2,5.3 and 
Table 5.5 are based on 27 alleles at 10 loci (data from esterase 3 were not included in the 
phylogenetic analyses as there were no scores for 1989).
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5 .3 .1 .3  Changes in levels of variation at Bridgets Farm, 1986-89
Introduction of rare alleles to a population is not expected to give large increases in 

heterozygosity, but will increase allelic diversity (Nei, etal., 1975). However, there could 
be an effect on heterozygosity in the next generation if migrants were homozygous for rare 
alleles. Following the migrations, there were small increases at Bridgets Farm in mean 
allelic diversity, heterozygosity and % loci polymorphic in 1988 (Table 5.5). The effects 

of the introductions were also seen in the deviations from expectation under Hardy- 
Weinberg assumptions. In the 1986 sample, there were no significant deviations 
(Appendix 5.1). The same was true in 1987, except a significant excess of heterozygotes 
dXigGdle (with pooling x2df=i=7.0, p<0.008). However, in 1988 there were significant 

excesses of heterozygotes at Add (with pooling, x2df=i=3.9, p<0.047) and Cas (with 

pooling, %2df=i=5.9, p<0.017). In both cases the migrants had allele frequencies different 

to those of the residents in the direction required to explain the extra heterozygotes (Table
5.3). There were no significant deviations in 1989. Fixation indices are in Appendix 5.2. 
Table 5.3. Frequencies of polymorphic proteins in Bridgets rabbits by year, and Braemore migrants.

B ridgets Braemo
1986 1987 1988 1989

Adenosine deaminase
(N) 45 82 61 48 20
a .500 .567 .541 .427 .150
b .456 .433 .451 .531 .550
c .000 .000 .008 .031 .125
d .044 .000 .000 .010 .175

NADH-diaphorase
(N) 43 80 61 19 20
a .674 .706 .730 .684 .600
b .326 .294 .270 .316 .400

P globin
(N) 43 78 60 48 20
a .965 .974 .967 .802 .725
b .035 .026 .033 .198 .275

a  globin
(N) 12 6 23 10 8
a .000 .000 .109 .200 .063
b 1.000 1.000 .891 .800 .938

A lbum in
(N) 16 27 18 24 6
a .406 .278 .417 .479 .750
b .594 .722 .583 .521 .250

Esterase 1
(N) 44 78 60 48 20
a .682 .833 .875 .875 .375
b .318 .167 .125 .125 .625

Esterase 3
(N) 17 26 36 0 13
a .294 .288 .222 .538
b .529 .577 .611 .423
c .176 .135 .167 .038

(continued)
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Table 5.3 (continued).
__________ B ridgets________  Braemore
1986 1987 1988 1989

Carbonic anhydrases
(N) 42 71 51 24 17
a .179 .155 .118 .063 .029
b .345 .359 .490 .479 .353
c .476 .486 .392 .458 .618

IgG b
(N) 45 58 36 39 19
a .378 .560 .403 .346 .184
b .311 .147 .292 .269 .632
c .311 .293 .306 .385 .184

IgGa
(N) 45 58 36 39 19
a .700 .690 .639 .500 .395
b .044 .017 .042 .115 .289
c .256 .293 .319 .385 .316

IgGd/e
(N) 45 58 36 37 19
a .389 .474 .417 .365 .421
b .444 .388 .431 .486 .526
c .167 .138 .153 .149 .053

Table 5.4. Two measures of genetic distance between four years at Bridgets Farm and Braemore, (below 
diagonal: Rogers genetic distance; above diagonal: Nei’s genetic distance). Data from esterase 3 are not 
included as electrophoresis was incomplete.

Population 1 2 3 4 5
BRIDGETS 1986 1 * *** 0.013 0.013 0.030 0.105
BRIDGETS 1987 2 0.068 * *** 0.012 0.035 0.176
BRIDGETS 1988 3 0.065 0.071 * *** 0.013 0.142
BRIDGETS 1989 4 0.112 0.132 0.077 * *** 0.112
BRAEMORE 5 0.212 0.267 0.241 0.200 * ***

Figure 5.1. Wagner network joining the frequencies seen at Bridgets Farm in four years and Braemore, 
using Rogers (1972) genetic distance. Criterion 3 of BIOSYS-1 was used to determine addition sequence 
and the tree was rooted at midpoint of greatest patristic distance. Goodness of fit statistics: Farris f=. 123, 
Prager and Wilson F=8.487, %SD (Fitch and Margohash)= 13.564, cophenetic correlation = .971. Total 
length of tree = 0.353.
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TabI e 5.5. Measures of genetic variation (SE) detected in all individuals sampled in each year at Bridgets 
Farm, and Braemore. Data from esterase 3 are not included as electrophoresis was incomplete.

Mean heterozygosity

Population

Mean 
N per 
Locus

Mean no. 
of alleles 
per locus

Percentage 
of loci 
polymorphic

Direct-
count

HdyWbg
expected

BRIDGETS 1986 38.0 2.4 90.0(0.2) 0.45(0.08) 0.44(0.08)
BRIDGETS 1987 59.6 2.3 90.0(0.2) 0.43(0.08) 0.39(0.07)
BRIDGETS 1988 44.2 2.5 100.0(0.2) 0.47(0.08) 0.43(0.06)
BRIDGETS 1989 33.6 2.6 100.0(0.2) 0.51(0.04) 0.48(0.05)
BRAEMORE 16.8 2.6 100.0(0.2) 0.48(0.05) 0.49(0.05)

5 .3 .2  Genetic substructuring : relatedness within social groups
Average relatedness of individuals in groups was calculated by the method of 

Queller and Goodnight ( 1989). To check interpretation of these data, an approximate 
calibration of R (average relatedness in a group) was made. Taking 6 sets of kittens 
thought to be littermates on ecological grounds, and on the basis of maternal 
immunoglobulin type, relatedness within ‘litters’ varied from 0.22 to 0.76, mean 
(±1SD)=0.44± 0.19 (Table 5.6). This variation could be due to genetic factors including 
genetic distance between the parents and multiple paternity, or error such as 
misidentification of littermates. Simulations of Queller and Goodnight ( 1989) found R 
(±1SD) between full sibs to be 0.46±0.42, based on 3 loci with 3 alleles.

Interpretation of R requires information about selection on the loci under study.
There is strong selection on IgG allotypes, and linkage disequilibrium (LD) between them
(van der Loo et al., 1987). Software to calculate expectations at multigenic equilibria have
been derived by van der Loo. van der Loo calculated LD between IgG-b and IgGd/e-di to
be 0.013 in the Bridgets Farm sample, similar to that in previous analyses (van der Loo
pers.comm.). This LD (and significant excess of IgGdle heterozygotes, above) had little
effect on R: test ‘litters’ described above were not more closely-related via IgG than other
loci (Table 5.7). It will be assumed that selection did not systematically bias R.
Table 5.6. Approximate calibration of coefficient of relatedness in six sets of rabbits thought to be 
littermates on ecological grounds, and on the basis of maternal immunoglobulin type.
Litter no. included R
grp4b. 03-06.03.88 5 0.43
grp5b. 23-24.05.88 5 0.76
grp5 b. 11-14.05.88 3 0.31
grp6 b. 25.05.88 4 0.22
grp4b. 18-21.06.88 6 0.40
grp2 b. 18-21.05.88 6 0.54

mean 0.44 (±SD=0.19)
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T ab le  5.7. Relatedness at different loci in the sample of ‘test litters’ from Bridgets Farm.
lo cus N R
Ada 29 -0.06
dia 29 0.52
P globin 28 1.00
a  globin 16 0.56
esl 28 0.60
es3 21 0.67
alb 8 -0.09
cas 21 0.28
IgGb 14 0.74
IgGa 14 0.19
IgGd/e 14 0.32

Coefficients of relatedness (R) averaged over female members of social groups 
were greater in nearly all social groups than those amongst males, and the average 
relatedness of same-sex individuals were substantially different between the sexes (Table
5.8). There were many cases where there was only one male in a group and the number of 
testable groups per year was a maximum of 4 per year: insufficient for statistical analysis.
In both sexes, relatedness declined over 1987-89 (‘totals’. Table 5.8). This was certainly 
due to Braemore- or Braemore ‘hybrid’ genotypes being recruited into groups. Known 
migrants from Braemore were removed from the main analysis, but their effect is shown on 
the right of Table 5.8. There was great variance in within-group relatedness of kittens. 
Eleven young in group 3/1987, 14 in group 6/1987, 10 in group 4/1988, and 8 in group 
4/1989 were closely-related, even though there were several potential parents per group. 
Conversely, other groups (eg group 5 in 1987, group 1 in 1988) had many breeders.

5 .3 .3  Exclusion o f parents by genetic incompatibility
5 .3 .3 .1  The exclusion power of the system

The genetic system functioned as expected. 1/ Frequency of exclusion of parents 
varied between sex/social group categories. Females of different groups than ‘target’ 
young were more often excluded as their parents than were same-group females; the same 
was true for males (Figure 5.2). This is consistent with the real parent being frequently 
within the social group, and for females, that members of the same group were more 
related than members of different groups (Table 5.8). Multiplicatively declining numbers 
of parents were excluded at increasing numbers of loci (Figure 5.3), indicating that there 
was no large distortion caused b\ linkage or epistasis. 3/ Exclusion power of individual 
loci (Figure 5.4), matched expectation. Triallelic systems with three common alleles {Cas, 
Es3, IgB  and IgD) were most efficient, and Ada (two common alleles and two rare ones) 
was next. Diallelic systems with two common alleles {E>ia, Ab, Esl) were about half as 
efficient as the trial lei ic ones. One effect of the introductions was that certain loci changed 
their power of exclusion: 1/ IgGa effectively changed from being a di- to tri-allelic system, 
and was tw ice as effective in 1988-89 as in 1987. 21Gas -a became rarer from 1986-89 and
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Figure 5.2.
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the locus excluded only 2/3 as efficiently in 1989 as 1987. 3/ p-globin changed from 

nearly mono- to polymorphic, and became a useful marker.
Table 5.8. Coefficient of relatedness amongst female and male adults, and amongst offspring, of the 
same social group in Bridgets Farm in 1987-89.
Social
Group

1987

N R 
males

.Bridgets Farm only 
N R  N 
females

 including Braemore migrants__
R

offspring
N R 
males

N R 
females

1 4 -0.12 5 0.05 10 0.09
2 2 0.19 3 0.07 9 0.10
3 3 -0.23 2 0.49 11 0.21
4 I 3 0.30 17 0.09
5 1 4 0.14 12 -0.08
6 2 -0.02 3 0.04 14 0.11
7 4 -0.01 1 5 -0.02
mean -0.05 0.22

1988
1 2 -0.19 3 -0.23 14 -0.13
2 1 4 0.07 9 0.26
3 1 2 0.30 5 -0.31
4 2 -0.31 2 0.20 10 0.19
5 1 2 0.35 4 0.22
6 2 -0.13 5 -0.08 6 -0.01
7 2 0.22 1
mean -0.08 0.10

1989
1 3 -0.26 4 -0.14 5 0.18
2 1 4 0.03 4 -0.02
3 1 2 -0.78 8 -0.06
4 2 -0.13 4 -0.18 8 0.30
4a 1 3 0.31 0
4b I 3 0.26 3 0.35
5 2 -0.89 3 0.09 10 0.15
6 3 -0.11 4 0.08 7 -0.08
7 1 4 0.22 3 0.25
mean -0.32 0.04

2 -0.13 5 -0.09
1 4 0.19
1 3 -0.14
2 -0.05 2 0.30
4 0.11 2 0.44
4 -0.20 6 0.04
3 0.09 1

-0.03 0.12

3 -0.30 5 -0.08
1 4 0.03
1 2 -0.80
2 -0.11 3 -0.50
1 3 0.32
1 3 0.25
2 -0.90 3 0.11
4 -0.34 6 -0.04
0 4 0.20

-0.26 0.00

5 .3 .3 .2  Reproductive success with reference to social group membership
In addition to the exclusion of single genotypes, parent pair exclusions were 

possible (Appendix 5.1). This allowed the estimation of the maximum numbers of 
sampled matings achieved within groups. For 1988, in only 63% of cases were possible 
parent-pairs found within the social group to which the offspring had been ascribed (Table
5.9). A minimum of 27% offspring could have been sired by a male from a neighbouring 
social group, and 6% by another male. Very similar patterns emerged in 1989.

5 .3 .3 .3  Individual reproductive success
Because single parent and parent-pair exclusions in 1988 did not reveal large 

numbers of unambiguous relationships (Appendix 5.1), reproductive success was 
examined by defining the ecologically most likely of the genetically possible parent pairs.
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The criteria were that: 1/ putative mothers should be the only non-excluded female within 
the social group of the offspring, and 2/ putative fathers were more likely if in that group, 
or one neighbouring, 3/ two rabbits identified in this way should be compatible as parents 
of the offspring. Table 5.10 shows the most likely relationships in 1988. In bold are 1/ 
males which were the only possible fathers in the sampled population, 2/ females which 
were the only ones possible with a male in the social group or one either side, and 3/ pairs 
which were the only possible combination in the sampled population under conditions 1 
and 2. In 1989, single parent and parent pair exclusions were more efficient than in 1988, 
and there were many cases where at least one parent was the only one possible in 
combination with any known genotype (Table 5.11).

According to these analyses, most offspring were sired by males of the same social
group, but certain males mated also in other groups at the expense of resident males (Tables
5.10 and 5.11). Particularly successful males (M44, M223 in 1988; M208 in 1989) were
also successful in their own groups. For example, in 1989, M208 was the most likely
father of 9/9 offspring in groups 5/4b, and was the only possible sampled father for 7/9.
M208 almost certainly sired at least 3 kittens in neighbour M184’s territory. In contrast,
M184 was excluded outright as the father of 9/12 offspring in his own territory, and was
possible in combination with a female only once. M184 was also genetically excluded for
most potential offspring in 1988, despite performing territorial and aggressive actions.
Table 5.9. Maximum estimate of number of sampled offspring being the product of matings between 
parents of the same social group, and minimum estimate that different group males were the fathers, 
o ffsp ring  possible parent ingroup female ingroup female fem ale not to ta l
group
19g8 ........

pa ir ingroup with neighbour with other male p o ss ib le

1 5 7 2 0
2 7 1 0 1
3 (5)(F41 .unsampled)
4 12 1 0 0
5 4 1 0 (5)(F300,unsampled)
6 0 4 0 1
7 4 0 1 0
to ta l 32 14 3 2 51
(% 62.7 27.4 5.8 3.9)

2989 .........
1 3 0 1 1
2 2 1 0 1
3 (6)(F41 .unsampled)
414a 7 1 0 1
514b 11 0 0 1
6 5 2 1 1
7 0 3 0 0
to ta l 28 7 2 5 47
(% 66.7 16.6 4.8 11.9)

two-year total 93
(% 65 23 5)
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Table 5.10. Most likely parents in 19 8 8 for those offspring where few possible parents were left after 
genetic exclusion. Bold =1/ the only possible male in the sampled population, 21 the only possible female 
with a male within group or one group either side, 3/ the only possible pair under these criteria.

o f f s p r i n g  d ob ma l e s  f e m a l e s
G r o u p l

Group 2

Group 4

Group 5

Group 6

Group 7

203 07.03.88 265
204 07.03.88 164 3 4

44 3 4
206 08.03.88 1 6 4 3 0
237 04.05.88 4 4 30

4 4 3 4
242 16.05.88 44 30
239 17.05.88 4 4 3 0
235 21.05.88 44 30
229 18.05.88 44 3 4
263 10.07.88 27 3 5(group 2)

223 3 5(group 2)

260 22.06.88 44 154(group 3)
27 154

256 23.06.88 4 4 35
4 4 154(group 3)

258 24.06.88 4 4 1 5 4(group 3)

189 08.02.88 2 9 9 3
214 01.03.88 2 2 3 1 9 3
197 03.03.88 2 2 3 1 9 3
198 03.03.88 2 2 3 1 9 3
199 05.03.88 223 1 9 3

180 1 9 3
200 06.03.88 2 2 3 1 9 3
250 18.06.88 223 9 3
251 18.06.88 223 9 3
252 18.06.88 223 9 3
247 20.06.88 223 9 3
254 20.06.88 223 9 3
248 21.06.88 223 9 3

186 12.02.88 26 1 0 6
221 19.04.88 2 2 3 1 3 4
212 23.04.88 2 2 3 3001 This was pr
213 23.04.88 223 3001 Females in 1
217 23.04.88 2 2 3 3001 were exclud(
216 24.04.88 2 2 3 3001 as the most
218 24.04.88 223 3001
227 15.05.88 211 1 3 4
243 17.05.88 211 134
228 18.05.88 211 134

231 25.05.88 2 0 8 2 2 4
232 25.05.88 2 0 8 2 2 4
233 25.05.88 2 0 8 2 2 4
234 04.06.88 2 0 8 2 2 4

188 13.02.88 26 1 0  6 (see 186, gp 5)
196 06.03.88 2 2 3 182

2 2 3 226 (group 6)
207 10.03.88 180 226 (group 6)

153 226 (group 6)
202 09.03.88 180 84
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T able 5.11. Most likely parents in 19 8 9 for those offspring where few possible parents were left after 
genetic exclusion. Bold =1/ the only possible male in the sampled population, 2/ the only possible female 
with a male within group or one group either side, 31 the only possible pair under these criteria.

Group 1

Group 6

Group 7

f f s p r i n g  d o b ma l e s f e m a l e s
296 18.03.89 4 4 2 3 3
297 18.03.89 4 4 233
309 21.03.89 4 4 3 0

275 02.01.89 278 197
248 221
278 197
248 221

272 04.01.89 278 1 9 3
223 1 9 3
248 1 9 3

277 07.01.89 2 0 4 1 8 9
318 08.03.89 245 1 8 9

204 1 8 9
311 10.06.89 278 251

223 251
223 189

271 28.12.88 208 134
208 228

274 02.01.89 2 0 8 134
2 0 8 228
2 0 8 214

280 09.01.89 2 0 8 2 1 4
279 11.01.89 2 0 8 2 1 4
284 16.01.89 208 214

208 228
281 18.01.89 2 0 8 2 1 4
321 12.04.89 2 0 8 214

2 0 8 228
322 12.04.89 2 0 8 2 2 8
319 17.06.89 2 0 8 134

2 0 8 227

283 22.12.88 400 2 3  1
245 182

287 01.01.89 208 84
204 231

288 01.01.89 208 84
208 224
245 231

286 08.01.89 200 224
200 231
248 224

308 06.05.89 2 0 8 110
2 0 8 224

313 19.05.89 208 2 3  1
256 2 3  1

310 19.06.89 2 5 6 2 3  1

328 08.05.89 2 0 8 182
2 0 8 202

326 24.05.89 208 182
208 196

307 31. 05.89 2 0 8 182
2 0 8 196
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5 .3 .3 .4  Success of migrant rabbits in achieving matings (migrants marked *)
Although Braemore rabbits in 1988 were mostly genetically incompatible as parents 

of captured offspring (Appendix 5.1), increasing frequencies of introduced alleles showed 
that some bred 1988-9 (Table 5.3). *M211 was the probable father of three females which 
overwintered, and *M208 almost certainly had a litter with *F224; daughters F233 and 
F231 probably bred in 1989 (Table 5.11). *F205 and/or *F265 had offspring in group 1. 
Table 5.12 shows the change in frequency of Ada alleles and 6-globin-b over three years, 
with respect to social group. (The high frequency of p-globin-b in groups 5 and 6 in 1987 
is coincidental: M59 was a carrier and dominant in group 6, and probably sired these p- 
globin carriers. None of them survived to breed, and the alleles seen in 1988 are almost 
certainly from *M208 and/or his descendents).
T able 5.12. Frequencies of Ada alleles and 6-globin-b in the offspring bom into social groups in 
1987-89. These include the introduced allele Ada-c, and the augmented 6-globin-b allele.

Social group
Locus 1 2 3 4 5 6 7
1987
Ada

(N) 10 9 11 17 12 14 5
A .800 .833 .455 .412 .583 .464 .700
B .200 .167 .545 .588 .417 .536 .300

6-globin 
(N) 10 9 11 17 12 14 5
B .000 .000 .000 .000 .045 .107 .000

1988
Ada
(N) 13 9 4 14 11 4 5
A .654 .611 .500 .464 .500 .375 .600
B .346 .389 .500 .536 .500 .500 .400
C .000 .000 .000 .000 .000 .125 .000

6-globin 
(N) 13 8 4 14 11 4 5
B .000 .000 .000 .000 .000 .500 .000

1989
Ada

(N) 5 4 6 8 12 9 3
A .600 .625 .429 .571 .385 .300 .000
B .400 .250 .571 .429 .615 .550 1.000
C .000 .000 .000 .000 .000 .150 .000
D .000 .125 .000 .000 .000 .000 .000

6-globin 
(N) 5 4 7 7 13 10 3
B .100 .000 .071 .000 .346 .300 0.333

5 .3 .3 .5  Juvenile dispersal
A comparison of dispersal of the sexes showed that female juveniles dispersed 

significantly less often than did males (Table 5.13), Gadj=13.1, d.f.= l, p<0.01 (G with 

Williams’ correction for continuity; Sokal and Rolhf, 1981). Also, either fewer males 
overwintered, or they left the population altogether.
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T ab le  5 .13. Juvenile dispersal: the group affiliations of rabbits which survived to a second year.

Males 1987-8 Females 1987-8 Females 1988-9
natal final natal final natal final

M153 1 7 FI 65 1 1 F209 1 1
M164 1 1 F154 2 3 F246 1 1
M180 6 3/4 F185 2 2 F262 1 1
M109 7 migrated F172 2 2 F233 6 1
Males 1988-9 F93 4 4 F240 2 2
M204 1 4a F106 4 5/6 F220 4 7
M219 4 1 F134 4 5 F264 3 3
M245 7 4 F183 5 5 F190 3 3
M206 1 6 F170 6 6 FI 89 4 4a
M256 2 4 F173 6 6 F197 4 4a
M200 5 4b FI 98 4 4a
M248 4 5 F214 4 5

F225 4 4
F251 4 4

male female F221 5 4b
dispersers/non-disp. dispersers/non-disp. F227 5 4b

1987-8 3 1 3 7 F243 5 4b
1988-9 6 1 3 18 F228 5 4b
total 9 2 6 25 F231 6 6

F196 7 7
F202 7 7

5 .3 .4  Genetic relatedness and tneasures o f competition between females
Females in the same social group tended to be genetically more similar than did 

males (Table 5.8). If estimates of genetic relationships were to be useful, it was important 
that there should be a strong positive relationship between genetic similarity and pedigree 
relatedness. Pairwise genetic similarity was investigated with respect to likely pedigree 
relatednesses implicit in Tables 5.10 and 5.11. Taking the cases where at least one parent 
was the only possible one, there were 16 first-, and 16 second-degree relative pairs for 
whom genetic similarities (R) were known. A Mann-Whitney U test between Rs of first- 
and second degree relatives was not significant at the 5% level, but the means were quite 
different, in the direction expected: first degree, R=0.38±0.22, second degree, 
R=0.25±0.26 (Z=-1.4, P=0.163, n=32). Both of these classes were significantly different 
from 16 randomly-chosen coefficients from pairs thought to be unrelated on ecological 
grounds (unrelated R=-0.039 ±0.27; first degree-unrelated comparison, Z=-3.66, 
P=0.0003; second degree-unrelated, Z=-2.68, P=G.GG7). In addition, the ‘test litters’ in 
Table 5.6 indicated that the genetic markers performed as expected. Thus the R coefficients 
may be taken as an indication of relatedness, albeit with high variance: ‘genetic similarity’ 
and ‘relatedness’ will be used interchangeably.

Relatedness between females significantly affected social interactions in three 
separate analyses (methods in 5.2.8):

1/ The relationship between coefficient of relatedness and similarity (the proportion 
of scans within 5m of each other) was investigated by Spearman’s rank correlation.

143



separately for same- and different group females. For same-group females in 1989, the 
correlation between R and similarity was significant (corrected for ties, N=21, Z=1.97, 

rg=0.44, p=0.049*). For females of different social groups in 1989, most similarities were 

0: females in distant groups would rarely be within 5m of each other. In 13 cases for 
which there were non-zero similarities (all within the 4/4a/4b/5 complex of groups), there 
was a significant relationship between R and similarity (Z=2.0, rg=0.58, p=0.045*). For 

same-group females, the other measures of association followed the pattern that more 
related individuals associated more (Figure 5.5): these are plotted for inspection only and 
not analyzed for correlation, because the measures are themselves statistics, unlike 
similarity which is a rate. There were fewer females in 1988 for which genetic and 
behavioural data were available. What data there were also showed a positive (non
significant) relationship between and relatedness (N=7, Z=1.14, rg=0.46,

p=0.26) (Figure 5.6).
2/ Data on aggression between females in 1988 were more complete than in 1989, 

and rates of association per chase {tolerance) were calculated for females in 1988 (4.3.2.2). 

There was a significant positive Spearman’s rank correlation between tolerance and 
relatedness (N = 7 , Z = 2 .01 , rs=0.82, p=0.046*) (Figure 5.8).

3/ The effect of the relatedness of the nearest female on three vigilance measures 
(chapter 4) was investigated. In both years, females tended to have longer feeds when 
closest to a more-related female, and almost all scanned less (Table 5.14). Sample sizes 
were small in both years: only 4 females in 1988 met the criteria of having been the subject 
of focal watches feeding within 10m of two or more females with genetic similarity to the 
focal rabbit known. Only 6 met these criteria in 1989. None of these females appeared in 
the data for both years, and as results were very similar both years, data could be pooled 
for Wilcoxon Signed Ranks tests. In these analyses, 7/10 females had longer feeds closest 
to more-related females (N=10, Z=-1.17, P=0.24), 9/10 scanned at a lower rate (Z=-1.99, 
P=0.047*), and 7/10 scanned for a smaller proportion of time, and there were 2 ties (Z=- 
1.68, P=0.093). Of the 10 females, only F197 was consistently more vigilant in the 
presence of a more-related rabbit than in the presence of a less-related one (Table 5.14). 
Without F197 in the 1989 data, the remaining 5 rabbits scanned at a significantly lower rate 
in the presence of closer relatives than less-close ones (Z=-2.02 P=0.043*).

In summary, analyses of the effect of individual genetic similarity on association, 
tolerance/aggression and vigilance had small sample sizes, and P values were accordingly 
only just below 0.05 when significant. However, responses indicating reduced conflict 
with increasing relatedness were detected for association, tolerance/aggression between 
female rabbits, as well as vigilance. Thus female rabbits behaved with reference to 
relatedness to other females (or a correlate), consistent with reduced competitiveness.
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F igure 5.5. The relationships of three measures of association, and genetic relatedness
in female rabbits of the same social group in 1989.
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Figure 5.6. Relationships of a/ association by proximity (similarity) and, b/ rate of association per
per chase, with genetic relatedness (R). Greater rate of association per chase is 
taken to indicate lower tendency to aggression between individuals.
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Table 5.14. The relationship between three measures of vigilance (transformed as in Table 4.1) and 
relatedness (R) of the nearest female within 10m. Figures are mean values of each variable from all 
available watch data for a pair. Results of Wilcoxon signed ranks tests on these data are reported in the text.
Female watched/ Duration Rate Proportion G enetic sim ilarity
female within 10m
1988

of feeds of scanning of scanning (R)

F33/F30 0.98 1.79 1.42 -0.186
F33/F35 1.26 1.46 0.81 0.569

FI 10/F224 1.05 1.75 1.38 -0.143
F110/F84 1.12 1.74 0.74 0.364

F134/F224 1.17 1.60 1.22 -0.302
F134/F193 1.11 1.33 0.33 0.010

F224/F134 0.98 1.88 1.18 -0.302
F224/F110 1.20 1.58 1.10 -0.143

1989
F93/F225 1.01 1.84 1.27 -0.562
F93/F251 1.61 0.84 0.24 0.594

F193/F198 1.66 0.99 0.09 0.682
F193/F251 1.75 1.04 0.09 -0.111

F196/F202 1.03 1.74 1.19 0.271
F196/F84 1.34 1.62 1.19 0.467

F197/F198 1.79 0.90 0.20 0.282
F197/F193 1.17 1.70 0.88 0.696

F198/F197 1.25 1.38 0.20 0.282
F198/F189 1.63 0.46 -0.24 0.459

F227/F198 1.08 1.79 1.01 -0.437
F227/F243 1.12 1.55 0.70 0.158

5 .4 .0  D iscussion

5 .4 .1  Structuring o f relatedness, and dispersal
The measure of relatedness used in the present study (R) was chosen as it was 

designed for analysis of social behaviour using allozyme\ ariation as the genetic data 
source, is suitable for calculation of individual relatedness coefficients, and is suitable for 
non-parametric correlation with other variables (Queller and Goodnight, 1989; Pamilo, 
1989).

The average relatedness of females in a group was qualitatively higher than for 
males: even with the disturbance due to unnatural migrations, females were more related in 
most social group/year combinations than were males (Table 5.8). This difference was 
certainly not trivial. In 1987, in advance of the unplanned migrations, the mean relatedness 
among females of the same social group was 0.22- about half-sib level. Assuming the
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assessment of genetic exclusion in Table 5.10 to be correct, in groups 4-4a-4b-5 in 1989, 
there were at least 12 first-degree relationships and 11 half-sibships, within only 13 
individuals. This high relatedness between same-group females is associated with 
significantly sex-biased juvenile dispersal (Table 5.13). About 80% of males surviving to 
breed did so outside their natal social group: for females the figure was about 20%.

5 .4 .2  Genetic relatedness, association and tolerance between females
Relatively high association between females of the same social group has been 

interpreted in the present study as ‘tolerance’, for the reasons developed in chapters 3 and 
4. In short, same-group females on average associated more than necessary (3.4.2.2), and 
there was one situation where presence of same-group females allowed a significant 
improvement in feeding/vigliance efficiency (4.1.1). These results would not be expected 
if females were purely competing for resources (Alexander, 1974): factors must have 
operated to moderate aggression/avoidance. A number of possibilities exist including 
behavioural constraints (for example, the result of dominance hierarchies; Myers and 
Poole, 1961), ‘selfish’ effects (eg predator dilution) and more cooperative effects such as 
reciprocal- or kin-based altruism. A certain degree of behavioural constraint was seen in 
the general low-level synchrony of all rabbits in the population (3.4.2.2). In addition, 
conflicts of interest will impose constraints, for example, male interruption of female 
aggression (4.3.2.1; Cowan, 1987a). However, there was also evidence for positive 
benefits of association with group members (4.3.2.2; below).

Given significantly higher female- than male recruitment into natal groups 
(5.3.3.5), conditions were suitable for female tolerance based on relatedness. Indeed, 
social behaviour between females was significantly affected by relatedness of participants. 
There was a significant positive correlation between genetic similarity and spatiotemporal 
association in the 21 relevant same-group female dyads in 1989 (Figure 5.5 and text), with 
the same pattern seen in 7 available dyads from 1988 (Figure 5.6). A significant positive 
correlation between relatedness and association was also seen in 13 female pairs of 
different groups in 1989. Tolerance was also demonstrated by the significant positive 
correlation between ‘association per chase’ and relatedness in same-group females in 1988 
(Figure 5.6). There were also significant increases in feeding/vigilance efficiency for 
females closest to a more-related female rather than a less-related one (Table 5.14 and text). 
That rate of scanning was affected more than the other variables may be relevant to the 
nature of the cause of this effect. Scanning at a higher rate -without equal change in 
duration of feeds and proportion of time scanning- shows that shorter, more frequent scans 
were used in the presence of less-related rabbits. This may be interpreted as ‘monitoring a 
nearby object’ (Roberts, 1988) indicating that increased vigilance was to monitor the less- 
related female; thus having a closer relative present may be beneficial through decreased 
social vigilance rather than anti predator benefits. The finding of a positive correlation
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betweeen association and relatedness in females of different social groups indicated that the 
effect of relatedness could even oppose effects due to membership of different groups 
(5.3.4).

Depending on definitions, the present findings do not necessarily imply that the 
effects of kin selection were observed At Bridgets Farm. For example, females could have 
a rule-of-thumb that they associate with an individual ‘like’ themselves, rather than 
specifically with kin (Grafen, 1990). This is discussed in more detail in chapter 8. 
However, tolerance based on relatedness could represent an important reduction of the 
costs of group living for female rabbits, and seems to include reduced aggression and 
increased feeding/vigilance efficiency. Given that the factors known to affect vigilance are 
complex (chapter 4), it seems that the advantage of having relatives nearby must be rather 
large to be detected in these small data sets. The same applies to the relatedness/association 
and relatedness/aggression analyses. Thus relatedness structure could be a very important 
factor in the maintenance of group living in social rabbits. Although this is the first report 
of these phenomena in rabbits, the effects are what might be expected from sociobiological 
theory (Hamilton, 1964a,b; Alexander, 1974, chapter 1), and have been reported for other 
‘competitive’ colonial mammals, including the yellow-bellied marmot and other ground- 
dwelling sciurids (Michner, 1983; Armitage, 1986).

5 .4 .3  Mating system and individual breeding success
In 1988 and 1989, the number of offspring sampled can only have been a 

proportion of all those bom into the population. In a study of another British population, 
the mean number of emergent young per female was 6.1 in 1988 and 10.1 in 1989 (Bell 
and Webb, 1991). If the producti\ ity was equivalent at Bridgets Farm in the same years, 
there should have been around 120 offspring bom in 1988 to 14 resident females, plus 10 
females present for part of the year counted as 10 x 0.5: 64 young were sampled=53%. In 
1989 there should have been around 175 bom to 35 females in the first 6 months of 1989 
(47 were sampled=27%). Although sampling was incomplete, there is no reason to believe 
that the offspring captured were not a random sample of their age-group: incomplete 
sampling w as due only to intervals between fieldwork.

Bridgets Farm rabbits fulfill many conditions predicted to favour polygyny 
(chapters 3 and 4). These predictions were largely bome out by the genetic analysis: only 
about 65% of sampled matings could have been the product of a same-group pair, and a 
minimum of about 23% offspring were sired by a male from a neighbouring social group, 
and about 5% by another male (Table 5.9). These results are consistent with other genetic 
studies on rabbits (Daly, 1981; Webb, 1988) but contrast strongly with those obtained in 
two other polygynous colonial mammals, yellow-bellied marmots Marmotaflaviventris 
(Schwartz and Armitage, 1980) and black-tailed prairie-dogs Cynomys ludovicianus (Foltz 
and Hoogland, 1981). In these species resident males fathered nearly all offspring in the
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group. Both species have great social cohesion, and are clearly amicable within group and 
aggressive to members of other groups. At Bridgets Farm, it was not possible to draw 
strong conclusions about the effect of social status within groups in affecting the 
reproductive success, as too few males co-existed.

Genetic and behavioural data revealed aspects of mating strategy in both sexes: 
these will be outlined briefly. First, dominant males generally had a female in each year 
with which they associated much more than others (Table 4.12); offspring were recorded 
from many of these pairings (Tables 5.10 and 5.11). There were usually other females 
with whom they interacted slightly less, and some even less frequently (also Bell, 1980; 
Bell, 1983). This may reflect the difficulty of mate-guarding a number of individuals 
(Cowan, 1987a). Some of these relationships were stable over time: for example M223 
associated most with F193 in 1988 and 1989. In other cases relationships changed either 
through home range moves (in 1988 M44 was very closely associated with F35, but when 
he took over group 1 in 1989 he associated most with F30), or shifts within groups 
between years (M208 was highly associated with F134 and F300 in 1988, but in 1989 
F214 was preferred). Second, pairings between younger animals were often initiated in the 
autumn, and extended into the next season: examples were M219-F209 and M204-F189 in 
1989. Third, there were females with whom males might have been expected to associate, 
but did not. There were particular instances which suggest that this may represent 
inbreeding avoidance. Examples include M208 who associated with many females in 
groups 5 and 6, but associated very little with his putative daughter F231, who probably 
mated young M256 (producing kitten 310, Table 5.11). Some examples of movements 
suggest the same patterns: M200 dispersed a few meters so that instead of being in a group 
with two likely sisters (F197, F 198) he was with non-relatives F227 and F243. None of 
the relationships in Tables 5.10 and 5.11 represent unambiguous incestuous matings.

Assuming most offspring to be correctly assigned to groups, there was variance in 
the ability of certain individuals to obtain mates. A clear example was dominant M27 who 
was a possible father (with any sampled female) for only 3/14 of the offspring bom into his 
group, and for only 1/14 with a female of the group. In contrast, neighbouring male M44 
was genetically compatible with a female of M27’s group for 11/14 young. In addition, 
M44 was a possible father with females in his own social group for 9/10 offspring. This 
was not due to an easily-included genotype, as he was excluded for the majority of the rest 
of the young in the population. Two other males sired surprisingly few of the offspring 
captured in 1988. M208 was the resident male in group 5 for most of 1988, but the only 
sampled offspring for which he was a possible father were a litter in group 6. M184 who 
was behaviourally dominant in groups 6 and 7 was excluded outright for 8/10 kittens, 
although was possible for 5/10 in group 5. Tables 5.10 and 5.11 indicate that matings by 
males outside their social group w ere performed by those which were also successful in 
their own groups. Previous studies have reported males with apparently outstanding ability
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to defend territory/mates based on behavioural observations: (Myers and Poole, 1961; 
Parer, 1977; Daly, 1981), and also on genetic probability data (Webb, 1988).

Genetic analysis was clearly required to appreciate the variance of male reproductive 
success: behavioural observations would underestimate this (see also Pemberton etal., 
1992). For example in 1988 M l84 was seen to be aggressive and able to hold territory 
against up to 6 immigrant males. He was closely associated with three reproductive 
females (Table 4 .12a), but almost certainly sired none of the sampled offspring in 1988 or 
1989 (Tables 5.10, 5.11). In 1989 his neighbour M208 almost certainly sired 3, and 
probably another 4 kittens in M184’s territory. Reference to Table 4 .12b shows that M208 
associated with many more females than did M184 in 1989, who associated only with 
FI 10. M208 was a likely father of kittens ascribed to females in groups 5-7, including 
FI 10, whilst M184 did not feature at all (Table 5.11).

5 .4 .4  Pattern o f spread of new genetic variants (migrants marked *)
It has been suggested in the past that social groups of rabbits are very résistent to 

integration of new individuals (Mykytowycz, 1958). Although Daly (1981) carried out 
‘perturbation experiments’ to investigate the effect of forced migration on population 
structure, an introduction of new alleles into a population of rabbits has not been carried 
out, such for the house mouse Mns musculus (Berry, etaL, 1991). However, it was 
possible to learn something about the stability of social groups of rabbits to immigration, 
through the introduction of alleles via Braemore rabbits into Bridgets Farm. The migrants 
had some significantly different allele frequencies to the native Bridgets Farm rabbits (Table 
5.3 and text). Immunoglobulin alleles were also affected by the introductions (Table 5.3), 
but because overdominance and linkage disequilibrium would have been acting on them 
(van der Loo, etaL, 1987) they are not included here.

Rapid spread of introduced allele Ada-c and the augmented allele p-globin-b 
occurred despite observations of great aggression between residents and migrants. A 
minimum of 3 of the adult migrants left overwintering offspring and 2 permanently joined 
social groups. In addition to adult migrations, juveniles with Braemore genotypes seemed 
able to join social groups in the autumn: *F220, *F225 and *M245 had at least one 
unsampled Braemore parent (all Bridgets pairs were excluded), and joined social groups 
before overwintering. The abilit) of Braemore rabbits to enter the population may have 
been enhanced as the resident rabbits had undergone a myxomatosis epizootic prior to the 
influx. Braemore rabbits were apparently in good condition, and being together may have 
allowed them to defeat residents (Myers and Poole, 1961). For whatever reason, they 
were not repelled. However, it is impossible to tell how many migratory attempts were 
made, so a rate of success cannot be given.

The behavioural and genetic evidence suggests that certain migrant individuals were 
more successful than others. There was a variety of strategies which may be exemplified
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by three cases from each sex. First males: in 1988 *M195 was forced by M184 to be 
marginally attached to a group in a poor site, group 7. *M195 took territory towards the 
end of the year, but was excluded outright as father of all offspring in groups 5-7, and all 
but two in the whole population. *M208 managed to enter social group 5, probably 
produced one litter (with *F224), and associated with two resident females (Table 4.12).
In 1989 he became an important breeder (Table 5.11), and was behaviourally very active in 
groups 5/6, associating with 4 females (Table 4.12). *M211 was seen to be very 
aggressive, and in the short time before he was removed, occupied a dominant position in 
social group 5, probably siring a litter which over-wintered. Amongst females there was 
similar variation in strategy and success. *F205 was peripheral to group 1 in 1988, but 
was not seen to associate with other rabbits, or enter breeding condition- as known for 
rabbits under very poor ecological conditions (Myers and Poole, 1961). *F265 also 
migrated to this area but may have had at least offspring 230. *F224 established position 
in a group in 1988, remaining subordinate to all resident adults, but had a litter with 
overwintering offspring. In 1989 she may have bred in the same group (Table 5.11). 
*M208 was homozygous for the rare p-globin-b, so when he became a significant breeder 
in 1989, this allele spread. Similarly, the litter of *M208 and *F224 in 1988 introduced 
Ada-c and p-globin-b via F231 and F233 who almost certainly bred in 1989 (Table 5.11). 
The breeding successes of *M208, *F224 and F231 in 1989 (Table 5.11) were probably 
mostly responsible for the increase in p-globin-b and Ada-c frequencies seen in their social 
groups (Table 5.12). The introduced alleles were still quite localized in 1989, but p- 
globin-b was seen in neighbouring groups and more distant ones. Thus it seems that 
genetic variation would not stay localized for very long, even with a strong pattern of 
female fidelity to natal warrens. There was evidence that this would happen in at least two 
ways discussed below: matings by certain males outside their social groups, and dispersal.

These data do not support the assertion of Mykytowycz (1958) that rabbit groups 
would be very resistant to migration. However, there has been much advance in the study 
and theory of group formation since 1958 (including Orians, 1969; Emlen and Oring,
1977; Wittenberger, 1980; Koenig, 1981; Cowan, 1987b), and it is clear that many 
ecological factors would influence the penetrability of social groups.

5 .4 .5  Putative new allele at Ada: Ada5 (published allelic designations used here)
Three Ada alleles have previously been reported for British rabbit populations: 

Ada-\, Ada-2, and the rarer Ad4-3 (Roberts, 1983: Webb, 1988). These were the same 
alleles reported in Coggan e t a l 1974b). There is a fourth allele designated Ada-4 (very 
rare, in Spanish rabbits; Zaragoza and Arana, 1986). This allele migrates anodal of Ada-3. 
Thus the allele first seen in a number of rabbits caught at Braemore Estate, and later 
detected in offspring at Bridget Farm has novel electrophoretic mobility between Ada-3 and 
Ada- \ (see Plate 1, chapter 2: new allele=A(&z-c).
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There were no captive breeding experiments to confirm Mendelian inheiitence of 
this allele. However, carrier F231 had only one pair of possible parents in the sampled 
population (Table 5.2). F231 and three juveniles were known to be members of a litter 
with very high probability as they were found in the same breeding stop before emergence. 
Putative father M208 had an extremely rare genotype, such that he was excluded outright as 
the father of any offspring in 1988 except these four (Appendix 5.3; Table 5.10), and 
putative mother F224 also had an unusual genotype, and was similarly excluded as the 
mother of most kittens. F224 and putative daughter F231 shared a commonly migrating 
product staining with the usual Ada protocol, and alleles at all loci segregated among the 
litter according to expectation (Table 5.2). In addition to genetic data from these kittens, 
the fact that the frequency of theseAdd phenotypes increased sharply in F224 and F231’s 
social group (Table 5.12) is evidence that Ada-c was indeed hertitable. It has been said by 
a reviewer of a manuscript submitted to Animal Genetics (Sunnucks and Ferrand) that the 
putative new allele is Ada-3 ; this is not so. It is easy to identify Ada-3 because 1/ it is 
considerably more cathodal from Add-1 than the interval Add-1 to Ada-2 (Richardson et at. , 
1980: Webb, 1988) and 2/ there is an activity difference on gels: Ada-l>Ada-2>Ada-3.
The putati\ e new allele cannot be Ada-3 because the interval between it and Add-1 is about 
the same as Add-1 to Ada-2, and it is of roughly equal intensity to Add-1.
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Chapter 6. Animal house feeding experiments: novel food reaction

6 .1  Introduction to neophobia

A negative behavioural response to novel stimuli (neophobia) in rats was identified 
early this century (Small, 1901). Observations of this behaviour remained rather anecdotal 
until a study on the Norway rat, Rattus norvégiens was carried out by Chitty and Shorten 
( 1946). Neophobia was found subsequently to exist in many species of mammals 
including Black rats Rattus rattus (Barnett and Spencer, 1951), chimpanzees Pan 
troglodytes (Hebb, 1946), domestic cats (Bradshaw, 1986), Snapping turtles Chelydra 
serpentina, humans (Domjan, 1976) and rabbits (Bell, 1975). The behaviour has been 
observed in a variety of birds including Dendroica warblers (Greenberg, 1983), chickens 
Gallus gallus, various corvids, finches, and in other vertebrates such as the Pumpkinseed 
sunfish Lepomis gilbosus (Domjan, 1976).

The definition of neophobia now encompasses the avoidance of new foods (Barnett 
and Spencer, 1951), objects (Mitchell, etaL, 1975; Greenberg, 1983), and locations 
(Cowan, 1977) if in the absence of aversive stimuli (Reidinger and Mason, 1983). 
Avoidance may be extreme: wild rats may take a month to habituate to a new food source 
(Mitchell, 1976). If an animal avoids novelty per se, it follows that avoidance must decay 
as does novelty.

Some confusion over neophobia as a term arose early in its use (Cowan, 1977). 
Novel food is avoided not only because of neophobic response, but also because of the 
adaptive feeding patterns of animals (Rozin and Kalat, 1971). It is now apparent that 
neophobia, primary food aversion (innate aversion to distasteful substances) and learned 
food aversion (avoidance of foods after unpleasant consequences associated with the food) 
are all dimensions of food selection in many species (Reidinger and Mason, 1983).

Neophobia, and other aspects of adaptive feeding, are integrated into behavioural 
patterns of the species in a complicated manner (reviewed in Kalat and Rozin, 1973; 
Domjan, 1977). Dietary poisoning or nutritional deficiency related to a current diet may 
cause enhanced avoidance of a new food relative to ‘safe’ foods (Rozin and Kalat, 1971), 
whilst novel food will be preferred over harmful food in the absence of any other choice 
(Rodgers and Rozin, 1966; Rodgers, 1967; Rozin and Kalat, 1971). Psychological 
research (Buresova and Bures, 1980; Franchina and Gilley, 1986) has argued strongly that 
the mechanism of learning involved in neophobia is neurologically different to av ersion 
learning, and neophobia can be seen as a distinct psychological phenomenon.

There are several reasons for animals to be wary of new foods. Animals should be 
more adept at seeking, handling and digesting familiar food (Partridge, 1981). Wariness 
may be a defence against dietary poisoning or deficiency (Rozin, 1968; Kalat and Rozin, 
1973). Thus it is likely that many species will exhibit food neophobia. The strength of
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avoidance and pattern of attenuation should vary depending on the genetic and physical 
environment of a species (Mitchell, etaL, 1977; Cowan, 1977), and the ecological 
parameters of the habitat (Greenberg, 1983, 1984, 1990), the detailed nutritional and 
psychological state of individuals (Rozin, 1968; Partridge and Maclean, 1981).

There has been little research carried out on neophobia in rabbits (Dogterom and 
van Hof, 1983). As pest species subject to extreme control measures (Oliver, etaL, 1982) 
the rabbit might be under intense selection for cautious feeding when presented with novel 
foods (Bell, 1975). In New Zealand, Bell (1975) investigated the decline in efficiency of 
poisoning operations aimed at rabbits. He reported that individuals which escaped 
poisoning repeatedly failed to take baits which should have been accepted. In a study of 
two poisons used against rabbits in Australia, Oliver, etaL, (1982) concluded that 
reduction in success (in 1971-5 compared with 1958-62) was also due to bait avoidance. 
Garrick (1957), Rowley (1958) and Poole (1963) in field observations of rabbits feeding 
on baits all noted bait-shy individuals. The only experiment on the reactions of rabbits to 
novel objects appears to be Fraser ( 1985), who exposed a natural population of rabbits to 
novel food and objects. He reported individual variation in response to both stimuli.

6 .2  Animal house feeding experiments
6 . 2 . 1  Rationale and approach

Dogterom and van Hoff ( 1983) state that ‘Contrary to the rat no data on attenuation of 

taste neophobia and conditioned aversion are available for the rabbit’. The experiments reported in 
this chapter may be the first on taste neophobia in rabbits.

Methods of rabbit control in Britain have been based on shooting, trapping and 
ferreting, in contrast to Australia and New Zealand where poisons (illegal in Britain; 
Cowan, etaL, 1984) have been used extensively, thus selective pressures could be 
different. The experiments descnbed here were designed to investigate whether British 
rabbits displayed avoidance beha\ iour. It was further intended to characterize the pattern of 
attenuation, degree of individual \ ariation and any sex differences, with a view to 
performing examination of neophobia in the field.

Choice of novel stimulus in the experiments
It would be possible in a laboratory situation to test the reaction of rabbits to new 

places, objects, or foods. Cowan ( 1976) was able to investigate new-place and new-object 
reaction in rats because these animals are small and investigate their environment in an 
observable fashion, whilst such an approach would be difficult for the rabbit.
Consumption of a novel food relative to either normal intake or that of 
simultaneously-present familiar food is accepted as a measure of aversion to the novel 
(Mitchell, 1976).
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Mode of presentation of novel food: 
single presentation or simultaneous choice designs 

If an animal experiences no negative effects from consumption of a new food, any 
neophobia should attenuate as the novel becomes familiar. ‘Mere exposure’ to a new food 
is sufficient to increase intake of a new food in many cases (Domjan, 1976) although the 
mechanism for this is still in dispute (‘learned safety’, Rozin and Kalat, 1971, Kalat and 
Rozin, 1973; ‘trace decay’. Best and Gemberling, 1977).

Domjan ( 1977) showed that single stimulus presentations of novel food give more 
rapid attenuation than double stimulus (choice) presentations. Habituation to a new food in 
rabbits is known to be rapid (five days according to Dogterom and van Hoff, 1983) relative 
to that of rats (up to a month, Mitchell, 1976) and its is likely that a single stimulus design 
would lead to extremely rapid attenuation. Single stimulus designs also have the 
disadvantage that they may force animals to make choices that they would not otherwise 
make. This can lead to contradictory conclusions being drawn from similar results. For 
example, Rodgers and Rozin ( 1966) reported that poisoning made rats neophilic (being 
attracted to new foods). However, this was true only because the choice was novel verses 
harmful food: Rozin (1968) showed that given the choice between safe familiar and safe 
new food after poisoning, rats would choose the safe familiar and were thus neophobic.

On the other hand, double presentation designs can present difficulties if animals 
develop preferences for one food hopper. This necessitates either splitting the population 
into two groups treated with different ‘handedness’ (Rogers and Harper, 1970; Mitchell, 
1976) or alternating the side of presentation for each individual. Rabbits are known to 
develop side preferences (D. Cow an pers. comm.).

Phenomena under test
Individual differences in novel food consumption could be the result of variability 

in genetic factors and experience. These could be operating via mechanisms concerned 
with dietaiy' risk, learned aversions, primary aversion, food value, physiological 
adjustment, search image, or handling skills (Partridge, 1981). Rabbits in the present 
experiments should have been mostly unaffected by learned or primary aversions as they 
were acclimatized to the basic food, should not have found it unpleasant or harmful, and it 
required no development of feeding technique.

6 . 2 . 2  Methods

Four wild rabbits of each sex were caught by ferreting and four by cage-trapping 
from Bridgets Farm and four of each sex by ferreting from Porton Down, Wiltshire. Both 
methods were used, as animals susceptible to cage-trapping might be less neophobic than 
untrappable ones. These animals were in breeding condition, between 1200 and 1600g in
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weight and healthy as judged by external appearance.
The rabbits were housed in standard rabbit cages (510 x 350 x 350mm) in a room 

maintained at 15®C with an eight hour artificial ‘night’ at the Worplesdon Laboratory, 
Surrey, of the Ministry of Agriculture, Food and Fisheries. Standard laboratory rabbit 
food (Quest Nutrition, Wingham, Kent) was presented ad libitum to the rabbits for a 
four-week acclimatization period, in two similar feeding hoppers loaded onto cage doors. 
Acclimatization is important in the feeding patterns of rats presented with new foods 
(Mitchell, 1976), so weights of food eaten from each hopper were monitored to establish 
whether a stable pattern of consumption emerged. There was a constant supply of tap 
water from drinking bottles which were checked on a daily basis. Litter trays were 
replaced once a week.

Novel food was made by taking the usual laboratory diet and spraying it with food 
essences of no nutritional value (J. Sainsbury pic). Each essence was intended to be 
equally novel and equally acceptable. All flavours were dissolved in isopropyl alcohol. 
‘Rum’ contained E150; ‘brandy’ E l02, El 10, E122, E123, E132; ‘almond’ contained 
benzaldehyde, but no information was available for ‘peppermint’. These substances were 
sprayed e\ enly onto the food (30ml of a 10% solution v/v in water per kg of food), mixing 
the food during the operation to achieve even coverage. The food was allowed to dry for 
24 hours in a room distant from the experimental room.

On each day of the feeding experiments all rabbits were presented with a choice 
between 150g of usual (familiar) food and 150g of flavoured (novel) food. The 
acclimatization period showed that 150g was in excess of what an individual would ever 
consume in a day so rabbits would not be forced by hunger to eat an unfavoured food (cf 
Rodgers and Rozin, 1966) or display frequency-dependent food selection (Greenwood, et 
ai, 1984). The hopper to contain the novel food on day 1 was decided by the toss of a 
coin, and novel food was put in the other hopper the following day, each hopper remaining 
physically in the same position. In this manner, each of the four flavours was presented 
one at a time to all individuals, a different novel food being first given on the 1st, 9th, 17th, 

and 25th days.

The experiments were di\ ided into 8 day blocks (called ‘weeks’) so that in the 
event of hopper preference, days could be grouped into pairs for analysis. Starting at 0930 
on 23/02/87 fresh food was put in the hoppers each day, unconsumed food being weighed 
to within 0.5g before being throw n away in a different room. Spillage of food is a reaction 
to novelty (Rozin, 1966), but none was observed. Rabbits were weighed on the sixth day 
of each week to check for any ad\ erse effects the treatments were having. It is known that 
vitamin deficiency causes anorexia (failure to eat with associated weight-loss) in rats, and 
affects response to novelty (Rozin and Kalat, 1971).

The 16 rabbits were divided into four groups in a latin square design with two 
males and two females each:
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Treatment group (‘group’)
1 2  3 4

Treatment 1 Rum Almond Peppermint Biantfy
Block 2 B P A R
(‘week’) 3 P B R A

4 A R B P

The spatial organization of the cages was as shown in Table 6.1.

Table 6 .1. Spatial arrangement of cages containing rabbits for feeding experiments, 
front view with rabbit identity numbers.

1 2 3 9 10 11
4 5 6 12 13 14
7 8 15 16

One rabbit uniquely ate nearly all its food from one hopper irrespective of food 
type; the individual has been excluded from analyses. By mistake, 11 rabbits got only 
novel food on day 8 of week 3 and in eight cases out of 480 the hoppers were presented in 
the wrong position. These data are excluded from the analyses. Results of two factor 
anovas will be presented with degrees of freedom as a subscript of F ratio: F(df), and 

oneway anovas as F(df between, df within groups), and similarly for t-tests. Variances were 

tested for significant heterogeneity between classes, and differences were not significant 
unless stated. Analyses were carried out with proportional data arcsine transformed, and 
untransformed. Conclusions drawn from these were identical, so untransformed data only 
are presented. Arcsine transformation is unnecessary if most proportions lie between 0.3 
and 0.7 (Sokal and Rohlf, 1981).

6 .3 .0  R esu lts
6 .3 .1  The dependent variables and their distribution 

The following variables are used in the analysis:
i/ weight of novel food eaten per day per individual 
ii/ total food eaten per day per individual
iii/ proportion novel food eaten per day per individual: novel/(novel+familiar). 

Unless otherwise stated, these dependent variables were found by Kolmogorov-Smimov 
one sample test to be not significantly differently distributed from normal within the 
categories used for parametric statistics.

6 .3 .2  Variation in data from individuals and the effect o f treatment group/block 
Rabbits responded to novel foods in different ways, some of which can be

illustrated by data from a sample of individuals (Figure 6.1). It was necessary to determine 
which data could be pooled for the purposes of analysis, as reported below.

To examine the effects of week and flavour on consumption of food, the weight, 
proportion novel, and total food eaten by each individual in each week were reduced to one
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each day of the experiment.
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Figure 6.1 (continued).

Rabbit number 12

Proportion of novel food eaten by rabbits on each day of the experiment. 
Missing data indicated with arrows.
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mean figure of each variable per individual. Two-factor anovas were calculated with each 
variable as the dependent variable, and week and flavour as factors. There were no 
significant differences between weight or proportion of novel food, or total food eaten 
between weeks, or of each flavour (Table 6 .2). However, there were significant 
interactions between week and flavour for weight and proportion of novel food eaten 

(F(9)=3.3, p=0.003). These arose from differences between treatment groups (oneway 

anova of proportion novel by group, Fp 56)=9.2, p=0.0001), rather than from trends over 

the 4 weeks or differences in acceptability of the 4 flavours (Fig. 6.2). There was no 
consistent pattern of change in consumption of novel food over the four weeks (Fig 6.2), 
and no anova of weight or proportion of novel food and total food by week, for any group, 
was significant at the 5% level. Also there was no significant interaction between group 
and treatment block (F(9)=0.63, p=0.765). It seems reasonable to pool data from the four 

weeks and treatment groups; where helpful, this has been done.
Table 6.2. Mean consumption of novel and total food by week and flavour.

factor/c lass prop. w eight to ta l
novel novel food

week 1 .42 34.6 82.4
week 2 .46 40.3 88.0
weeks .41 32.5 77.2
week 4 .45 35.8 76.7

F(3)=0.94 F(3)=1.61 F(3)=2.38
p=.43 p=.20 p=.08

rum .43 35.8 82.5
almond .41 34.2 84.2
peppermint .48 40.1 81.0
brandy .42 33.1 76.6

F(3pl.9S F(3)=1.41 F(3)=0.98
p=.13 p=.25 p=.41

6 .3 .3  Overall response to novelty
Figure 6.2 shows that the broad response to novel food averaged over a treatment 

block was avoidance: only 3 points lie above 50%. There was a strong negative correlation 
between novel and familiar food eaten, which probably reflects the constraint to eat a 
certain total food; further analysis will concentrate on proportion of novel food eaten. To 
test the null hypothesis that flavour had no effect on consumption of food, paired sample 
t-tests were carried out between the proportion novel food eaten by each individual in a 
week, against 0.5. There was significant individual variation in response (oneway anova 
of proportional consumption of novel food by individual, F(i4_45)=4.69, p=0.000). Four 

rabbits ate significantly less novel food over eight days than would be expected if they ate 
at random: one ate significantly more. Differences between individuals were highly 
significant (Table 6.3).
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F igure 6.2a Mean weekly proportional consumption of novel food in treatment groups, by flavour
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T a b le  6 .3 . Results of paired t-tests of individual weekly proportion consumption of novel food and 0.5.
**=P<0.01, *=P<0.05.
Individual mean prop. 

novel(± S .E .)
t-vaiue P

1 0.257(05) -4.9(3). 0.016*
2 0.281(.03) -6.8(3), 0.007**
3 0.392(.03) -3.5(3), 0.039*
4 0.467(.01) -1.22(3), 0.121
5 0.582(05) 1-8(3), 0.170
6 0.438(06) -1.1(3), 0.348
7 0.450(.03) -1-5(3). 0.226
8 0.535(01) 4.48(3), 0.021*
9 0.392(04) -3.0(3), 0.058
10 0.383(07) -1-6(3), 0.202
11 0.403(.02) -4.68(3), 0.018*
12 0.470(03) -1-0(3). 0.389
13 0.501(.02) 0.31(3), 0.77
14 0.478(02) -1.03(3), 0.337
15 0.511(07) 0.15(3), 0.892

6 .3 .4  Pattern o f consumption o f novel food
il Hopper preferences

Clear differences in the consumption of novel food from each hopper were seen in 
many individuals (Figure 6.1). The means of weight and proportion of novel food, and 
total food eaten by each individual from each hopper in each week, were calculated. T-tests 
were calculated to test if there was evidence for preference of one hopper. Many 
individuals had significant preferences for a hopper from which to eat novel food but not 
from which to eat all food (Table 6.4). Nine out of 15 individuals ate a significantly lower 
proportion of novel food out of one hopper than the other. Six rabbits ate more from the 
right hopper and 9 from the left, hence the failure to detect an effect at the population level. 
Only one had a significant hopper preference from which to eat all food, but also did not eat 
novel food at random. The phenomenon of individuals preferring to eat novel food out of a 
particular hopper, whilst not preferring that hopper in overall, will be termed 
novelty/hopper interaction or interaction. The degree of the interaction was very' \ ariable 
(Table 6.4) and is illustrated for sample individuals in Figure 6.3, daily data can also be 
seen in Figure 6.1. Table 6.5 shows the proportion novel food eaten out of each hopper on 
days 1 and 7 (hopper where novel was first presented), and 2 and 8 (the other hopper) by 
each individual.

Two features of the novelty/hopper interaction can be seen from Table 6.5. First, a 
common pattern was to eat a low (but higher by the end of the week) proportion from one 
hopper (from here called the low hopper), and a high proportion from the other {high 
hopper). Second, whilst many rabbits ate a smaller amount of novel food on the day when 
they first received it, and came to treat that hopper as the low hopper (number 14, Figure
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Figure 6.3.

Rabbit number 2

Interaction between hopper and treatment
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6. le is a good example), 5 individuals ate more novel on day 1 than day 2, then treated the
hopper to contain novel on day 1 as their high hopper (eg number 12, Figure 6. Id).
Table 6.4. Weight, proportion and total weight of food eaten from right and left hoppers as tested by 
t-tests (df.=6) results given as t-value, significance level). (h=heteroscedastic. Where this occurred the 
values given by separate variance estimates are given). ***=P<0.001,**=P<0.01, *=Pc0.05.

Individual total food weight novel
■ t-statistic, level of

1
2
3
4
5
6
7
8 
9

10
11
12
13
14
15

-0.19, 0.853 
1.31, 0.238 

-0.44, 0.674 
1.07, 0.324 
2.09, 0.082 
2.58, 0.042* 

-2.19, 0.072 
-1.18, 0.284 
-0.86, 0.423 
0.43, 0.685 

-1.72, 0.136 
2.03, 0.089 
1.20, 0.274 
1.55, 0.172 

-1.65, 0.149

sig.
0.29, 0.782 

-5.77, 0.001(h)*** 
3.49, 0.013*
4.51, 0.004** 

-0.05, 0.961
3.34, 0.016*
1.14, 0.296 

-0.46, 0.661 
0.64, 0.545 
0.31, 0.822 
2.69, 0.036*
0.96, 0.374 

-2.27, 0.064 
-15.54, 0.001*** 

0.61, 0.563

proportion novel

0.71, 0.526(h) 
-6.66, 0.001(h)*** 
5.05, 0.002** 
5.22, 0.002** 

-1.04, 0.340 
2.89, 0.028*
4.75, 0.003** 

-0.08, 0.934 
2.71, 0.035*
0.30, 0.773
3.35, 0.015*
0.05, 0.959 

-6.82, 0.001*** 
-12.96, 0.001*** 

1.11, 0.309

Table 6.5. Mean proportion of novel food eaten per individual on days 1,7 and 2,8.
Individual day 1 day 7 day 2 day 8

1 0.174 0.284 0.152 0.453
2 0.049 0.038 0.567 0.353
3 0.284 0.385 0.450 0.506
4 0.624 0.748 0.238 0.352
5 0.608 0.588 0.700 0.709
6 0.451 0.683 0.118 0.586
7 0.280 0.466 0.546 0.710
8 0.560 0.632 0.445 0.560
9 0.265 0.345 0.623 0.356

10 0.498 0.514 0.221 0.334
11 0.198 0.415 0.445 0.527
12 0.564 0.585 0.321 0.604
13 0.263 0.485 0.563 0.752
14 0.086 0.195 0.733 0.928
15 0.323 0.607 0.601 0.650

ii/ Attenuation of av oidance of a novel food
Most rabbits ate an increasing amount of the novel food over days 1-8 (Figure 6. Ic 

and 6. le are clear examples). Proportion novel food eaten on days 1-8 was averaged over 
the four weeks for each individual. The difference between the daily proportional means 
was highly significant: oneway anova of proportion novel food by day, Ff?_ n2)=3.25, 

p=0.004. The proportion generally increased over the week, and the means for days 1 and 
2 (0.350 and 0.449) were significantly lower by t-test than those for days 7 and 8 (0.465 
and 0.561): t=2.35, p=0.02. There were also significant differences between the mean 
total weight of food eaten per day F(7 n2)=4.8, p=0.0001) but these appear random (Table 

6 .6).
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T ab le 6.6. Mean weight of food eaten each day, data from all rabbits combined.
day mean to tal lower upper

weight food 95% 95%
1 81.9 75.8 88.1
2 81.2 75.5 86.8
3 91.5 85.6 97.4
4 70.7 64.5 76.8
5 87.3 80.1 94.5
6 77.7 72.4 83.1
7 79.5 73.2 85.1
8 80.6 74.9 86.3

iii/ Attenuation at hi2h and low hoppers
To examine whether the pattern of attenuation was different at the two types of

hopper, proportional consumption of novel food by each individual on days 1-8 was
reduced to a single value at each hopper, pooled over weeks. Data were separated into two
groups: from rabbits which ate a smaller proportion of novel food on the first day (‘group
1’), and those which did so on the second (‘group 2’) - numbers 2 and 9 showed no
attenuation and so were not included. How proportion of novel food eaten by day changed
was then analyzed by oneway anova, the shape of the relationship being determined by the
polynomial function of SPSS -which partitions sums of squares of least squares regression
residuals- (Table 6.7). Consumption of novel food from low hoppers aXtenrnted
significantly linearly, unlike that at the high hoppers (Table 6.7, Figure 6.4). In both
groups consumption of novel food was significantly lower on the first low hopper day than
the last (group 1, t(2S)=2.20, p=0.036; group 2, t(i6)=2.49, p=0.024) whilst this was not
true for the high hopper (group 1, t(2g)=1.34, p=0.194; group 2, t(i6)=1.16, p=0.263).

Table 6.7. Results of oneway anova with analysis of linear and quadratic trends for proportion of novel 
food eaten by 13 rabbits over eight days (replicates pooled) from low and high hoppers. *=P<0.05.

{LOW hopper) {HIGH hopper)
g ro u p l/g ro u p l g ro u p l/g ro u p 2

F ratio  F(n=6.38/6.61 F(d= 1.17/2.77
sign ificance p=0.017/0.021* p=0.289/0.116

6 , 3 . 5  Relationship between novelty!hopper interaction,
neophobia, and its attenuation 

Whether the novelty/hopper interaction was a response to neophobia was examined
by investigating its correlation with neophobia and attenuation. The following indices were
used, and relationships within individual’s scores tested by Spearman’s rank correlation:

neophobia=\ndiv\d\xaX mean proportion novel food eaten over the experiment
initialinteraction={proip.no\&\ day 2)-(prop, novel day 1).
final interaction =(prop. novel day 8)-(prop. novel day 7).
change o f interaction=intemction days (1,2)-(7,8)
initialneophobia=me3n proportion days 1+2
aïïemiaîion=me3n proportion days 1+2/mean proportion days 7+8

There was a significant positive relationship between individual initial and final interactions
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Figure 6.4. Mean proportional daily consumption of novel food from 'low' and Ttigh' hoppers. 
Bold lines denote animals which ate less novel food on first presentation, 
thin lines those which did the opposite. With 95% c.l.
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(Spearman’s rank correlation: r=0.769, d.f. 14, p =0.004), although final interactions 
tended to be smaller. However, there was no significant relationship between attenuation 
and change in interaction (r^-0.186, d.f. 14, p>0.10), or attenuation and initial interaction 
(r=-0.2036, p>0.10), and whilst attenuation was correlated with initial neophobia (r=0.50, 
d.f. 14, p <0.05), there was no significant correlation between the magnitude of initial or 
novelty/hopper interaction and initial or overall neophobia in any combination.

6 . 3 . 6  Possible correlates with novelty/hopper interaction
Some rabbits had pre-experiment side preferences, but these disappeared in all but 

one case when novel food was presented (Table 6.4). Five rabbits treated the hopper 
where they first received novel food {starting hopper) as the high hopper, and eight as the 
low hopper (2 were difficult to allocate). There was some tendency for this to be reflected 
in overall neophobia: the first group contained the only significantly neophilic rabbit, and 
the second 3 significantly neophobic ones. Apart from this possible effect of starting 
hopper, there was no detectable relationship between novelty/hopper interaction and pre
experiment hopper preference, starting hopper, or neophobic response (Table 6.8).

6 . 3 . 7  Possible correlates with individual variation in neophobia
ii Sex

Whilst the sexes ate significantly different weights of food (males 85.2±2.6 (SE)
g/day, females 77.4 ±2.6(SE) g/day) they ate similar proportions of novel food which
were not significantly different (means: male=0.438, female=0.434). Neophobia and
initial neophobia (defined in 6.3.5) were ranked and the sexes found to be evenly spread
(mean rank neophobia: female=7.4, male=8.6; mean rank initial neophobia: female=8.4,
male=7.6) and similarly, mean rank attenuation, females= 6.6, males=9.6.
Table 6.8. Potential factors affecting nove//y//K?/7/?er mteracrton (R=right, L=left. Interaction: 
-(ve)=Novei eaten day2>novel day 1 ; +(ve)=NoveI dl>d2. ***=p<0.001,**=p<0.01, *=p<0.05 by t-test).

pre-experim ent low sta rtin g Interaction
Individual preferred hopper hopper hopper

1 R L? R -(ve) n.s.
2 L R R +(ve)***
3 L L L +(ve)***
4 None L R -(ve)***
5 L R? R +(ve) n.s.
6 L L R -(ve)*
7 R? L L +(ve)***
8 L R L (ve) n.s.
9 R L L +(ve)*

10 L L R (ve) n.s.
11 L L L +(ve)*
12 None R R (ve) n.s.
13 L R R +(ve)***
14 R R R +(ve)***
15 R? L L +(ve) n.s.
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ii/ Method of capture 
A rabbit which enters a cage trap may be less neophobic than one which does not:

ferreting will not introduce this bias. Place of origin and method of capture were
confounded as all Braemore rabbits were ferreted, so method of capture was analyzed in
Bridgets rabbits only (n=8). Cage-trapped animals had higher neophobia (defined in
6.3.5) than did ferreted ones, but the difference only approached significance: t-test
neophobia by method of capture: t^30)=1.88, 2-tailed p=0.07, cage-trapped mean=0.47

±0.026 (SE), ferreted=0.39 ±0.034 (SE). If it is accepted that the result is in the direction
which would be predicted a priori, a one-tailed test should be used and the result would
become significant (p<0.04).

6 . 4 . 0  Second feeding experiment
6 . 4 .1  Introduction

Ha\ ing identified some characteristics of feeding patterns in the first novelty 
experiment, a second experiment (‘experiment 2’) was carried out 6 months later to assess 
the stabilit) of those characteristics factors over time, and memory of rabbits for flavours.

6 . 4 . 2  Methods

Eleven of the rabbits (1, 2, 4, 5, 6, 7, 8, 9, 11, 12, and 13) from the first 
experiment were available 6 months later. They had been maintained on the same 
laboratory diet with an 8 hour ‘night’ and had all gained weight (weights were 
1315-1675g) except no.8 which had lost 12g to 1588g. Two other rabbits (numbered 17 
and 18) had been added to the sample at the end of experiment 1. These 13 rabbits were 
used in experiment 2. Essentially the same methodology was used as in experiment 1. All 
animals were presented the same flavours in the same order as in experiment 1. However, 

on the 17th-24th days (the third ‘w eek’) they received an entirely new flavour, vanilla (J. 

Sainsbury. pic). There was no 4th replicate.

6 . 4 . 3  R esults
6 . 4 . 3 . 1  Patterns o f consumption o f novel food

Consumption of novel food by week and flavour 
Proportion of novel food consumed did not differ significantly between weeks 

(oneway anova proportion novel by week: means in chronological order 0.528, 0.545, 
0.566, F(2 36)=0.402, p=0.672). Total food consumption did differ significantly between 

weeks (oneway anova: F(2,36) = 4.29, p=0.021) but there was no consistent pattern in the 
ranks of mean weekly consumption of individuals. As in experiment 1, differences in total 
food are assumed not to reflect significant reduction of food intake in the presence of 
particular flavours because the proportion novel eaten was unrelated to total eaten. There
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was no significant difference in the proportion of any flavour eaten by the population: F(4, 

34)=0.172, p=0.951 (means: rum 0.526; brandy 0.537; peppermint 0.541; almond 0.537; 

vanilla 0.566- although sample size is larger for vanilla). Both naïve animals ate moderate 
proportions of vanilla food so there was no evidence that this flavour was especially 
palatable. Data will be pooled with respect to flavour where this is helpful.

Consumption of novel food: i/ In experiment 2
One sample t-tests were used to compare the proportional consumption of novel 

food against 0.5 (the value which could be expected if the rabbits were eating their food at 
random). Taken together, the population ate significantly more novel food than 50% 

(t(38)=2.64, p=0.012, mean=54.6%); ten rabbits ate more and three ate less.

Consumption of novel food: ii/ Comparison with experiment 1
Using only data from the first three weeks of experiment 1 (to match the number of 

replicates in experiment 2), consumption of novel food by each individual was compared 
between experiments by paired samples t-tests: of 11 present in both experiments, three 
consumed significantly more novel food than before, a trend seen in 5 others.

6 . 4 . 3 . 1  Hopper effects
Ten individuals showed strong novelty/hopper interactions (defined in 6.3.4)whilst

3 ate very similar proportions of novel food from the two hoppers. The t-statistic from
paired samples tests between proportion of novel food eaten on odd days and even days
was used as a measure of novelty/hopper interaction. T-values were also calculated for
experiment 1 and used to compare individual interactions in both experiments (Table 6.10).
Table 6.9. Mean proportion of novel food eaten in experiment 2 and first 3 replicates of experiment 1 
(t-test compared with 50%) for each individual; results compared by paired samples t-test 
(d.f.=2).**=P<0.01, *=P<0.05.

P ro p . t(2 )/P P rop . t(2 )/P difference
novel novel experim ents 1-2

dividual exp t2 e x p tl
I 0.591 2.44 0.135 0.277 -3.42/0.076 -4.95/0.039*
2 0.549 0.75 0.530 0.250 -16.58/0.004** -5.29/0.034*
4 0.589 3.21 0.085 0.473 -1.35/0.310 2.62/0.120
5 0.429 -3.01 0.095 0.601 1.95/0.191 0.38/0.737
6 0.568 1.58 0.254 0.406 -1.48/0.277 -3.65/0.067
7 0.638 2.70/0.114 0.443 -1.23/0.345 -0.61/0.604
8 0.484 -0.620.597 0.534 3.09/0.091 -2.22/0.156
9 0.595 2.85 0.104 0.383 -2.40/0.139 -5.52/0.031*

11 0.615 2.58 0.123 0.407 -3.23/0.084 0.11/0.919
12 0.537 0.420.718 0.475 -0.60/0.607 -2.25/0.153
13 0.394 -1.19 0.356 0.490 -0.51/0.662 -0.48/0.679
17 0.550 14.45 0.005** - . -

18 0.559 0.39 0.734
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Table 6.10. T-values from paired samples t-test between proportion of novel food eaten on odd- and even 
days by individual rabbits in each of experiments 1 (first 3 weeks only) and 2 for each individual. 
***=P<0.001, **=P<0.01, *=Pc0.05.

lividual experiment 1 experim ent 2
t(2)/sig . t(2)/sig.

1 1.21/ 0.349 -3.07/ 0.092
2 -9.52/ 0.011* -4.22/ 0.052
4 2.79/ 0.108 -2.43/ 0.136
5 -1.00/ 0.423 0.44/ 0.702
6 1.60/ 0.251 4.97/ 0.038*
7 -2.56/ 0.125 -0.09/ 0.939
8 1.86/ 0.203 37.50/ 0.001***
9 -10.76/ 0.009** 4.08/ 0.055

11 -2.23/ 0.156 -1.44/ 0.287
12 0.01/ 0.996 10.36/ 0.009**
13 -6.70/ 0.022* 2.49/ 0.130
17 - 2.65/ 0.118
IB - -8.49/ 0.014*

Spearman's rank correlations were carried out ranking the data with and without 
signs, so that respectively direction and magnitude of interaction were under test (r=0.191, 
n=l 1, p=0.549; r=-0.127, p =0.687). Thus there was no apparent relationship between 
the novelty/hopper interaction in the first and second experiments. However, interactions 
were consistent within individuals during the second experiment: initial and final hopper 
interactions (defined in 6.3.5, as are other measures mentioned here) were closely- 
correlated (Spearman’s n=0.864, n=ll ,  p >0.001, with-sign rank, naïve individuals 
excluded) and few rabbits changed their interactions very much over weeks. Initial 
interaction coTrelaicdwithnQitheT initial neophobia (r=0.209, n= l l ,  p >0.10), nor 
attenuation (r=0.136, n=l 1, p>0.10). As there was little change in interaction and rabbits 
were generally not neophobic (Figure 6.5), comparisons between these variables could not 
be made.

6 4 . 3 . 2  Attenuation o f neophobia
In contrast to the first experiment, differences in proportional consumption of novel 

food on days 74-8 compared to 14-2 were small, and in fact most individuals ate more novel 
food in the first two days (Figure 6.5). The difference between experiments seen in the 
small overlap in attenuationQxptnmQni 2 (defined in 6.3.5), mean=1.93 (0.72-2.65), 
experiment 1, mean=0.841, (0.40-1.71). As there was little attenuation, there was no clear 
difference in attenuation at high and low hoppers, although the pattern continued that 
consumption from one hopper fluctuated more than the other (Figures 6.4, 6.5).
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6 . 5 . 0  D iscussion
The experiments reported in this chapter investigated the response to novel flavour 

of 16 rabbits in an animal house, and later, 11 of the same individuals retested. The 
metrics used were weight and proportion of novel food eaten; the design used is of a type 
considered capable of detecting aversion (Mitchell, 1976). Some terms in this chapter have 
been defined in the text: n o v e lty /h o p p e r  in tera c tio n , lo w  and h igh  h o p p e rs  in 6.3.4; 
measures associated with n o v e lty /h o p p e r  in tera c tio n , neophobia and attenuation in 6.3.5; 
3 iid  s ta r tin g  h o p p e r  in 6.3.6.

6 . 5 . 1 . 0  O b s e r v e d  p a tte r n s  o f  n o ve l f o o d  in ta k e

Most rabbits did not eat a flavoured food at random with respect to novelty. There 
are two reasons to interpret this as neophobia/neophilia rather than learned food aversion or 
primary food aversion (Rozin and Kalat, 1971). First, avoidance of novel flavours 
attenuated (Figure 6.4), and second, there was generalization of response to 4 different 
randomly-chosen flavours (Figure 6.1, Table 6.2, Figure 6.2a), indicating that it was 
novelty p e r s e  which produced the response (Domjan, 1976).

6 . 5 . 1 . 1  Initial neophobia and average neophobia
In experiment 1 there was much less novel food eaten on days l-t-2 than if the 

animals had eaten at random, and there were considerable individual differences (Table
6.5): mean proportional consumption on days 1+2 ranged from 0.14 to 0.65. Most rabbits 
were neophobic, 13/15 ate less than 50% novel food on days 1+2. Initial food 
consumption was very different in the second experiment: 11/13 rabbits ate more novel 
than familiar food on days 1+2 (Figure 6.5). There was no evidence that different levels of 
novelty had differential effects on total food intake (Table 6.6), and food consumption was 
similar to that in the pre-experiment period. Initial avoidance of novel foods is a common 
observation in most studies of this type: Mitchell (1976) presented three strains of rat with a 
choice between novel and familiar food, and found that mean acceptance of the novel food 
on the first day was less than 20% of the total eaten.

Proportion of novel food eaten over the whole of experiment 1 showed great 
individual variation: four rabbits w ere significantly neophobic, one neophilic, and the rest 
nonsignificant (Table 6.3). Such individual variation has been reported from similar 
experiments on other small mammals, and birds (Barnett, 1958; Mitchell, 1976;
Greenberg, 1990). There was no apparent relationship between sex or site of capture and 
response to novel food, but there was substantially more consumption of novel food by 
rabbits which had been cage-trapped than those which had been ferreted. The latter is an 
important result as it suggests that the way individuals behaved towards novel food in the 
animal house bears some relationship to their behaviour towards novel baits and/or objects 
(cages) in the wild, either through experience or behavioural polymorphism. It has been
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suggested that neophobia of rat populations can be affected by the history of local control 
attempts or other characteristics of the environment (Mitchell, 1976; Mitchell, etal., 1977), 
so presumably the same could be true of individuals within a population.

The difference in results between the two experiments was great. Of the 11 rabbits 
in both experiments, only numbers 5, 8 and 13 were more neophobic in experiment 2 than 
experiment 1, and four became significantly more neophilic (Table 6.9). It is not possible 
from the present data to determine the factors affecting this population tendency towards 
neophilia, but there are a number of possible explanations. First, rabbits in experiment 2 
might have perceived a state of generalized safety. It is known that the response to novelty 
can be affected by experience with novel foods in the past (Rozin and Kalat, 1971). For 
example, Franchina and Gilley ( 1986) showed that rat conditioning-induced neophobia to 
casein hydrolysate was reduced by pre-exposure to a different novel. The second 
possibility is that rabbits were suffering from mild dietary deficiency, this might lead to 
temporal"}' attraction to new foods in an attempt to correct the problem, as found in Bank 
voles (Partridge and Maclean, 1981). The fact that the rabbits were still apparently healthy 
after 6 months, and had gained weight, counts against this idea. Third, rabbits may have 
behaved differently because the period of captivity had some other psychological effect on 
them. For example, they could have been eating novel food out of ‘boredom‘, or could 
simply ha\ e preferred the taste of the flavoured foods: ultimate preference for novel food in 
this sort of experiment has been reported for cats (Bradshaw, 1986).

It is not likely that the rabbits ate a greater proportion of flavoured food because 
they recognized flavours in the first two weeks from experiment 1. If this were the case, it 
would be expected that they should treat the new (vanilla) flavour as aversive. This would 
not be true if they had become neophilic per se, in which case they might have preferred the 
vanilla food as ‘ultra new‘. Seven out of 11 experienced rabbits ate proportionally more 
vanilla food than the other flavours. However, the identity of these rabbits does not 
suggest that it was treated differently to other flavours: of 4 significantly neophilic animals, 
2 ate most vanilla and 2 ate least. The two naïve rabbits treated it like the other flavours.

Thus there is no evidence for memory for the flavours used in experiments six 
months apart. This might be expected: Bradshaw (1986) found domestic cat neophobia to 
return to its initial level after 102 days without contact with the novel, and Domjan (1977) 
reported that rats lose flavour memory after 30 to 75 days. However, there may have been 
some other factor operating in experiment 2 as the two naive individuals preferred novel 
foods, which was inconsistent with the reaction of most naive animals in the first 
experiment.

6 . 5 . 1 . 2  Attenuation
Discussion will be limited to the first experiment as there was little attenuation in 

experiment 2 (Figure 6.5). Attenuation of neophobia at the two hoppers proceeded
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differently (Table 6.7; see next section). However, in experiment 1 overall consumption of 
novel food approached 50% by the eighth day, and in 25/30 rabbit/hopper combinations, 
more novel food was eaten on days 7+8 than on days 1+2 (Figure 6.4). Rabbits were able 
to measure quantities of food to a degree of accuracy such that changes in consumption 
were gradual or patterned (Figure 6.4). The rate of attenuation observed here was about 
the same as that observed in similar experiments on various strains of rat (Domjan, 1976; 
Mitchell, 1976), and also for rabbits to accept carrots in semi-wild conditions (Cowan, et 
al., 1987). No conclusions can be drawn about the mechanism of the attenuation involved 
although the results are consistent with the simplest hypothesis: that exposure ‘...reduces the 

novelty of the substance and thereby attenuates the neophobia or aversion responses elicited by novelty’ .

(Domjan, 1976).

6 . 5 .1 . 3  Novelty/hopper interaction
The consumption of familiar food was inversely correlated with the weight of novel 

food eaten so that there was only one significant case (p<0.05) of overall hopper 
preference, whilst almost all rabbits in both experiments treated novel food in the two 
hoppers differently (Tables 6.4 and 6.10; Figures 6.3, 6.4, 6.5). The experiment may not 
have been long enough to allow the consumption of novel food to reach equilibrium, at 
least in experiment 1 where most animals were neophobic (Figure 6.4). However, it is 
possible that the interaction would continue, although neither flavour was still novel: rabbit 
number 2 did not increase its consumption of novel food over time, but maintained a strong 
interaction (Figure 6. la). Thus it may be that the interaction is not based on novelty but 
difference between two flavours. This idea is suggested by the second experiment where 
consumption of novel and familiar food were similar, yet interactions were as strong as in 
the first experiment (Table 6.10, Figure 6.5).

It might be expected that aspects of the interaction would be associated with 
elements of the neophobic response. For example, very neophobic rabbits might consume 
smaller amounts of novel food on the first day than the second, and thus have negative 
interaction terms. These relationships may be impossible to detect in the present data.
First, daily consumption only was measured, so behaviours such as testing small quantities 
of food and waiting a few hours for a response could not be detected. Second, there are 
unavoidable relationships between measures: for example, there cannot be attenuation 
without a\ oidance. Efforts made to find correlates between interaction characteristics and 
those of neophobia and attenuation were unsuccessful. It was possible that degree of 
neophobia reflected the direction of interaction (Table 6.8), but the fact that there were 
strong interactions in both directions in the second expen ment counts against this (Table 
6.10 and Figure 6.5). There was no relationship between interactions shown in the two 
experiments (Table 6.10).

It seems that the novelty!hopper interaction is a mechanism separate from
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neophobia, and that it may be part of the repertoire of rabbit feeding behaviour. 
Experiments on rat neophobia and toxicosis are relevant here (Mitchell etal, 1975). For 22 
days, rats were fed from containers which became familiar. A novel container was then 
introduced, and for a further 11 days the same food was available from each. By the end 
of this period, they ate the same amount of food from each. Three groups then received 
different treatments: 1/ left with only the familiar container and were poisoned, 2/ left with 
only the novel container and poisoned, 3/ left with the familiar container and given saline 
(control). Both containers were then reintroduced and feeding from both resumed. Rats 
which had their toxicosis paired with the familiar food container significantly avoided the 
novel container. This result suggests a possible ecological role for the novelty/hopper 
interaction reported in the present chapter. By not consuming the same amount of food 
from each hopper on any day, rabbits may be able to assess more accurately the source of 
an unpleasant feeding experience. It would perhaps be surprising if rats, having 
wide-ranging diet and ability to discriminate the consequences of foods (Domjan, 1977), 
did not have a similar mechanism.
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Chapter 7. Neophobia field experiments

7 .1  Introduction

Experiments on neophobia have been carried out almost exclusively in laboratory or 
at best in semi-wild conditions whether the stimulus be food (eg Mitchell et al., 1911 \ 
Partridge, 1981) or objects (eg Cowan, 1977; Greenberg, 1983). Under such conditions 
where it is possible to control characteristics of individuals and their environment, it has 
been possible to examine a number of factors contributing to individual and group variation 
in neophobia. Using controlled conditions for feeding experiments, Mitchell (1976) 
investigated strain differences in wild and domesticated rats; and Cowan ( 1977) looked at 
differences between species of the genus Rattus with reference to influence of 
commensal ism. In addition, influences of a variety of ecological factors have been 
investigated in a number of rodents including dietary efficiency in mice and voles 
(Partridge, 1981), nutritional status in voles (Partridge and Maclean, 1981) and ecological 
plasticity of warblers (Greenberg, 1983; 1984; 1990).

Studies in the laboratory can reveal a great deal about the feeding behaviour of 
mammals (reviewed in Domjan, 1977). However, they may also prove misleading if 
animals are forced to made inappropriate choices in artificial surroundings or in situations 
which would not occur in the wild (Rozin, 1968). Experiments on wild populations do not 
suffer from these kinds of problems. However, probably because of logistic difficulties, 
experiments on neophobia in the wild are very rare. They have mostly been carried out on 
species of agricultural interest such as various birds (Rabinovitch, 1968) and rabbits (Bell,
1975). Emphasis of these expenments has usually been on populations rather than 
individuals. However, knowledge of the causes of indiv idual differences in neophobia is 
important because it should be informative about the ecological significance of the 
behaviour and the practical implications for population control could be great if there were 
control-resistant behaviours (Reidinger and Mason, 1983).

There appears to be significant variation in individual levels of neophobia within 
most species studied (Mitchell, 1976; Greenberg, 1990; Bell, 1975). This variation was 
studied in rabbits by Bell ( 1975). A number of pre-feeds resulting in optimal uptake of 
excess bait were applied to an area of New Zealand farmland. The bait was carrot dyed 
with Rhodamine B (see Cowan, etal., 1984). Poison bait was then applied in the same 
manner, causing 75% mortality. All surviving rabbits observed were shot. Distnbution of 
rhodamine showed that all individuals which were poisoned had consumed the pre-feeds 
(n=242/242) whilst nearly all which were shot had not (n=60/63): this was not due to 
differential access to food.

Bell‘s work did not classify rabbits other than avoider/non-avoider. Fraser (1985) 
tagged wild rabbits in New Zealand belonging to known social groups and presented them
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carrot bait in specially-drawn furrows. Bait was largely avoided for two days or so but had 
all gone by day 6. The rate of uptake was constantly high during the next pre-feed, at the 
end of which poison baits were applied. Fraser reported possible changes in space-use 
during these experiments, and low activity levels. He considered that there was no effect 
of sex or social status on observed individual differences in reaction. However, there is no 
statistical analysis and the metrics used did not appear sensitive. In a second experiment 
Fraser placed potentially aversive objects (golf balls) in the home range of the rabbits 
surviving the first experiment. These also apparently caused avoidance and shifts in space 
use, but again there was no statistical analysis.

In field experiments involving food, it is almost impossible to control for the dietary 
status of individuals or populations. Avoidance of objects would not be expected to be 
influenced by dietary considerations. In studies on species which have been subject to 
control measures it is possible to envisage that new objects might have some ecological 
significance (Cowan, 1977): even when their ecological significance is not apparent, novel 
objects have caused avoidance (Greenberg, 1990).

The experiments described in this chapter were intended to produce measures of 
neophobia in a wild population of rabbits where individuals and their interactions were 
known. Knowledge of individuals would make it possible to look for biologically 
meaningful correlates with any observed behaviour. By using objects rather than foods as 
the aversive stimuli, it was hoped to minimize differences between individuals which were 
related to dietary status. One field experiment (experiment 1) was carried out in August of 
1988 at Bridgets Farm near Itchen Abbas, Hampshire and a second in April 1989 
(experiment 2).

7 . 2 . 0  First neophobia field experiment
7.2.1.0 M ethods

For 4 days in August prior to experiment 1, the population was observed to see that 
social groups and space-use recorded throughout the year was consistent at the start of the 
neophobia experiments. Observations were made of tagged individuals present during 
daylight hours from 1600h to 2000h. The hide was occupied at 1500h to allow the 
disturbance to be reduced before the start of observations. Scan samples of the population 
were made at 15 minute intervals.

For the experimental treatments, four sites were chosen where aversive objects 
spaced equally along the hedgerow would impinge most equally on ranges of the largest 
number of rabbits. The potentially aversive objects (below) were left from 1500h to 2000h 
on each of 8 successive days at one of these sites as shown in Table 7.1. As the interval 
between the centres of test sites was 25m, and as these were selected carefully, each rabbit 
should have been exposed to one object per night. The potentially aversive stimuli (novel

177



objects) were:
i/ ‘Tyres’. A large car tyre was arranged on each comer of a 10 x 5m rectangle 

with a fifth in the centre. This arrangement was constructed at a point with the long side 
parallel to and 5m from the vegetation containing the rabbit burrows.

ii/ ‘Posts’. Five farm fence posts, about 2m long by 10cm diameter were placed 
horizontally in a similar arrangement to the tyres. As the centre of the posts were placed 
over the points corresponding to the tyres, the whole arrangement was slightly larger (but 
less tall) than the tyres.

iii/ ‘Radio’. As an alternative to the two visual stimuli, the third object was a radio 
receiver detuned to produce white noise. This was made a non-visual stimulus by digging 
a small depression in advance of the experiments and placing the radio in it. Cut grass was 
then placed over the radio flush with the surface. The radio was set at such a volume that 
it could be heard from 10m away.

iv/ Control. Control was having nothing at the test site, but the area was walked 
over to create a similar amount of disturbance as caused by setting out the aversive stimuli. 
Table 7.1. Design of the first neophobia field experiment.

GROUP (no. 1(6) 2(3) 3(4) 4(4)
individuals)

replicate 1 TYRES RADIO CONTROL POSTS
POSTS TYRES RADIO CONTROL
CONTROL POSTS TYRES RADIO
RADIO CONTROL POSTS TYRES

replicate 2 TYRES POSTS CONTROL RADIO
POSTS CONTROL RADIO TYRES
RADIO TYRES POSTS CONTROL
CONTROL RADIO TYRES POSTS

7 .2 .1 .1  Classification o f social rank and trappability
Rabbits were classified into social ranks ( l=dominant, 2=non-dominant) in chapter 

4. Trap-shyness is known in a number of mammal species, and can be related to a variety 
of factors probably including genetics as well as a host of experiential factors. It was 
reasonable to assume from the trapping schedule that rabbits were quite equally exposed to 
the risk of trapping. The number of captures of each animal as an adult up to the start of 
the neophobia experiments were used as the starting point of the ranking. These were 
standardized by the number of months that each animal was available for trapping. Iri the 
event of ties, the ranks were separated on the number of captures after the experiments.

7 . 2 .1 . 2  Analytical methods
The positions of all rabbits for all scans were plotted onto graph paper. The 

measure of avoidance was taken as the minimum distance of an animal from a test object 
(on control evenings, from the position where an object would have been). This was 
measured on the activity map and the recorded as the dependent variable object distance.
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Observations relating to agonistic and sexual encounters between subjects were excluded: 
these rarely affected the minimum distance recorded.

On a number of occasions rabbits failed to appear at all during daylight hours. In 
an approach suggested by R. Sibly, their distance from object was taken as the distance 
from their burrow to the nearest object point: this was justified because non-appearance 
was not random with respect to treatment (Table 7.2). Rabbits were only included in the 
analysis if they appeared on a minimum of 6/8 evenings. C o n tro l d is ta n c e  for each 
individual in each replicate was defined as the minimum distance which a rabbit was from 
the test site on its control evening (ie in the absence of an object). A v o id a n c e  d is ta n ce  of all 
rabbits from the objects was calculated by subtracting co n tro l d is ta n ce  from the each o b je c t  

d ista n ce  in each replicate for each rabbit.
Preliminary analysis showed that a number of factors could have contributed to 

neophobic response. An appropriate way to determine the individual importance of these 
was multiple regression (Sokal and Rohlf, 1981). It was not possible to enter all variables, 
as many were classification variables, and class III sums squares were appropriate (SAS, 
1985) ; classification- compared to continuous variables greatly reduce the number of 
degrees of freedom , as do class III sums of squares compared to class I. Thus only the 
following 6 independent variables were added to the models: classification variables 
id e n tity  (individual identity), o b jec t (test object not including control), rep lica te , s e x  and 
rank  (dominant or subordinate, also non-adult <5 months) and the continuous variable 
c o n tro l d is ta n ce  . The dependent \ ariable was square root a vo id a n ce  d is ta n c e  (see above), 
as this transformation increased the multiple R2, and gave normal residuals.

Data from the first experiment were contributed by 5 dominant males (M44, M27, 
MI84, M208, M223), one subordinate male (M195), 7 dominant females (F30, F34, F35, 
F4I, F93, F 182, F193) and 4 subordinate females (F33, F 134, F154 and F224).

7 . 2 . 2 . 0  Results of the first experiment

Some individual rabbits did not appear at all in daylight hours on 26/136
rabbit/days; significantly non-random with respect to treatment (Table 7.2).
Table 7.2. Numbers of rabbits failing to appear during daylight hours, divided into non-appearances 
when different objects were present (or no object, ^control). %2(df=l) was caculated between control and the 
object with the smallest niunber of non-appearances (=radio) to test the smallest object-treatment difference.

R eplica te  tyre post radio contro l P
1 5 4 5 0 (control-radio)
2 5 4 2 1

TOTAL 10 8 7 1 4.5 <0.05

7 . 2 . 2 . 1  A v o id a n c e  o f  n o v e l o b je c ts

Within replicate, distribution of distance of rabbits from each object did not deviate 
significantly from normality by Kolmogorov-Smimov one sample tests for each object.
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By paired sample t-tests, distance from tyres and posts was seen to be significantly 
different to co n tro l d is ta n ce  on first presentation (Table 7.3). C o n tro l- and a vo id a n ce  

d ista n ce  (see above) were not distributed significantly differently from normal.
Table 7.3. Results of paired samples t-tests of mean distances of all rabbits from object positions

re p .l

rep .2

io control distance.** P<0.01, * P<0.05.
object mean distance/m(S.E.) *(16) P
t>Te 10.6(1.4) -3.62 0.002**
post 9.84(1.8) -2.88 0.011*
radio 6.71(.66) -0.87 0.397
control 5.80(1.1)

t\TC 8.08(79) 1.65 0.119
post 7.17(1.1) 0.72 0.480
radio 6.25(95) -0.30 0.766
control 6.54(1.0)

Differences in avoidance of the three objects were also investigated by paired samples 
t-tests of a vo id a n ce  d is ta n ce  {o b je c t d is ta n ce  minus co n tro l d is ta n ce) of each object in each 
replicate. Results are presented in Table 7.4, showing that at first presentation, avoidance 
of tyres was significantly greater than that of radio.
Table 7.4. Results of paired samples t-tests of difference in avoidance of objects in each replicate.

** P<0.01, * P<0.05.

re p .l

rep .2

object mean avoidance *(16) P
distance/m  (S.E.)

t\T e/post 4.82(1.3)/4.04(1.4) 0.85 0.409
t>Te/radio 4.82(1.3)/0.91(1.0) 2.75 0.014*
post/radio 4.04(1.4)/0.91(1.0) 1.92 0.072

t}Tc/post 1.53(.93)/.62(.86) 0.78 0.444
t\Te/radio 1.52(.93)/-.30(.99) 1.02 0.325
post/radio 0.62(.86)/-.30(.99) 1.56 0.139

Individual reactions to aversive objects
Spearman’s rank correlations were used to test the relationships between individual 

avoidances of each object. Mean avo id a n ce  d is ta n ce  was ranked from high to low for each 
object, and correlations calculated for each possible pair of objects. This was done for the 
first- and both replicates. Individual avoidances of objects were positively correlated, 
significantly so for two object pairs in the first replicate (Table 7.5).
Table 7.5. Results of Spearman's rank correlations investigating the within-rabbit relationship between 
avoidances of the 3 objects (n=17, d.f 16) over one and two replicates. ** P<0.01, * P<0.05.
ob jec ts Spearm an’s r 2 tail Spearm an’s r 2 tail

both replicates P first replicate P
TYRE POST 0.40 =0.10 0.62 <0.01**
TYRE RADIO 0.38 >0.10 0.58 <0.02*
POST RADIO 0.32 >0.10 0.25 >0.10

1 . 2 , 2 . 2  A tten u a tio n  o f  a vo id a n ce

Taking all rabbits together, all novel objects were avoided more on the first 
presentation than the second (Figure 7.1). There was little difference in mean coTitrol

180



Figure 7.1. Mean distance from test positions in the presence of each novel object by ail rabbits
in each rephcate of the first experiment (with 95% c.l. marked as +)
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Figure 7.2. Mean avoidance distance of each object on each day of the first experiment
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F igu re 7.3. Mean avoidance distance on each day of the first rephcate of the first experiment
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Figure 7.4. Mean avoidance of objects in three replicates of the second experiment (95% c.l. marked +)
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Figure 7.5. Mean avoidance distance on each day of the first replicate of the second experiment 
with data plotted separately for rabbits at different test positions.
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distance (first replicate, mean=5.8±0.6m, second=6.6±0.6m), so the result cannot be 
ascribed to change in control distance. Change in avoidance by all rabbits of each object 
between replicates was tested by paired samples t-tests, and found significantly different in 
the cases of tyre and post (Table 7.6).
Table 7.6. Results of paired samples t-tests of avoidancedistance of each object in the two replicates.

** P<0.01, * P<0.05.
object mean avoidance ‘(16) 2 tail p

distance (S.E.)/m
tyre 48(1.3) / 1.5(.93) 2.26 0.038*
post 40(1.4) / 0.6(.86) 2.07 0.055
radio 0.9(10) / -0.3(.99) 1.18 0.255

The obseiv ed attenuation of avoidance could have been with respect to each object, to 
novelty per se, or accidental pre-exposure to objects. The plot of avoidancedistance for 
each object (Figure 7.2) suggests that there may have been generalized reduction in 
avoidance in the first replicate. However, when avoidance over the first replicate was 
plotted for each test position, there was no pattern of declining avoidance within the 
replicate (Figure 7.3) suggesting that any generalized reduction in avoidance was an artefact 
of order of presentation.

A\ oidance of all objects u as unexpectedly high on day 8, against the pattern of the 
other results. This may have been due to an unknown disturbance or condition.

7 . 2 .2 . 3  Factors affecting individual variations in neophobia 
i/ Sex

Effect of sex on avoidance of objects was analyzed with Mann-Whitney U test 
(used because samples sizes varied): males=6, females=ll. Differences in avoidance did 
not even approach significance (Table 7.7).
Table 7.7. Results of Mann-Whitney U tests of sex differences in avoidancedistance for all objects.

r e p . l

r e p . 2

object mean avoidance(S.E.)/m  
m ales/fem ales

Z 2 tail p

total 2.6(15) 2.4(58) -1.360 0.174
t>TE 6.1(42) 43(93) -0.316 0.751
post 45(3.9) 3.9(13) -0.949 0.343
radio -03(1.1) 1.4(14) -0.897 0.370

total 0.5(.58) 0.5(05) -0.346 0.729
tyre 0.6(15) 19(1.2) -0.527 0.598
post 1.7(1.6) 02(1.0) -0.581 0.562
radio -0.5(.87) -0.2(1.4) -0.527 0.598

ii/ Social status
The effect on avoidance distance by social rank was investigated by Mann-Whitney 

U tests because of different sample size (dominant=12, non-dominant=5). There were no 
significant differences in avoidance -or control distances (Table 7.8).
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iii/ Trappability
Trappability scores (7.2.1.1) were ranked high to low and tested for relationship 

with avoidancedistance (ranked high to low) by Spearman's rank correlation: it was weak 
but in the direction expected- more trappable rabbits avoided less (mean rank for 3 objects, 
rs=-0.177, d.f. 16, p>0.10). However, the 3 most untrappable animals (cage-trapped once 

or not at all) were moderate avoiders (ranks for tyre, post, radio respectively; 10, 8, 8; 11, 
7, 9; 7, 5, 3) as were the 4 most trappable (6, 12, 6; 9, 4, 2; 16, 10, 10; 5, 7, 11).
Table 7.8. Results of Mann-Whitney U tests of avoidancedistances with respect to social rank.

r e p .l

rep .2

object mean avoidance(S.E.)/m Z 2 tail p
dom inant/subordinate

total -0.97 0.33
t>Te 6.1(4.2) / 4.3(09) -0.32 0.75
post 3.1(2.0) / 2.0(09) -0.38 0.70
radio -0.3(1.1) / 1.4(1.4) -0.90 0.37

total -0.68 0.49
t>TC 0.6(1.5) / 1.9(12) -0.53 0.60
post 1.7(1.6) / 0.2(1.0) -0.58 0.56
radio -0.5(0 9) / -02(1.4) -0.53 0.60

iv/ Test position
There was no significant effect of test position in the first replicate, although there 

were differences in the second (Table 7.9). The significant results in the second replicate 
appear to be related to the fact that day 8 of the experiment saw unexpectedly high 
avoidance (see Figure 7.2): position I ’s control measurement was taken on this day, which 
could explain the apparent difference between this group of animals and the others.
Position 1 animals also possibly had a different reaction to the radio compared to other 
groups.
Table 7.9. Results of Kruskall-Wallis tests of avoidance distances of objects with respect to test 
position.

re p .l

rep .2

**=P<0.01, *=P<0.05.
object mean avoidance/m Chl2 2 tail p

p o s lt io n l/2 /3 /4
total 2.6/2.3Z2.3 2.5 1.55 0.671
t}Te 6.1 4.5/4.2 3.3 0.83 0.841
post 6.3 3.3/1.7 3.6 0.61 0.895
radio -2.1/1.1/3.4 2.8 4.65 0.199

total -1.4 0.4/1.6 2.1 12.56 0.006**
t}TG 0.7 0.6/5.2 .63 6.97 0.077
post -1.5/-. 16/1.3/4.7 10.18 0.017*
radio -4.2/2.6/0.0 3.1 11.31 0.010**

Having in\ estigated importance of various factors in determining degree of neophobic 
response, the individual contributions of these were investigated using multiple regression. 
{Control distance was used in place of test position as a variable, as it is a continuously 
measurable correlate of test position). A 4- factor model explained a large proportion of 
the variance, and was highly significant: object, replicate and control distance were
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predictors of neophobic response, with identity significant but less important than the 
others (Table 7.10; section 1). There were not enough degrees of freedom to add sex and 
rank as independent variables until identity was removed. Then sex and rank were found 
to be non-significant predictors of avoidance (Table 7.10; section 2).
Table 7.10. Results of multiple regression investigating the importance of factors in predicting levels of 
avoidance of novel objects, in the first experiment. N=102.
Dependent variable Significance level S lope  Model R2 P
1/ (All rabbits, N=102. Identity as factor) 0.53 0.0001
Iden tity  0.012
R ep lica te  0.007
O bject 0.005
Control distance 0.004 -0.10±0.03

2/ (All rabbits, N=102. Identity excluded) 0.35 0.0001
Rank 0.790
Sex 0.870
R eplica te  0.008
O bject 0.010
Control distance 0.001 -0.08±0.03

7 . 3 . 0  Second neophobia field experiment
7 . 3 . 1 . 0  Methods

Experiment 2 was carried out for 12 days in April 1989. More animals were 
present than experiment 1, including many which had been juveniles the previous year.
The 32 rabbits which appeared on a minimum of 8/12 days in daylight were included in the 
analysis. Others were excluded (despite the possibility that they were particularly 
neophobic, as there was no way of quantifying this). Data were contributed by 5 dominant 
males (M44, M208, M200, M204, M223), 2 non-dominant males (M219, M248), 4 non
adult males (M272, M282, M283, M290), 7 dominant females (F34, F35, F41, F84, F93, 
F189, F193), 10 non-dominant females (F33, F197, F198, F202, F209, F214, F221, 
F227, F243 and F251) and 2 non-adult females (F281, F289). Two females of undefined 
rank (FI96, F233) have been excluded where there are divisions of the data involving 
social rank. Methodology was essentially the same as before, except that there were 3 
rather than 2 randomised replicates, and a fourth object (‘pipes’- five lengths of grey plastic 
drainpipe 2m long and 10cm in diameter placed in the same arrangement as was used for 
posts in both experiments) was used in the place of radio. Observations were done at the 
same time relative to dusk as experiment 1. The presentation design was as follows: 
l=tyres, 2=posts, 3=pipes, 4=control, with objects given in chronological order

-replicate 1- -replicate 2- -replicate 3- 
position l(n=7) 3 2 4 1 2 4 1 3 1 3 2 4
position 2(n=8) 1 4 3 2 4 1 3 2 4 2  1 3
position 3(n=15) 4 1 2 3 3 2 4 1 2 4 3  1
position 4(n=2) 2 3  1 4 1 3 2 4 3  1 4 2
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7 .3 .2 .0 Results

Rabbits were seen significantly non-randomiy with treatment (Table 7.11.).
Table 7.11. Numbers of rabbits failing to appear during daylight hours, divided into non-appearances 
when different objects were present (or no object, =control). x2(df= 1 ) was calculated between control and the 
object with the smallest nmnber of non-appearances (=post) to test the smallest object-treatment difference.

R eplicate tyre post pipe control X2(df=l) P
1 5 7 8 2 (control-post)
2 2 3 3 1
3 10 4 7 2

TOTAL 17 14 18 5 4.3 <0.05

7 .3 .2 .1  Avoidance o f novel objects
The distances and avoidance distances of rabbits from each object were normally

distributed in all replicates. Distance of rabbits from each object was compared with
control distance by paired samples t-tests (Table 7.12, and Figure 7.4): control distance
was significantly lower than all three mean object distances in the first replicate but not the
other two. The three objects were not avoided significantly differently (Table 7.13 ).
Table 7.12. Results of paired samples t-tests of mean distances of all rabbits from object positions 
coaipatedXo control distance. ***=P<0.001, **=P<0.01, *=P<0.05.

mean distance
object (S .E )/m t(31) significance

re p .l t>TC 11.10(1.5) 3.99 0.0001***
post 10.51(1.4) 3.49 0.001***
pipe 9.23(.98) 2.20 0.029*
control 7.5^1.1)

rep .2 t}TC 8.44(.93) 0.57 0.575
post 8.86(1.1) 1.41 0.169
pipe 8.79(89) 1.20 0.237
control 7.97(1.1)

rep .3 tyre 9.49(98) 0.74 0.466
post 8.64(1.0) 0.12 0.906
pipe 8.86(82) 0.35 0.728
control 8.56(1.3)

Table 7.13. Results of paired samples t-tests of difference in avoidance of objects.
object mean avoidance ‘(31) significance

distance/m  (S.E.)
re p .l t>Te/post 3.56(.90) / 2.98(.85) 0.77 0.450

tyxe/pipe 3.56( 90) / I.69(.74) 1.98 0.056
post/pipe 2.98( 85) / 1.69(.74) 1.79 0.083

rep .2 t>Te/post 0.47( 84) / 0.89( 63) -0.55 0.586
t}Te/pipe 0.47( 84) ' 0.82(.68) -0.71 0.484
post/pipe 0.89(63) 0.82(.68) 0.10 0.919

rep .3 t>Te/post 0.93(1.3) 0.09(.72) 1.01 0.319
tyTe/pipe 0.93(1.3) ; 0.3K.86) 0.68 0.499
post/pipe 0.09(72) 0.31(.86) 1.33 0.744
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Avoidance of objects bv individuals
As in experiment 1, whether the objects were avoided in a way consistent within

individual was investigated using ranked avoidance distances (each object averaged over all
replicates) with correlations tested by Spearman's r. In replicate one alone, and in all
replicates taken together, there were significant correlations in the avoidance of objects by
individuals: rabbits which avoided one object tended to avoid another (Table 7.14).
Table 7.14. Results of pairwise Spearman's rank correlations of individual avoidances of the 3 objects. 
***=P<0.001, **=P<0.01.

object pair Spearman’s r 2 tail p d.f.
(mean of 3 replicates)
Ti'RES/POSTS 0.58 <0.001*** 31
TYRES/PIPES 0.76 <0.001***
POSTS/PIPES 0.45 <0.01**

(1st replicate alone)
TYRES/POSTS 0.46 <0.01** 31
TY'RES/PIPES 0.51 <0.01**
POSTS/PIPES 0.50 <0.01**

7 . 3 .2 . 2  Attenuation
The differences in avoidancedistance between replicates were tested by paired 

samples t-tests. There was a marked decrease in the avoidance of objects between the first 
and second replicate, significant in the cases of tyre and post. However, there was little 
difference between the second and third replicates (Table 7.15).
Table 7.15. Results of paired samples t-tests analyzing attenuation of avoidance of novel objects 
between the replicates. *=P<0.05.
object replicate mean avoidance 

distance /m
S.E t(31) 2 tail

tyre 1/2 3.6/0.4 0.89/.84 2.13 0.041*
2/3 0.4/0.9 0.84/1.3 -0.45 0.652
1/3 3.6/0.9 0.89/1.3 1.63 0.113

post 1/2 3.0/0.9 0.85/.63 2.10 0.044*
2/3 0.9/.09 0.63/.72 0.81 0.421
1/3 3.0/.09 0.85/.72 2.68 0.011*

pipe 1/2 1.7/0.8 0.74/.69 0.94 0.353
2/3 0.8/0.3 0.68/.86 0.59 0.557
1/3 1.7/0.3 0.74/.86 1.26 0.215

This attenuation was apparently not to novel objects per se within the first replicate: 
avoidance plotted separately for three test positions in the first replicate (n=7,8, 15 
individuals) showed no general decline in avoidance over time (Figure 7.5).

7 .3 .2 .3  Relative important o f factors affecting avoidance o f novel objects
Individual contributions of factors affecting neophobic response were investigated 

by multiple regression, as in the first experiment. (The analyses were carried out with only 
adults included, except where stated.) There were strong similarities between the results of

187



the two experiments. Again, identity was a very significant factor (Table 7.16, section 1), 
but reduced the number of degrees of freedom greatly, so was removed so that sex and 
rank could be added to models. Control distance was a very important determinant of 
avoidance, and replicate was significant; the first presentation of objects had far more effect 
than the two later ones (Table 7.16, section 1 ; Figure 7.4). However, object did not 
greatly affect response. After removal of identity, sex and rank were added. Sex was just 
significant -females avoided more than males- and rank was a possible contributor to 
avoidance -dominants avoided more than subordinates (Table 7.16, section 2). The effect 
of rank was investigated within sexes. There was no significant effect of rank within 
males, but female dominants avoided significantly more than subordinates (Table 7.16, 
section 3). In both sexes, control distance was the most important variable, and replicate 
only approached significance. The latter result might have arisen if replicates 2 and 3 had 
similar effects. This suggestion was supported by analysis in which the first two replicates 
only were considered: for both sexes, replicate became significant (Table 7.16, section 4). 
Addition of non-adults into the analysis hardly changed the results seen with adults alone 
(Table 7.16, section 5).

7 . 3 .2 . 4  Other factors potentially associated with avoidance o f novel objects
Trappability

Trappability of individuals (number of captures per unit time available for capture) 
were assessed as before. There was no significant relationship between avoidance of novel 
objects this measure. Rates of capture were tested against mean avoidance of all 3 objects 
(in order of increased trappability and increased avoidance) by Spearman's rank 
correlation: i/ for replicate 1 only, rs=0.041, ns, d.f. 31; ii/ for all 3 replicates, rg=0.234, 

ns, d.f. 31. Five animals were caught only once in two or more years, and were ranked 
13, 14, 22, 2 and 21 (mean=14.4) in test i/ above. Five animals were caught between 7 
and 12 times in a year and were ranked 20, 31, 11, 16, and 8 (mean=17.2) in the same 
test.

Previous experience
Nine rabbits had their avoidance measured in both experiments, so their avoidance 

of tyre and post could be compared. There was a correlation approaching significance for 
avoidance of tyre in the two experiments (rs=0.66, Z=1.87, P=0.06, N=9), but little 

correlation for post (rg=0.03, Z=0.09, P=0.93, N=9). Eight of the 9 rabbits avoided tyres 

less in the second experiment, and mean avoidance was slightly lower (first experiment, 
mean=4.0±1.0; second experiment 2.4±0.8). Only 5/9 rabbits avoided posts less in the 
second experiment and mean avoidance actually rose (first experiment, mean=3.2±1.6; 
second experiment 3.7+1.0).
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Table 7.16. Results of multiple regression investigating the importance of factors in predicting levels of 
avoidance of novel objects, in the second experiment. *=p<0.05; **=pc0.01, ***=pc0.001. #Non-adults 
were included as a third status class.

Dependent variable Significance level

1/ (adults only, N=198)
Iden tity  0.0001***
R ep lica te  0.0014**
O bject 0.690
Control distance 0.0001 * * *

S lope Model R2

0.57

-0.148±0.01

P

0.0001* * *

2/ (adults only, N=198)
Rank
Sex
R eplica te
O bject
Control distance

0.090
0.048*
0.006**
0.760
0.0001*** -0.07±0.01

0.35 0.0001***

3/ (adult females only, N=135) 0.35 0.0001***
R ank
R eplica te
O bject
Control distance

0.038*
0.078
0.550
0.0001*** -0.06±0.01

(adult males only, N=63>
R ank
R ep lica te
O bject
Control distance

0.740
0.060
0.350
0.0001*** -0.07±0.02

0.37 0.0002***

4/ (adult females in Hrst two replicates only, N;=90) 0.36 0.0001***
R ank
R eplica te
O bject
Control distance

0.010**
0.019*
0.710
0.0001*** -0.05+0.01

(adult males in first two replicates only,, N=42) 0.35 0.007**
R ank
R eplica te
O bject
Control distance

0.880
0.045*
0.390
0.003** -0.07+0.02

5/ (known-rank adults and non-adults, N=252)# 0.27 0.0001***
R ank
Sex
R ep lica te
O bject
Control distance

0.290
0.170
0.005**
0.750
0.0001*** -0.06±0.007
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F igu re 7.6a. Control distances in both replicates of experiment 1.
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Figure 7.6b. Control distances in replicate 1 against those in replicates 2 and 3, in experiment 2
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7 . 4 .0  Discussion

The social ranks, sex and space-use of the rabbits at Bridgets Farm were known. 
This allowed analysis of factors potentially contributing to individual variation in neophobia 
in rabbits. Exteroceptive stimuli (eg novel objects) rather than interoceptive ones (eg 
flavoured food) were used in order to reduce the influence of individual variations in 
dietary status. It is known from laboratory experiments on voles, that dietary status can 
affect consumption of novel food (Partridge and Maclean, 1981), and that learning 
processes occur differentially depending on the type of stimulus (Mitchell, et ah, 1975). 
However, the effect of dietary factors may not be absent even when dealing with object 
avoidance: latency to feed may increase in the presence of novel objects (eg Swamp 
Sparrow Melospizageorgiana in Greenberg, 1990). If such an effect is strong, the dietary 
status of the individual could be changed.

7 .4 .1  Control distance
In the present experiments "controldistance' (a measure of the position a rabbit 

should have been in the absence of an object) was estimated by observations taken within a 
randomized treatment organization. The test sites were chosen with respect to home ranges 
so individuals would be exposed, as far as possible, to only one treatment per evening. 
There was evidence that control distance represented distance from the test site in the 
absence of an object: i/ control distances were significantly smaller than object distances in 
the first replicates in both experiments, but not later replicates (Tables 7.3 and 7.11) and ii/ 
control distances of individual rabbits varied little between replicates whilst avoidance 
distances declined (Tables 7.3, 7.12; Figure 7.6).

7 . 4 . 2  Explanations for differences in distances o f rabbits from objects
The biological significance of the novel objects used in these experiments was 

unknown. They may have be perceived as man-made stimuli and thus ‘dangerous’ or as 
potential predators. Rabbits were seen at different distances from the test site depending on 
factors including the identity of the object and the number of times the object had been 
presented (Figures 7.1 and 7.4). The simplest explanation for these differences is 
neophobic response to the objects. Patterns of behaviour characteristic of neophobia 
(Kalat and Rozin, 1973; Domjan, 1977) were observed. First, there was avoidance of 
different stimuli in a manner consistent within individuals, suggesting that novelty of the 
object caused it to be avoided (Table 7.5 and 7.14). Second, avoidance declined on further 
presentation (Figs. 7.1 and 7.4). Third, ‘bobbing’ (raising and lowering the head rapidly 
whilst looking forward with body held still) was observed to be directed only towards 
novel objects in the neophobia field experiments. This behaviour might be equivalent to 
‘tentative approach’ of other small mammals towards novel objects (Cowan, 1977) and is
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similar to a description of rats approaching new food bowls (Mitchell, 1976).
Perception of the objects as predators is unlikely to be the reason for avoidance 

because rabbits rapidly come to ignore static predators; also the distance between rabbits 
and objects was far shorter than rabbit flight distance from a terrestrial predator (Roberts, 
1988). It is concluded that the present experiments detected neophobic responses.

7 .4 .3  Patterns o f avoidance o f objects
Correlation of avoidance of obiects 

In both experiments reported here, there were significant correlations between 
avoidance of different objects by individuals (Table 7.5 and 7.14). Assuming that the 
objects were not harmful, this is consistent with their novelty being the cause of avoidance. 
The observ ed correlations are similar to effects seen for sparrows (Greenberg, 1990). Of 
all the objects, only ‘radio’ was a\ oided significantly less than other stimuli (Table 7.4). 
This may explain why object was a significant factor in the first experiment and not the 
second (Tables 7.10 and 7.16). Possibly ‘radio’ was not perceived as novel (the noise 
was similar to the constant hum from the nearby motorway), or perhaps auditory stimuli 
are less linked to novelty as perceived by rabbits.

Initial avoidance
Rabbits avoided novel objects on first exposure by a mean of up to 5m (Tables 7.4, 

7.13) and significantly modified their pattern of emergence from burrows, depending on 
the object present in their usual diurnal range (Tables 7.2 and 7.11). This parallels a 
previous finding that rabbits avoided large areas of their ranges when golf balls were 
present (Fraser, 1985). The social groups at Bridgets Farm were closely-spaced (Chapter 
3), and observed avoidance might represent a balance between neophobia and prevention of 
social conflicts with neighbouring groups. The avoidance reported might be smaller than 
would be observed in lower density populations.

Attenuation
Objects were avoided by most rabbits more on first exposure than subsequent 

ones, after which mean avoidance fell nearly to zero (Figures 7.1,7.4). In both 
experiments, attenuation was an important factor in neophobic response, with replicate 
being a significant variable in nearly all multiple regression models (Tables 7.10,7.16). 
Attenuation of avoidance is expected to occur as novel stimuli become familiar (Domjan,
1976), but rate of attenuation ma\ vary with a variety of factors including species and 
individual identity (Mitchell, 1976; Rozin and Kalat, 1971; Domjan, 1977). Habituation 
has most often been studied in the feeding of rats in laboratory or semi-wild conditions 
(Domjan, 1977). Mitchell, et at. ( 1975) reported that it took 12 days for rats to accept a 
novel food bowl, even when its contents were preferable to those of the familiar bowl.
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In the first experiment, there appeared to be some within-replicate linearity in the 
decrease of avoidance (Figure 7.2). This was probably due to order of presentation and 
sample sizes at each test position rather than a behavioural phenomenon, as there was no 
evidence of the effect within test groups (Figure 7.3 and text). In the second experiment 
there was also no evidence of any such pattern (Figure 7.5). Thus it is assumed that 
rabbits treated each object as separate and did not attenuate to novelty generally.

7 . 4 . 4  Factors ajfecting neophobia
i/ Distance from the aversive object 

Distance from an object affected the degree of avoidance, control distance, was 
overall the most consistent and important predictor of neophobic response (Tables 7.10 and 
7.16). Rabbits responded more closer to objects (-(ve) slopes in Tables 7.10 and 7.16).

ii/ Sex and social rank 
Socially dominant and subordinate rats may show different levels of neophobia. 

Robertson ( 1982) showed that dominant hooded rats would get priority of access over 
subordinates to water (days 10 and 11 in the experiment), but this was reversed when the 
water was replaced by 3% vinegar (day 12): the subordinates drank more of the vinegar 
solution. There were no differences between the 10 males and 10 females. There are a 
number of possible explanations for this difference in behaviour according to rank. 
Robertson argued that the most likely explanation is that subordinates, in a generalized 
way, perceived low future access to resources and thus had more to gain by trying new 
stimuli. Thus the relationship between neophobia and social dominance could depend on 
resource availability and defence. It follows that the reaction of rabbits of different 
sex/rank classes to novel objects w ould depend on a number of factors including the 
resources for which they compete. It is thought that the social system in rabbits is not 
concerned primarily with defence of food resources under normal ecological conditions 
(Bell, 1980; Cowan, 1983; Fallow s, 1988). Males are thought to defend access to females 
and females defend breeding space (Cowan, 1987a). Thus risk-sensitive behaviour centred 
on food availability as proposed by Robertson (1982) would be unlikely to be effective in 
rabbits. However, dominant male rabbits spend more time above ground than 
subordinates, and be wider ranging (Mykytowycz and Fullagar, 1973) which may affect 
their reactions to objects.

The majority of difference in neophobic responses by individuals in sex/social rank 
classes (Tables 7.7,7.10, 7.16) w ere apparently accounted for by differences in control 
distance: sex and rank made small contributions to neophobic response when the other 
factors were accounted for (Tables 7.10, 7.16). The only significant effect was that 
female dominants avoided more than non-dominants in 1989 (Table 7.16). However, even 
this effect might be due to individual differences; these could not be included in the same
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models as sex and rank because of reduction of degrees of freedom, 

iii/ Trappability
In the present experiments there was no apparent relationship between trappability 

and avoidance of novel stimuli, in contrast with results of the animal house experiments 
(Chapter 6) where animals obtained by trapping consumed more novel food than those 
caught by ferreting. This is consistent with the possibility that reaction to novel foods 
(carrot bait) may be more important in trapping than the reaction to novel objects (the trap).

iv/ Individual differences
Individual differences were very important and significant contributors to 

neophobic response, even with control distance (and other variables) held constant by 
multiple regression (Tables 7.10, 7.16). Because identity, sex and rank could not all be 
included in the same models, it is not possible to determine if these differences were in 
addition to the effects of sex and rank. However, given the magnitude of the effect of 
identity, and the small effects of sex and rank, it seems likely that the differences were in 
addition to sex/rank class. The reasons for individual differences remain obscure, but it is 
reasonable to hypothesize both genetic and environmental factors, both of which are known 
to be important for other small mammals (Bell, 1975; Cowan, 1977; Mitchell, 1976; 
Mitchell era/., 1977; Greenberg, 1983; 1984; 1990).

7 .4 .5  Summary
1/ Rabbits avoided novel objects -by a mean of several meters- when first presented 

with them, and sometimes stayed below ground as a result of the presence of no\ el objects.
21 Among visual stimuli, there were only non-significant differences in the degree 

of avoidance caused. However, an auditory stimulus was hardly effective.
3/ The most important determinants of the degree of avoidance were the distance 

from the object before reacting to it, individual identity, and the number of previous 
presentations of the object. Onh one or two presentations were required for the objects to 
become familiar.

4/ Social and individual characteristics including sex, social rank, and trappability 
were apparently much less important determinants of neophobic response to objects. 
Possibly dominant females were more neophobic than non-dominant ones.

5/ It seems that novel objects would be of limited practical use in field situations for 
crop protection, other than for ver\’ limited periods, because rapid attenuation occurred. 
However, significant responses have been detected both in numbers of rabbits not seen in 
daylight hours, and avoidance. For applications where deterring rabbits for short periods 
would be useful: these experiments suggest that there might be a response to investigate.
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C hap ter 8. G eneral discussion
8 . 1 . 0  Introduction

Studies of sociality have been an important area of evolutionary research because 
the disadvantages of group living are often great (Alexander, 1974), and yet a wide 
diversity of social systems occurs in nature (1.3.0). In many assemblages of species there 
is a range of sociality, and investigation of the selective pressures leading to different 
outcomes in different species can lead not only to a better understanding of social systems, 
but also of evolution.

In this chapter, the relation of data from this thesis to current knowledge of rabbit 
social behaviour is discussed in the context of evolution of group living in rabbits and other 
species. First, the approach adopted is reviewed, including choice of measures of social 
interactions, and genetic markers (8.2.0). After a brief review of competition and 
cooperation in rabbits (8.3.0), the main conclusions of the present work are synthesized in 
the context of related works, with emphasis on social relationships between same-group 
females, and competition between males (8.4). Due to its potential importance in rabbit 
group-living, observed tolerance between related females is examined in detail, with an 
assessment of its potential relevance to kin selection, and comparison is made with other 
mammals, particularly ground squirrels (8.5). In section 8.6 rabbit mating systems are 
discussed in respect of genetic data, comparision being made with other species, and with 
data from other rabbit populations. New information or conclusions from the present study 
about the evolution of group living in rabbits are specified in section 8.7. Finally, 
conclusions of the experiments on neophobia are reviewed briefly in 8.8.

8 . 2 .0  An approach to the study o f leporid sociality
Alexander ( 1974) considered that the selective forces leading to group living would 

usually be few, and that they would usually be one or more of 1/ predator pressure, 2/ 
exploitation of a resource, or 3/ access to an important localized resource. A review of 
approaches to the evolution of sociality was given in chapter 1, and important recent 
advances in the study of rabbit group living were detailed. Leporids are likely to be an 
interesting group on which to cany out analysis of group living, as the group is reasonably 
speciose, and represented by a range of coloniality (1.4.0).

The present study attempts to add to the knowledge about one species, the 
European wild rabbit. Rabbit populations occur in a range of social organization, from 
dispersed mixed-sex pairs to large social aggregations with groups of up to 20 individuals 
(1.4.0). The population at Bridgets Farm was closer to the latter, but social groups rarely 
exceeded 6 adults. Interactions between individuals in closely-spaced social groups were 
analyzed. Detailed assessments u ere made of the association in time and space, of time 
budgets and behavioural interactions of individuals. Allozyme and immunoglobulin 
markers were used to investigate the genetic structure of the population -particularly
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relatedness among females- and distribution of success in reproduction.
Increasingly sophisticated behavioural analyses and statistics are being applied to 

the study of sociality. The implicit assumptions and biases of data collection are assessed 
in increasing numbers of studies, by rigorous approaches following from Altmann (1974). 
Models of rates of interaction between classes of individuals under a null hypothesis are 
generated, and the results tested against observation (eg De Waal, 1991; O’Brien, 1991; 
Mitani etal., 1991). These particular studies (on primates) also stress the importance of 
investigating not only differences between sex/social rank classes of animal, but individual 
variation. Such approaches have been adopted in the present work. In particular, Roberts’ 
( 1987; 1988) rigorous statistical approaches for investigation of rabbit social behaviour 
have been applied to a social population of rabbits for the first time here. The approaches 
have been extended in a number of ways. First in the analysis of social vigilance, many 
more specific social contexts were investigated: this has proven valuable. Second, genetic 
similarity among females was investigated and found to be an important factor in social 
behaviour. Third, assumptions about mating success of individuals based on their 
behavioural interactions was assessed in relation to genetic data.

In the present study, protein genetic markers were used, rather than more \ ariable 
and numerous DNA markers. Protein markers are relatively convenient and cheap, and 
during most of the study, more variable markers were not readily available for rabbits. 
However, molecular biology has progressed very quickly recently, and a variety  ̂of 
convenient methods to reveal substantial nuclear and mtONA polymorphism have emerged 
(reviews in Bruford and Wayne, 1993; Lessa and Applebaum, 1993; Slade, etal., 1993). 
These will certainly add greatly to the study of sociality by allowing detailed assessment of 
relatedness among individuals, and clarification of the mating system. In particular, 
microsatellites should allow accurate measurement of individual relatedness, and have been 
used in wild mammal populations (Bruford and Wayne, 1993; Taylor etal., 1994). 
Microsatellites have already been cloned in rabbits (Rico eta l, 1994; Webb, pers. comm.; 
Sunnucks, unpubl. data). Microsatellites should be veiy useful in future research into 
rabbit population structure, and are already in use in at least one study (Bell, pers. comm.). 
Analysis of sequence variation in the control region of mtDNA has been applied in a 
substantial study of population subdivision (Fuller, 1994), and is being applied in other 
populations (Richardson and Rush, University of Western Sydney, Australia, pers. 
comm.). It is worth mentioning that Fuller’s study used TGGE/heteroduplex analysis 
(temperature gradient gel electrophoresis; Lessa and Applebaum, 1993), and veiy efficient 
screening w as achieved. TGGE heteroduplex analysis has been further refined at Southern 
Cross University, Australia, by the use of an optimized outgroup DNA as the reference, so 
that 90-100% of sequence variation in a fragment of nuclear or mtDNA can be assayed 
(Campbell. 1994). This is being applied to a variety of vertebrate populations 
(Elphinstone, 1994), and is likely to be applicable in studies of group living. In addition to
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these sequence-level and single-locus methods, multilocus DNA fingerprinting (Burke and 
Bruford, 1987) may be useful for assessing close relationships, and has been applied on a 
large scale to a social rabbit population (Webb and Bell, pers. comm.).

8 .3 .0  Competition and cooperation in rabbits
The application of analytical approaches to rabbit group living has to date failed to 

show clear benefit from presence of other individuals. Indeed, in many cases, 
disadvantages have been indicated. An assessment of known costs and possible benefits 
has been given (1.5.1.0 and 1.5.2.0). Most important of these costs is the reduced 
reproductive success associated with increasing group size (Cowan, 1987b). This study 
incorporated the first attempt to determine optimum group size in a rabbit population 
(Krebs, 1986). Investigations into determinants of group size showed loss of fitness with 
increasing numbers of rabbits, due to limited availability of burrows (Cowan and Garson, 
1985; Cowan, 1987b). However, the precise reasons for burrows being limiting are still 
ill-defined (1.5.3.1), and form an important area of future research into rabbit group living.

Even with disadvantages of group living, it is expected that over time, mechanisms 
will evolve to maximize benefits (Alexander, 1974). However, from the extensive 
evidence available, there are few indications that rabbits cooperate (1.5.1). There are a 
number of (non-exclusive) possible explanations for the apparent lack of cooperation in 
social rabbits. First, cooperation may exist undetected: for example, underground 
behaviour including access to breeding burrows is still poorly-understood. It is also 
possible that appropriate measures have not been investigated: there is some evidence for 
previously-undetected benefits (or at least minimization of costs) in this study which were 
probably identified because of the analyses used (8.4.3). Second, resources may be 
structured so that they are difficult to share, and cooperation would not be evolutionarily 
stable. This may be true particularly for male rabbits, but is very difficult to assess while 
aspects of rabbit ecology remain only partly-understood (eg underground behaviour, full 
implications of social olfaction). A third possibility is that sociality is a recent evolutionary 
innovation in rabbits, and there has been insufficient time for the development of 
cooperation. This is appealing gi\ en the low degree of coloniality in other leporids, but 
impossible to assess at the present time given the absence of an accurate phylogeny of the 
family, the poor quality of the fossil record, and the lack of behavioural ecological data on 
many species. Therefore, at present, it is not possible to determine the importance of the 
above factors in contributing to the observed low cooperation between grouped rabbits.

Note: In the following text, where words applied to rabbit behaviour are potentially 
anthropomorphic, the word is being used in a short-hand manner to describe behavioural 
outcomes of natural selection. Thus a rabbit ‘choosing’ to do something means that natural 
selection has led to context-specific probability of performance.
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8 .4 .0  Group living in rabbits at Bridgets Farm
8 .4 .1  Spacing of burrows

Burrows at Bridgets Farm were significantly clustered (3.3.2), so they could 
potentially cause grouping of rabbits. Locations of rabbits were significantly related to 
burrow positions (3.3.4). This, and low range overlap between even adjacent groups 
(3.3.4), suggested that areas around warrens were defended territory. Low rates of 
burrow construction also suggested that burrows were limiting, and thus the likely objects 
of competitive exclusion. Similarly low rates of construction have been observed in 
populations containing clustered burrows, but not dispersed ones (review in 1.5.2.2).

8 .4 .2  Female competition
Low association between animals has been taken to indicate the existence of 

competition (Alexander, 1974). At Bridgets Farm, females of different social groups 
shared veiy little space (3.3.4), and were at most slightly associated by temporal measures
(3.3.5.0). Even this small amount of synchrony was probably inevitable (3.4.2.1), and 
was in clear contrast to associations seen between some other types of dyads. Although 
same-group females associated substantially more than expected by chance, they did so 
consistently less than mixed sex pairs (3.4.2.3), raising the possibility that same-group 
females were the more competitive. Differential association and aggression depending on 
relatedness showed that conflicts were greatest among subsets of less-related same-group 
females (5.3.4). Tolerance between females is discussed in 8.4.3.

Analysis of vigilance indicated context-specific conflict between females (4.3.1.2). 
Two sorts of costs are indicated 1/ the direct cost in lost feeding efficiency due to social 
vigilance, 21 the inferred possible loss of the resource monitored by social vigilance. In 
addition, overall, subordinate females were approximately neutral towards the presence of 
more females, in sharp contrast to the significant advantage of having more males present: 
female presence either failed to deliver a benefit, or imposed a cost which countered a 
benefit. Dominant females did not experience a mean cost in the presence of more females; 
in fact, a small benefit was detected. This result is not necessarily paradoxical: it might be 
expected in competitive situations that socially-dominant animals could be overall 
‘winners’. This might reflect an ability of dominant females to choose to be closest to 
individuals which maximize benefits, consistent with the patterns of vigilance in 4.3.1.2.

At least some competition concerned burrow access, with 27% of aggression being 
clearly related to use of entrances (4.3.2.2): burrows were clustered and limiting (8.4.1). 
Difficulty of viewing burrows at Bridgets Farm made full assessment of competition for 
burrows intractable. However, in addition to direct aggression, there were several other 
indications that burrows were competed for (8.4.1). These results are consistent with 
patterns of female association, vigilance and aggression in previous studies (Boyce, 1983; 
Cowan, 1983; Roberts, 1987, 1988; Cowan, 1987a,b). However, the present data also

198



included important differences: indications of lack of disadvantage, and even advantages, 
for females grouping with females under some conditions (8.4.3).

8 .4 .3  Female tolerance
Interactions between rabbits in social populations have been characterized as 

intrasexual aggression and intersexual tolerance or attraction (Cowan, 1987a). However, a 
feature of female social behaviour in the Bridgets Farm population contradicted this 
summary: there were some relative advantages for females of the presence of same-group 
females. This probably does not reflect a fundamental difference between Cowan’s and the 
Bridgets Farm populations: the measures used in each study were different.

High levels of association between same-group females is unexpected under models 
where group living is based primarily on competition for clustered burrows (Cowan and 
Garson, 1985): if there is competition, high association must be explained by moderating 
factors. Females of the same social group are predicted to be in the most intense 
competition for burrows, yet at Bridgets Farm they were apparently tolerant by a number of 
measures. Although they associated consistently less than mixed-sex pairs in the same 
group, same-group females associated in time and time-Hspace substantially more than 
expected by chance (B.4.2.3), and compared to the dispersed population of Roberts ( 1987) 
they were relatively associating both within- and between evenings. Such association has 
been interpreted as tolerance (Lehner, 1979; Roberts, 1987). Females of the same group 
chased each other significantly less per unit time within 10m of each other than did females 
of different groups (4.3.2.2). They also were seen to lick, sniff and lie head-to-head with 
each other (data not shown); behav iours not seen between females in nonsocial populations 
(Roberts, 1987). Finally, there were a number of situations where females derived 
feeding/vigilance benefits in the presence of more, and/or closer, same-group females. 
Dominant females closest to a female experienced significantly increased feeding efficiency 
by all measures in the presence of more same-group females (4.3.1.2). Subordinate 
females closest to a male significantly improved all measures of feeding efficiency with the 
nearest female closer (these would all, or nearly all, be same-group). In addition, 
subordinate females were nearly neutral to the presence of more same-group females, in 
contrast to the significant disadvantage in the presence of more different-group females 
(4.3.1.2). The different context-specific benefits, outlined for all females, of the presence 
of same-group females added up to a significant decrease in scanning in the presence of 
more same-group females, although as described, it appears that dominant females derived 
much of this benefit. In contrast, there was no significant feeding/vigilance advantage in 
the presence of more females of all groups for subordinate or dominant females (4.3.1.2). 
Vigilance advantages of presence of same-group females have not been detected 
previously, perhaps because rabbits at Bridgets Farm behaved differently, but more likely 
because previous analyses ignored the social group and sex of nearby individuals (Boyce,
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1983; Cowan, 1983; Roberts, 1987). Similar effects in other species are discussed below.

8 .4 .4  Possible explanations for high association between same-group females
High association between same-group females might arise from a number of 

proximal sources. First, coincidental correlation of above ground activity through common 
purpose. Females of the same social group might associate in time and space through 
individual- (or even group-) defence of the warren against different-group females. Such 
action would avoid density-dependent survival costs to offspring (Parer, 1977; Cowan, 
1987a). There were group ranges which were defended (3.3.4 and 8.4.1) but defensive 
actions were seen infrequently. This might imply that common defence was not an 
important factor, but it could equally be argued that low rates of defensive action reflected 
deterrence. Similarly, defence of litters from females in the same group might lead to 
apparent association. Female ranges are usually closer than males’ to burrows 
(Mykytowycz, 1958; Myers and Poole, 1961), and females prevent others taking nesting 
material into burrows (Cowan and Garson, 1985; Webb, 1988). Both of these factors 
could lead to temporal and spatiotemporal synchrony of same-group females. However, if 
these factors were important, high aggression might be expected between same-group 
females, and in fact relatively low aggression was observed (8.4.3). Again, it could be 
argued that deterrence by the presence of other individuals accounted for this low rate.

A second explanation for relatively high association between same-group females is 
reduction of aggression through establishment of social hierarchies. It has been reported 
that female-female aggression is reduced by group formation whilst male aggression is 
much less so (eg Myers and Poole, 1961). It is worth giving some detail of the only 
quantified account of social groups establishing new hierarchies (Kaetzke, Bayreuth 
University, pers. comm.). Group II contained 7 females: in July these showed about 3 
acts of within-group aggression per hour (3 times as high as a neighbouring group of three 
females) and did not maintain a linear hierarchy. After a period of increasing agonism and 
territorial displays with neighbouring females, three females from group II joined a 
male-female pair (group III). There followed a period of intense agoni sm within the 
expanded group III, peaking at about 6 interactions per hour, during which time a linear 
dominance hierarchy formed. After formation of the hierarchies, aggressive interactions 
within group decreased to a ‘normal’ rate of about one per hour. The energetic benefit and 
reduced risk of injury of performing 3 or 6 agonistic actions per hour should be great. No 
group fission of this kind was seen at Bridgets Farm, and the effect of social hierarchy on 
female aggressiveness is not possible to assess in the present data.

Tolerance between same-group females might be imposed by male behaviour. It is 
known that males will interrupt aggression between females in their social group (Bell, 
1983; Cowan, 1987a). In Cowan’s study, 31% of all female-female aggression was 
stopped by males, and at Bridgets Farm in 1988-9, males interrupted more than 50% of
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female-female chases (4.3.2.1). There is clearly considerable pressure for males to 
interrupt female aggression. In Kaetzke’s study, the dominant male in group II had 
interrupted female-female aggression about 3 times per hour. When the three females left, 
this rate fell. Meanwhile the male of group III first interrupted between-group interactions 
as the 'invaders' tried to enter the group. He then interrupted aggression as females 
established a hierarchy in the new group III (Kaetzke, pers. comm.). Thus males clearly 
can attempt to affect the rate of female aggression within group. However, even if male 
interference were responsible for decreasing female aggression within group, it is unlikely 
that male activities could affect levels of female association or their vigilance in the presence 
of females: other explanations must be found for these phenomena.

While one or more of the factors in this section could explain apparent tolerance 
between females of the same social group, none of them can explain why each of 
association, aggression and vigilance were significantly associated with genetic relatedness 
between females (5.3.4). Kin effects could explain these observations, and are dealt with 
in the next sections.

8 .4 .5  Relatedness of female rabbits, and correlation with social behaviour
Within the general pattern that same-group females were apparently less competitive 

than might be expected, there was substantial variance between pairs of females. 
Relatedness structure was investigated as a candidate contributory factor to this variance.

At Bridgets Farm, about 20% of female rabbits and 80% of males which survived 
to breed did so in a social group other than their natal one, a significant difference between 
the sexes (5.3.3.5). Similar biases have been reported for rabbits in other populations (eg 
Cowan, 1991 and references) and are seen in social primates and many other mammals 
(Harcourt, etal., 1976; Johnson, 1988; Clutton-Brock, 1989). An important effect of sex- 
biased dispersal is different relatedness structure of the sexes. At Bridgets Farm, females 
were more closely-related than males for most groups and years (5.3.2). Due to this 
difference, social groups were often assemblages of mostly first degree (mother-daughter, 
sib-sib) or second degree (half-sib) relatives (5.4.1).

Association by proximity among same-group females {similarity: 4.2.4) was 
significantly positively-correlated with relatedness (5.3.4): this measure should be largely 
unaffected by spurious synchrony (3.4.2.1). Assuming associative behaviour to be under 
natural selection to optimize benefits, greater advantage of proximity to closer relatives is 
indicated. One benefit was feeding/vigilance efficiency: there was a significant decrease in 
rate of scanning (and an associated increase in mean duration of feeds) for females nearest a 
more- than less-related individual (5.3.4). A second specific benefit of association with 
relatives was seen: tolerance (low rate of chasing a given female per unit time within 10m) 
was significantly positively-correlated with relatedness between participants (5.3.4). 
Clearly these effects could be closely-connected (vigilance might be to avoid being chased)

201



but they represent at least two benefits: 1/ not having to watch the other female as often and 
thus being able to feed more, and 21 not being chased so saving energy, feeding time, and 
risk of injury. These advantages probably accrue to different individuals non-additively; 
for example, dominant females, by definition, would not be chased frequently, so 2/ above 
might rarely benefit them. If dominant females rarely gain from not being chased (2/ 
above), their main benefit of having a relative closest may be the relaxation of social 
vigilance ( 1/ above). Social vigilance for dominant females must thus have a role in 
protection or monitoring of some resource. This implies the existence of additional benefits 
of resource access, in the presence of closer relatives. Possibilities include reduced 
competition, and/or inclusive fitness gains. An alternative explanation for different 
vigilance in the presence of relativ es concerns anti-predator effects. If female rabbits warn 
each other of the approach of a predator differentially depending on relatedness, the 
presence of a relative would allow the relaxation not of social-, but anti-predator vigilance. 
A similar situation, alarm calling at a rate dependent on relatedness to the surrounding 
group, is seen in some species of social sciurid (Dunford, 1977; Michener, 1983), and in 
social primates (Bernstein, 1991). However, the available evidence does not support this 
suggestion applied to rabbits, as they seem to be quite ineffective in communicating 
information about predators (review in 1.5.1.1), and as they live in groups of lower and 
more variable relatedness than sciurids, differential warning would be more difficult.

An alternative explanation for high association between related females is that 
relatedness and association could be positively correlated if related females were actually 
more competitive than average, and attempted to monitor each other. In this case, 
association would represent a cost of competition rather than a benefit. This can be 
discounted, as the rate of scanning decreased with relatedness of the nearest female, 
indicating that more-related females were monitored less (5.4.2).

In summary, female rabbits at Bridgets Farm associated significantly more 
according to increasing relatedness, chased less, and were significantly less vigilant 
towards closer relatives. There are two main natural selective explanations for these 
results. First, female relatives might be relatively tolerant because they were familiar 
through association, allowing the development of social relationships in conditions 
favouring reciprocal altruism (Trivers, 1971; Bertram, 1983). Second, kin selection might 
be operating, with relatives contributing to the reproductive success of the other, and thus 
increasing their own inclusive fitness (Hamilton, 1964a,b; Bertram, 1983). (However, 
note that reciprocity and kin selection have been regarded as two ends of a spectrum leading 
to cooperation, Ligon, 1991). Kin selection is discussed further in 8.5.0, with reference to 
some rele\ ant species.

8 .4 .6 .  Male competition
For males, range overlap and variance in number of females per male indicated
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attempts to gain access to females (3.3.3, 3.3.4). The over-riding social determinant of 
vigilance was distance to the nearest male, and change of rate of scanning with distance to 
females was consistent with mate-guarding (4.3.1.1). Most aggression between males 
(67% of chases observed) was over access to females, and males exhibited a significant 
preference to associate with dominant females (4.3.3.2). Such preferential association is 
known for rabbits (Mykytowycz, 1958; Lockley, 1961; Daly, 1981; Webb, 1988), and for 
other mammals including social primates (O’Brien, 1991 ; De Waal, 1991). It might be 
expected that dominant females would be preferred as mates by dominant males, as these 
females tend to have higher reproductive output (Mykytowycz and Fullagar, 1973; Webb, 
1988), and males seem to have the capacity to monopolize access to only a small number of 
females, around a mean of 1.5 per male (Cowan, 1987b). This was indicated in the 
present study by a maximum of only 65% of all sampled offspring being fathered by a male 
in the same social group as the likely mother (5.3.3). A minimum of 23% of sampled 
young could have been sired by a neighbouring male, and 5% by another male. This is not 
inconsistent with the results of Daly ( 1981) who found that 7% of kittens could not have 
been sired by a male in their natal group. Although the absolute figures differ between that 
study and this, the spatial distribution of social group at Bridgets Farm was denser, and 
Daly had considerably less power of excluding fathers, using only three polymorphic 
protein markers.

Genetic analysis showed that many of the sampled offspring were probably sired 
by some very active males seen to associate with females and engage in aggressiv e 
interactions with other males: some of these males probably sired many offspring in 
neighbouring groups (5.3.3, 5.4.3). However, there were males which displayed the 
same behavioural patterns and had externally normal genitalia, yet were genetically unlikely 
to have sired many of the sampled offspring. This result suggests considerable variance in 
competitive ability between males: certain males were likely fathers of most of the offspring 
in their groups and many in neighbouring ones, and other equally aggressive and large 
males apparently produced few young.

It might be expected that males should have mechanisms to reduce conflict: after 
evolution of sociality, its cost/benefit ratio should be minimized (Vehrencamp, 1979). 
Counter to this is that if dominance structure will not guarantee reproduction to the 
dominant male, continued defence is predicted. The latter is consistent with many 
observations from wild and enclosed populations that male-male aggression is more 
consistent than female-female; the latter can be moderated by low population density 
(Myers and Poole, 1961). In addition, resources available for mate-guarding might be 
limited (Bell, 1983). Quantification of resources spent on courting was made during the 
fission of group II described abov e (Kaetzke, pers. comm.). The male in group III, on 
receiving 3 new females into his group, at first steeply increased his rate of courting. This 
increase rapidly became a fall, lev elling to a per female rate such that his total courting was
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the same as when there was only one female. The male of group II (losing 3 females) 
maintained about the same total level of courting towards 4 females as he had towards 7. 
These changes were also accompanied by a change in home range with male (III) 
increasing and male (II) reducing home range. The scope for male-male cooperation would 
seem to be lower than female-female. Males are little involved with warren construction 
(Myers and Poole, 1961), and do not exhibit paternal care (Bell, 1983). Whilst males of 
the same group might share vigilance against other males, guarding against matings by each 
other would be necessary. Finally, as males are predominantly the dispersing sex (Daly, 
1981 ; Cowan, 1983 ; Webb, 1988) the conditions are likely to be unfavourable for kin 
effects.

There was no clear evidence concerning mechanisms to reduce conflict between 
males, in the behavioural observations of males at Bridgets Farm. There were very few 
pairs of same-group males: this in itself could reflect severe avoidance. In addition, the 
presence of different-group males nearby had a consistent detrimental effect on feeding 
efficiency for males (4.3.1.1). However, both same- and different-group males had only 
inconsistently low levels of association relative to comparable classes (Figures 3.10,3.12, 
3.15). In the one case where data were available for a dominant and subordinate male in a 
group, the dominant gained feeding efficiency in the presence of the subordinate, whilst the 
subordinate suffered significantly shorter feeding bouts (4.3.1.1). This could reflect 
asymmetr} of their social relationship.

8 .5 .0  Interpretation and implications o f female relatedness and social behaviour
8 .5 .1  Might social beha\ iour at Bridgets Farm reflect kin selection?

By the definition of Grafen (1990), kin selection involves discriminatory action in 
favour of relatives, via a kin recognition system evolved for that purpose. There are many 
examples of kin bias (behaviours performed differentially towards relatives). However, if 
these are to provide evidence for km recognition, the individual must recognize genetic 
relatedness per se (Grafen, 1990). Other types of recognition such as species- or group 
recognition based on matching with ‘self could lead to coincidental correlation between 
relatedness and behavioural bias. Conversely, discrimination in favour of kin could occur 
without actual kin recognition: for example, if familiarity correlated with relatedness. 
Grafen’s stringent definition of kin selection led to his suggestion that there was only one 
convincing demonstration of this phenomenon in the literature: non-random settling of 
larvae of an ascidian, based on shared alleles at a histocompatibility locus (Grafen, 1990).

The importance of defining what is under discussion has been stressed in a recent 
review of kin effects (Barnard, 1991). Barnard defined kin bias as ‘the tendency for related 

individuals to show some response to each other, or be involved in a particular context together more or 

less than would be expected by chance, but without implying anything about the functional significance of 

bias or the mechanism(s) involved’. Kin bias is clearly illustrated by the significantly high
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association, low vigilance and low aggression between more related female rabbits at 
Bridgets Farm. Kin recognition was defined as ‘the...unobservable neural process of classing 

individuals as kin... [which] may or may not lead to.. differential response towards kin’. Recognition can 
be via identification of genetic similarity, or a correlate such as social group membership 
(Barnard, 1991; column 2, p.311), although Grafen's stricter definition excludes the latter. 
It cannot be determined from the present data whether rabbits performed kin recognition 
under Barnard’s definition. This might be assessed by cross-fostering experiments, and 
study of relationships within mixed paternity litters. In this way, it has been shown that 
female Belding’s ground squirrels {Spermophilus beldingi) can identify relatedness in 
animals reared together and apart, from association in the first 4-6 weeks of life, and/or via 
a genetic system- most effective between sisters (Holmes and Sherman, 1982). Females 
can tell sibs from half-sibs within mixed paternity litters. These facts taken together 
indicate kin recognition in Belding’s ground squirrels. The cues for recognition in S . 
tridecemlineatus has been shown to be olfactory, as animals made anosmic lose the ability 
to discriminate relatives (Holmes, 1984). (For a review on mechanisms of kin recognition 
in vertebrates, see Halpin, 1991).

Finally, Barnard defines kin discrimination as ‘the biasing of responses with respect to 

kinship on the basis of either kin recognition or recognizing individuals as belonging to some other class 

that correlated with kinship and that can thus be used to bias responses. Kin discrimination is one source of 

kin bias, but there are several other potential causes of bias that do not involve kin discrimination’. 

Without assessment of kin recognition in rabbits it is not possible to determine whether 
such kin discrimination occurred at Bridgets Farm. However, kin effects among female 
rabbits in social behaviour at Bridgets Farm present a potential explanation of the paradox 
of tolerance between competing females. Kinship has also been shown to correlate with 
decreased aggressiveness in voles, with the effect being sensitive to the social environment 
and ecological conditions (Kawata, 1990). In a number of ground-squirrel species, 
correlations between kinship and tolerance have also been reported, and these too can be 
dependent on resource availability ( Holmes and Sherman, 1982; Michener, 1983).

8 .5 .2  Comparison of kin effects in rabbits with other species,
particularly ground squirrels

The findings summarized in 8.4.5, of correlations between social behaviour and 
kinship, parallel those in a variety animals (review in Hepper, 1991). Of particular interest 
here are the well-studied ground-dwelling sciurids, as the ecology and social biology of 
several species have strong parallels with those of rabbits (Michener, 1983; Holmes and 
Sherman, 1982). For example, Richardson’s ground squirrels {Spermophilus 
richardsonii) were classified by Michener (1983) as ‘single family female kin clusters’ with 
avoidance between adjacent groups which have non-overlapping ‘core ranges’, and 
tolerance w ithin groups. Daughters do not disperse and ‘inherit’ breeding sites, while
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males disperse.

1/ Association
Yeaton (1972) reported that female S.richardsonii littermates defended territory 

from littermates, starting at about 6 weeks of age. Michener (1973; 1981) extended this 
work. As juveniles started to become more independent, females in particular typically 
stayed clustered. During this period, they developed their own core area, but core range 
overlap in the late summer was significantly higher between sibs than non-sibs, and the 
distance to the nearest sib was significantly shorter than to the nearest non-sib. This was 
not short-lived: female yearlings still had 30% range overlap with sisters, but none with 
unrelated females. Many species of social primate also associate preferentially with, and 
behave amicably towards, close relatives- in absolute terms as well as in proportion to 
opportunities (Bernstein, 1991). These results parallel closely the observed high 
spatiotemporal association between related females in the same- and neighbouring groups 
of rabbits at Bridgets Farm (5.3.4; 8.4.5), and the concurrent high relatedness of females 
in the same social group (5.3.2).

2/ Aggression
Y eaton ( 1972) reported that S.richardsonii littermates became increasingly 

aggressive after about 6 weeks, but still had significantly less agonistic interactions than 
non-littermates. Related adult females were still quite aggressive, displaying the majority 
of aggression. Michener ( 1973; 1981) extended this work. As juveniles started to develop 
their own core area, there was no accompanying increase of agoni sm with sibs, in contrast 
to a strong increase with neighbouring non-sibs. As the potential to interact was greater 
with sibs (see 1/ above) the rate of aggression was certainly lower in sibs in proportion to 
the potential rate, as well as in absolute terms. These effects can be quite fine-tuned: in 
wild Belding’s ground squirrel, females are treated more aggressively by their half-sisters 
than their full sisters from the same litter (Holmes and Sherman, 1982). Similar patterns 
are seen in many social primates (Bernstein, 1991). In some species aggression is directed 
towards kin at a low absolute rate, in others, individuals receive more aggression from kin, 
and potential to interact needs to be accounted for if kin are to be seen as treated favourably. 
However, individuals in some species may receive stronger aggression from kin.
Bernstein considers that these aggressive interactions arise from competitive conflicts, 
between individuals in close proximity, which do not necessarily lead to avoidance. 
Observations of primates have suggested the Theory of reconciliation’ : that agonistic 
encounters to punish specific behaviours are followed by intense social interactions which 
allow maintenance of social groups. These ideas cannot be tested in the present data from 
rabbits, as the frequency of ‘intense’ social behaviours were low.

These findings of preferential treatment of kin were parallelled in the Bridgets Farm
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data. Although lower rates of chasing were seen between related females only when 
potential rates of interaction were accounted for, it is likely that this does reflect higher 
tolerance/lower competitiveness, as monitoring (thus competitiveness) was significantly 
lower between closer relatives (8.4.5).

Sociality in ground squirrels involves a background of competition moderated by 
cooperation, and tolerance, with particular benefits for related females (Michener, 1983).
A similar interpretation is proposed for relatively high association, low vigilance and low 
aggression between related female rabbits at Bridgets Farm. However, most species in 
which these effects are encountered have obvious cooperative behaviours such as alarm- 
calling (including all ground squirrels and all species in Ligon, 1991), which have no 
equivalents in rabbits.

8 .5 .3  Possible areas of cooperation between female rabbits
8 .5 .3 .1  Altruistic avoidance of infanticide

The confirmation in the present study of high relatedness between same-group 
females, and preferentially low aggression between them, provide a likely background for 
cooperation by tolerating young of relatives. Aggression and infanticide towards young of 
other females is widespread in nature (Hoogland, 1985) and could be an important pressure 
in group living.

In rabbits, little is known about below-ground activity, and defensibility of litters 
from conspecifics. Aggression of confined female wild rabbits towards young has been 
investigated (Mykytowycz and Dudzinski, 1972). Kittens were placed in an arena with a 
male for 150 seconds, then a female was added for another 150 seconds. Under these 
conditions, females killed 29% of kittens under 21 days old, and 12% 22-60 days old. 
Males were not only unaggressive to the kittens, but frequently interrupted the attacks of 
the female. Two field studies suggest that infanticide could be important in the wild. First, 
Myers ( 1964) ascribed 11-16% mortality in two studies of wild rabbits to activities of 
nonmatemal does. Second, in a population of 43 breeding adults in a 2 ha enclosure, 
infanticide affected 6% of litters (Kiinkele, 1992). Same-group females performed the 
killings. It may be important that the killings occurred after a doubling of the population 
density: behavioural observations indicated that shortage of breeding sites contributed to the 
infanticides. In 6/13 of the cases, a second female occupied the burrow within three days, 
and in 4 of these 6, the female ga\ e birth to a litter.

Kiinkele (1992) and Myk\ towycz and Dudzinski (1972) both reported that 
aggression to/killing of young w ere non-random with respect to relatedness. In Kiinkele's 
study, no attacked litters belonged to a first-degree relative of the attacker. In Mykytowycz 
and Dudzinski's experiments, all kittens killed were non-relatives. The rate of death/injury 
of offspring of familiar females w as lower than that of strangers’ offspring, and own 
offspring were attacked least of all. The experiments demonstrated that: 1/ females can
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distinguish grades of familiarity, 2/ they are much less likely to kill familiar kittens, 3/ 
males are less aggressive to kittens than are females, and can recognize kittens as familiar 
and unfamiliar.

It seems that avoidance of infanticide could be an important element of rabbit 
sociality. Females might be expected to kill the young of others either to obtain the nesting 
site, or to reduce the costs associated with having large numbers of young in a warren 
(Kiinkele, 1992; review in chapter 1). Infanticide is common in many species of ground 
squirrel, and is thought to be an important pressure in sociality (Sherman, 1982; Michener, 
1983); in the most extreme case- black-tailed prairie dogs -it affected 51% of litters 
(Hoogland, 1985). It is reasonable to suppose that in rabbits, reducing the need to defend 
litters from ever-present same-group females, and lower rate of infanticide, could be 
important savings for grouped females. The evidence in the previous paragraph suggests 
that higher relatedness would decrease the probability of attack. This does not follow in the 
black-tailed prairie dog, where (in the commonest of four types of infanticide seen) killers 
are nearly always close kin of the mothers of victimized litters, and lactating (Hoogland, 
1985). The reason for this difference was attributed to the fact that all members guard the 
coterie, so that entering neighbouring groups is almost impossible. Infanticide within a 
coterie is much easier, and can be beneficial in terms both of immediate nutrition of the 
attacker, and reduced competition for resources for the attacker and her offspring. In 
rabbits, there would be a greater range of relatedness within a group, so that infanticide 
could be more easily directed towards less-related individuals.

8.5 .3 .2  Access to burrows
The well-defined social ranges, high relatedness between same-group females, and 

high association between close relatives reported here, highlights the possibility that 
allowing burrow access might be an important way in which females could cooperate.
Low female dispersal is likely to lead to matrilines controlling certain burrow systems, as in 
Yellow-bellied marmots (Armitage, 1986). Rabbit burrow systems are long-lived (Parker 
etal., 1976), and as female adult mortality is lower than that of males (Bell and Webb, 
1991) there is potential for related females to accumulate in favoured areas. Suffering a 
small decrease in breeding success through having additional females breed in a warren 
may be compensated for by inclusive fitness. Automated methods are required for 
continuous monitoring of underground activity and burrow use, such as radio transponders 
or video systems. With such systems, it might be possible to determine accurately female 
use of- and access to breeding sites: this could then be related to variables including genetic 
similarity of surrounding females.

8.5 .3 .3  Feeding competition
Although feeding competition is generally regarded as slight in leporids, under
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certain conditions of food availability competition might be important (1.4.1.1). Fallows 
( 1988) reported feeding competition between rabbits which increased with increasing group 
size ( 1.5.1.2). In Fallow’s study, there was a significant deficit of these interactions 
between females (nearly all of the same social group) in two out of three seasons, and an 
excess within mixed sex pairs. This raises the possibility that female relatives in the same 
group moderated their feeding competition.

8 .6 .0  Mating system
A recent review has outlined 10 mating systems in mammals, determined largely 

by three variables: defensibility of access to females by males, ranging behaviours of 
females, and the role of the male in parental care (Clutton-Brock, 1989). According to 
mating system theory, rabbits fulfil many conditions predicted to favour polygyny 
(Roberts, 1987): food is widely-distributed but nesting sites are localized, there is multiple 
mate-monopolization, low paternal care, female bias in operational sex ratio, and 
pair-bonding is not marked (Orians, 1969; Emlen and Oring, 1977; Clutton-Brock, 1989). 
However, other aspects of rabbit biology would not predict strong polygyny; including that 
only a few females can be monopolized, and there is only slight sexual dimorphism (Emlen 
and Oring, 1977; Clutton-Brock and Harvey, 1978).

Behavioural and genetic analyses have been reported here which investigated the 
mating system of rabbits living in groups (summarized in 3.4.2.4; 3.4.3; 4.4.2; 4.4.5; 
5.4.3). Briefly, male distributions were related to those of females: females had 
overlapping ranges, with the larger male ranges overlapping them. Certain males 
overlapped two groups of females, and the variation in sex ratios in social groups were 
consistent with 'despotic' control by certain males (Cowan and Garson, 1985). Males 
exhibited association and vigilance consistent with mate-guarding of individual females, 
and there w as significant preferential association with socially-dominant females. Genetic 
analyses indicated that a small number of males fathered disproportionate numbers of the 
sampled offspring. Matings by males outside the social group were apparently common: a 
minimum of about 28% of offspring could not have been sired by a male in the social 
group in w hich the young was first caught.

The behavioural analyses from Bridgets Farm rabbits suggested a mating system 
based on localized females, and territoriality between males which performed competitive 
mate-guarding of preferred females (3.4.3,4.4.5). These findings were supported by the 
genetic analysis (5.4.3; 8.4.6). The system contains elements of Wittenberger’s ( 1980) 
harem polygyny (defence of grouped females by single males) and hierarchical promiscuity 
(defence of single females through dominance structures). This contrasts with the results 
of Roberts ( 1987) who, using the same measures of association, found monogamy to be a 
plausible predominant mating system for her populations, based on ‘consortships’ (strong 
associations between pairs). This difference is likely to reflect that burrows in the present
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study were clustered whilst those of Roberts ( 1987) were dispersed, affecting range 
overlap and defensibility. Where the social system is based on localization of burrows 
used by females, as at Bridgets Farm, some polygyny is expected, but not in populations 
with dispersed burrows: such a difference is implicit in the statement of Wittenberger 
( 1980): 'polygamy in social mammals is largely a consequence of selection favouring sociality among 

females...optimal male reproductive strategies generally lead to polygamy’. Considerable flexibility of 

mating systems in the face of different ecological conditions are well-known in a variety of 
vertebrates (Davies and Lundberg, 1984; Langbein and Thirgood, 1989). The same 
flexibility has been suggested repeatedly for rabbits, based on burrow distribution 
(Southern, 1948; Parer, 1977; Roberts, 1987). However, the present study adds to these 
previous works by quantification of rates of social interaction (directly comparable to those 
of Roberts, 1987), as well as a genetic assessment of the mating system in detail only seen 
previously in Webb (1988).

As with the population at Bridgets Farm (previous section), Cowan and Garson 
( 1985) were unable to find an acknowledged category of mating system which 
unambiguously fitted their social population at Aston Rowant. The mating system seemed 
to ‘resemble overlap/hierarchical promiscuity...more than polygyny’ (with reference to Wittenberger, 

1979). Similarly, none of Clutton-Brock’s (1989) classifications precisely fit the situations 
at Bridgets Farm or Aston Rowant This is because the Wittenberger (1979) and Clutton- 
Brock ( 1989) classifications assume that small groups of highly-clustered females are 
defensible, whereas it appears that the female rabbit reproductive system severely 
undermines this. As females are receptive for short periods possibly exacerbated by short 
gamete viability, sperm competition and reproductive synchrony (1.5.3.2), simultaneous 
defence of multiple females is predicted to be difficult, as observed in the present study and 
previous ones (8.4.6). Thus although males defended territories (often as single male 
groups) at Bridgets Farm, they also undertook guarding of individual females. This makes 
them impossible to place unambiguously in Clutton-Brock’s classification (Clutton-Brock, 
1989; p342). Clutton-Brock describes species where spatial and temporal distributions of 
females cause similar difficulties, including Belding’s ground squirrel and several 
primates. In the former, the sharing of space by females with several males results in high 
variance in male reproductive success: about a quarter of the males do about two thirds of 
the matings. This parallels the high variance at Bridgets Farm.

Behavioural observations at Bridgets Farm had suggested that males defended their 
territories from other males quite effectively: there were few daylight observations of males 
getting very near the territories of others, and boundaries seemed to be respected. Also, 
observed sexual interactions and association were mostly between members of the same 
group, in common with other studies (Daly, 1981; Cowan, 1987a; Webb, 1988).
However, genetic approaches indicated a high proportion of matings by males from 
neighbouring social groups (5.4.3; 8.4.6). Thus genetic analysis was needed to appreciate
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the full magnitude of the variance in reproductive success. In particular, three particular 
males had been expected on behavioural observations to have sired many offspring, but 
most of this anticipated reproductive success probably went to neighbours which were also 
very successful in their own groups (5.4.3). Previous studies have reported males with 
very high competitive ability determined from behavioural observations (Myers and Poole, 
1961; Parer, 1977; Daly, 1981), and also genetic data (Webb, 1988). These exceptional 
males usually achieved matings in adjacent warrens (Parer, 1977).

Allozyme studies of mating systems have revealed previously unexpected mating 
systems, including monogamy in Peromyscus polionotus (Foltz, 1981), and almost 
complete breeding success by resident males in Yellow-bellied marmots (Schwartz and 
Armitage, 1983) and Black-tailed prairie dogs (Foltz and Hoogland, 1981). Behavioural 
observations are unlikely to detect more subtle variation in mating strategies (Clutton- 
Brock, 1989): for example Belding’s ground squirrel was not thought to have a high 
occurrence of multiple paternity, whereas the real figure is at least 55% (Hanken and 
Sherman, 1981). With the development of hypervariable DNA techniques, more of these 
surprises are emerging (egs Birkhead etal., 1990; Rabenold, etal., 1990; Westneat, 1990; 
Rico etal., 1992). The techniques can also confirm cases where matings outside the 
anticipated pairs are very rare or absent (Warkentin et al., 1994).

Genetic techniques have not often been applied to polygynous systems, perhaps 
because of the logistics of sampling and scoring all the possible fathers, but also because 
there has been little expectation of an interesting result. However, variance in male 
reproducti\ e success in polygynous systems is a very important factor in their ev olution. 
The first quantification of the relationship between reproductive behaviour and reproductive 
success by genetic techniques in a polygynous mammal, was given by Pemberton etal.
( 1992). These authors determined most paternities by DNA fingerprinting, and 
demonstrated that in harem polygynous red deer (Cervus elaphus) behavioural observations 
underestimated the true variance in reproductive success. Even though it should be 
relatively easy to determine paternity by behavioural observations in this species (by 
number of days a female is in the harem of a male), the success of the most successful 
males was underestimated by behavioural observations, and success ascribed to males 
which did not breed at all. The findings of the present study are similar to that of 
Pemberton graZ. (1992).

Within the system of harem polygyny/hierarchical promiscuity at Bridgets Farm, 
associations were observed between particular pairs of rabbits which could be stable over 
time, and there was high association between high-ranking individuals (4.4.2, 5.4.3).
This is to be expected as both sexes might be predicted to prefer certain matings, for the 
following reasons. For males, monopolization of many females is difficult (8.4.6), and 
reproduction is clearly expensive. The whole process of being in reproductive condition is 
known to have energetic costs (Bell, 1986), as indicated by cyclic testicular development
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seen in males in enclosed and wild populations (Myers and Poole, 1962; Parer, 1977; Bell 
and Webb, 1991). Dominant males also spend time in scent-marking, defence and 
courtship. Most recent theory regards androgen-dependent behaviours, ‘badges’, and 
scents as honest signals and thus genuinely expensive (Owens and Hartley, 1991).
Finally, dominant males spend more time above ground than subordinates (Cowan, 1983) 
and may incur greater risk of predation (Magnhagen, 1991). Given these costs of male 
reproductive effort, males might be expected to distribute their available reproductive effort 
to females which would provide the most offspring. Factors affecting quality of females 
fall into a number of categories. First, females have quite well-defined age-specific 
fecundity schedules (Mykytowycz and Fullagar, 1973) which will affect the efficiency of 
matings. Second, the strong seasonality of juvenile survivorship would be expected to 
make competition most intense for the earlier matings in the year, generally with dominant 
females (Mykytowycz, 1959; Mykytowycz, 1960; Mykytowycz and Fullagar, 1973; 
Cowan, 1987a). Third, males might be expected to avoid inbreeding with close relatives 
(Partridge, 1983; Harvey and Ralls, 1986). Olfactory cues might be used to choose 
matings. Mus musculus domesticus in semi-natural conditions can recognize MHC (major 
histocompatibility complex) phenotypes of other individuals, and choose mates in a manner 
which increases outbreeding (Potts, etal., 1991).

Female rabbits are expected to choose between males as an inevitable consequence 
of greater input into the offspring by females including anisogamy and gestation, and other 
costs such as decreased subsequent survivorship (Orians, 1969; Trivers, 1972; Maynard 
Smith, 1976; Clutton-Brock, etal., 1983). Under certain conditions, advantages of 
choosing mates can be so great that females can be expected to compete for males, for 
example if there is high variance in the quality of males (Rosenqvist and Berglund, 1992) 
or if there are genetic advantages in certain copulations (Partridge, 1988; Potts, etal.,
1991). Reproduction in female rabbits must be expensive in terms of resources. A litter is 
about 10% of body weight, and is usually nursed whilst the mother is pregnant with the 
next litter (Mykytowycz and Fullagar, 1973). Female choice in rabbits has been indicated 
by reports that females approach some males and will reject others (Bell, 1983). Females 
at Bridgets Farm rejected young males, and dominant females were most highly associated 
with dominant males (4.4.2). Also, females were seen to chase other females when the 
chaser was being courted (4.3.3.2); these females may have been encouraging a certain 
courtship by stopping other females from interrupting.

8 .7 .0  Sociality in rabbits: the position o f the present study
8 .7 .1  Background

A review of group living in rabbits was given in 1.5.0. Although measurements 
have been made of vigilance under a range of conditions, no study has shown a vigilance 
advantage with grouping, and usually disadvantages are identified, particularly in that much
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vigilance is directed towards other rabbits (1.5.1.1). Some advantages of early predator 
detection might exist, but are apparently coincidental, and attempts may even be made to 
prevent warnings to other rabbits. Feeding competition may increase with group size at 
least under some conditions, and no benefit of cooperative feeding is indicated (1.5.1.2). 
Infanticide has been observed, and may occur at substantial rates at high population density 
(1.5.1.3 and 8.5.3.1). There are measurable reproductive and survival costs with 
increasing group size for females ( 1.5.2.1), and males may suffer a decrease in 
survivorship with increasing group size, and will lose reproductive success as the 
proportion of males increases (Cowan, 1987b). In addition to all the above, automatic 
costs of grouping can be expected, and an increased risk of disease has been demonstrated 
(Cowan, 1985). Various disadvantages of the presence of other rabbits have even been 
detected in more dispersed populations (1.5.2.1). Cowan and Garson (1985) and Cowan 
( 1987b) have reconciled these costs with the existence of group-living rabbits by proposing 
localization of burrows as a causal factor for grouping of rabbits (1.5.2), with females 
competing for burrows and males competing for females. Burrow availability was shown 
to be very important in reproductive success (1.5.2.2 and 1.5.3.1) and there is a clear 
relationship between burrow distribution and social system (8.6.0).

8 .7 .2  Placement of the present study within existing work
The work presented here has added something to existing knowledge of rabbit 

sociality in three areas: 1/ statistical analysis of individual spatial, temporal and 
spatiotemporal association in all sex/group classes of adults in a social population, 2/ 
analysis of vigilance including individual identity, social status and social context as 
factors, and 3/ assessment of relatedness structure, and its bearing on social behav iour. 
How the findings fit with existing knowledge is outlined below.

1/ Individual spatial, temporal and spatiotemporal relationships
The present study measured individual rates of association between all sex/social 

group classes of adult rabbit in a social population (chapter 3). The results were broadly 
consistent with the analysis of Cowan (1987a), the most extensive investigation into social 
dynamics of rabbits in groups. The present study extended that work by measurement at 
the level of individual interactions, and by application of statistics readily comparable 
between classes of rabbit. Cowan ( 1987a) measured the proportion of scans in which 
different tv pes of rabbits were each other’s closest neighbours within 10m. Differences in 
these proportions between classes of rabbit were tested with the y} statistic. From these 

analyses, Cowan concluded that intersexual associations were commoner than intrasexual 
for both sexes. However, the procedure used could have led to incorrect inference if the 
proportions were heavily influenced by particular rabbits. The distributions of individual 
rates of spatiotemporal association reported here (3.3.6 and 3.4.2) provide statistically
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robust support for higher association in mixed-sex than same-sex pairs.
Cowan ( 1987a) was able to conclude for female interactions that the frequency was 

‘much lower’ between group than within. Again, the present analyses have made 
consistent findings, quantified precisely with statistics designed for the purpose (chapter 
3). Importantly, it was shown that females of the same social group associated more than 
was necessary, even given the constraints of time and space, compared to females of 
different social groups (3.3.7, 3.4.2.1 and 3.4.2.2). Tolerance among same-group 
females has not been supported statistically in any previous study. This tolerance was also 
seen in a completely separate analysis: the individual measurement of rates of association 
made it possible to show that females of the same social group were significantly less 
aggressive per unit time within 10m of each other than were females of different social 
groups (4.4.1 and 8.4.5).

Despite the above, it was also possible to detect that, on average, same-group 
females did not associate as much as mixed sex pairs (3.4.2.3), and thus either a/ 
something limited their association, or b/ mixed sex pairs have higher association for some 
reason which does not affect female pairs such as behaviours associated with reproduction. 
The first alternative, some mean reduction in association between females, is suggested by 
indications of competition (8.2.4) and the fact that females behaved less tolerantly towards 
less-related females (5.3.4; 3/ below).

The present study was the first to assess in detail in what dimension(s) avoidance 
was effected by group-living rabbits. Quantification of individual relationships, and use of 
the multiple measures of association reported in chapter 3, allowed this (3.3.7). Spatial 
avoidance of rabbits from different social groups was marked (3.3.4), but this is perhaps to 
be expected given the definition of social groups based on burrow clusters. Temporal 
avoidance between these rabbits occurred within and between evenings, but it was rare for 
any pair to dissociate by both measures (3.3.7). This presumably reflects attempts to 
minimize the amount of time lost above ground. By contrast, same-group mixed sex pairs 
mostly associated by all measures, as did many same-group females.

The statistical methods of Roberts ( 1987) were used in the present study a/ because 
they were very suitable and rigorous, and allowed statistical significance to be ascribed to 
all individual levels of interaction, and b/ to facilitate comparison with the only in-depth 
study of the relationships between dispersed -not social- rabbits (Roberts, 1987). The 
results from Bridgets Farm had important differences from Robert’s. Most of Robert’s 
mixed sex, space-sharing (equivalent to ‘same group’) pairs associated significantly in 
time, whilst the majority of non-sharers of any class dissociated. Hardly any females 
shared space at all. In contrast, most rabbits at Bridgets Farm associated non-significantly
(3.4.2.1), and many same-group females not only shared much of their range, but also 
associated in time almost as much as same-group mixed sex pairs- the most associating 
class. Thus in both dispersed and clustered rabbits, mixed sex pairs are the most
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associating, whilst relationships between females differ fundamentally depending on 
burrow availability and perhaps population density. Furthermore, it seems that the density 
of grouped rabbits at Bridgets Farm was sufficient to impose some temporal synchrony, in 
contrast to Robert’s dispersed rabbits which were free to dissociate significantly.

2! Vigilance: individual identity, social status and social context as factors
Cowan ( 1983) explicitly explained the importance of taking social status into 

account when measuring levels of vigilance: the present study is the first to do this for 
rabbits. Female vigilance was found to be very complicated; important factors included not 
only the social status of the female in question, but also the number, sex and distance of 
nearby individuals. As Cowan ( 1983) pointed out, if social relationships are not 
considered, it is possible to confuse increased competition with increased foraging 
efficiency (4.4.4). It has been demonstrated here that there were indeed differences 
between subordinate and dominant females in their patterns of vigilance, with dominants 
perhaps gaining more than subordinates out of competition between females (4.3.1.2 and 
4.4.1).

For males, there was perhaps stronger evidence for competition. Patterns of 
vigilance also suggested mate-guarding, and low competitiveness with females (4.4.2). 
This last result is consistent with most existing knowledge about rabbits (chapter 1 ; 8.7.1) 
and in particular with vigilance data of Roberts (1988). However, there was also evidence 
for potential intersexual conflict (not seen in Roberts, 1988): whilst males always benefitted 
from the presence of females, the converse was not true (4.4.3). This may be related to 
conflict of reproductive interest inherent in the fundamental proposal that female mammals 
should choose mates more carefully than should males (Maynard Smith, 1976). Roberts 
(1988) found both males and females to be significantly less vigilant closer to their consort: 
there was no indication that females might experience a disadvantage from the presence of 
males, as seen at Bridgets Farm. However, the situation where females experienced 
significant disadvantage from the presence of males at Bridgets Farm (dominant females 
nearest a female; Table 4.4) did not occur in Roberts’ populations. Also the conflict of 
interest mentioned above could be weakened by the more monogamous mating system.

The vigilance results support the conclusions of previous studies that vigilance 
advantage is not a strong factor contributing to group-living in rabbits; in fact, much 
vigilance is towards rabbits and not predators (4.4.4). Advantages often accrue in the 
presence of the opposite sex, but no overall advantage is seen in the presence of members 
of the same sex. No overall advantage of the presence of other rabbits could be found in 
the present study (4.4.4). These observations are consistent with Cowan’s (1987a) 
assessment of rabbits in groups experiencing most competition within sexes, rather than 
between.
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3/ Relatedness structure, and its correlation with social behaviour
Relatedness structure was an obvious candidate for contributing to high tolerance 

and association between same-group females (8.4.5). The present study is the first to take 
this approach with rabbits, although similar analyses are quite common for other species 
with similar ecology (8.5.2).

In all of the measures investigated, there was evidence that genetic relatedness -or a 
correlate- was important in determining the social relationships between females (5.4.2 and 
8.4.5). More-related females associated more, chased less, and were less vigilant in each 
other’s presence. This has several implications. First, relatedness structure could be an 
important contributor to the stabilization of group living in rabbits. Such effects may be 
expected to arise, and may be informative about the route of evolution of sociality 
(Alexander, 1974; Vehrencamp, 1979; see below). Second, the role of relatedness helps 
to explain the paradox of low levels of competition in a social system which may be based 
fundamentally on clustering of an important limiting resource (Cowan, 1987b; 8.7.1). 
Third, relatedness offers an explanation for why females of the same group are less 
competitive than females of different groups, and sheds light on the biological meaning of 
social group membership. Females of the same group might be thought a priori to be more 
competitive (4.4.1), but for one or more reasons, including relatedness (8.4.4), are in fact 
less so (B.4.2.2, 4.4.1, 5.3.4). Fourth, relatedness explains some of the observed 
variance in social relationships seen between same-group females.

8 .7 .3  A protX)sed route of evolution of group living in rabbits

Vehrencamp (1979) envisaged two routes from communal to eusocial group living, 
familial and parasocial (1.3.0). The parasocial route starts with non-relatives clustering, 
perhaps around a resource, although groups may increasingly derive benefits such as 
improved predator detection and thermoregulation. Rabbit group living probably arose via 
this route, against a background of competition for limited resources (Cowan and 
Garson, 1985; Cowan, 1987b). Yet it seems likely that female kin groups could become an 
important component: all that is required is non-dispersal of females. There are some 
parallels with proposals about the evolution of sociality in ground squirrels. Michener 
(1983) sought to explain the evolution of sociality in ground squirrels by identifying 
selective advantages- for all parties -of 1/ female clustering and range-sharing, and 2/ male 
territoriality. Access to proven burrows was cited as an important pressure for females to 
remain in their natal area, whilst males were thought to disperse to achieve inbreeding 
avoidance. Males gain from territoriality by access to females, while females gain from this 
by the repulsion of conspecifics. In addition to the usual disadvantages of coloniality 
(Alexander, 1974), infanticide in many species of ground squirrel appears to be an 
important cost of group living (Sherman, 1982; Michener, 1983). However, there were
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for female ground squirrels of remaining in groups was thought to be improved predator 
detection, including alarm calling. Additional anti-predator benefits were also proposed as a 
factor by which females gained from male territoriality. Contemporary anti-predator and 
vigilance advantages for rabbits, if present, have unanimously been found to be slight 
(1.5.1.1, and present study). This result may be regarded as surprising given the great 
emphasis placed on anti-predation as a factor favouring sociality in many species 
(Alexander, 1974; Michener, 1983), particularly in ground-foraging species in open 
habitats (Ligon, 1991).

Overall, the present data support a route to sociality in rabbits via competition for 
clustered burrows, with males grouping around aggregated females, as proposed by 
Cowan and Garson (1985) and Cowan (1987b). However, putting this in the context of 
leporids as a whole, a fundamental and apparently unanswered question is what selective 
pressures originally led to the fossoiial habit, as opposed to the alternative strategy seen in 
hares ( 1.4.0). European wild rabbits are extremely burrow-dependent, at least as much as 
any other leporid (Cowan and Bell, 1986). Once rabbits were dependent on burrows, 
evolution of group living may ha\ e been inevitable where sites were clustered. Pressures 
towards burrowing also receive little attention in the ground squirrel literature (it is not 
mentioned in reviews by Armitage, 1981 or Michener, 1983). In ground squirrels, it is 
possible that thermoregulation and seasonal cycles were important: all North American 
species are hibemators or go through a season of greatly reduced activity. But if rabbits 
evolved in Iberia (see chapter 1), this is unlikely to be important: in addition there are non
burrowing leporid species in most climatic conditions. It is likely that collection of more 
ecological information on leporids, particularly in the genus Sylvilagus (1.4.0), will help 
address this question, especially if coupled with a molecular phylogeny to help examine 
occurrence of evolutionary events.

8 .8 .0  Neophobia
The data in chapters 6 and 7 on neophobia are amongst the first of their kind for 

rabbits; there follows a brief summary of the findings.
Most investigations of neophobia have been on omnivorous rodents, but there is an 

important difference in the expectation of their behaviour in relation to novel stimuli 
compared to a herbivore (Domjan, 1977). Omnivores are more likely to encounter novel 
foods and to have mechanisms of testing them for toxicity, although it is likely that under 
regimes of intense poisoning there would be selection for neophobic behaviour (Bell, 1975; 
Oliver^/<7/ . ,  1982).

Under the conditions descnbed in chapter 6, most rabbits initially avoided novel 
food. Although there was considerable individual variation, there was an increase in the 
proportion of novel food eaten o\ er 8 days. The pattern of acceptance of novel food was 
complicated by the unexpected finding of a mechanism which appears to associate a flavour

217



with a location (the ‘novelty/hopper interaction’, chapter 6). This mechanism operated 
such that one of the paired feeding hoppers was a site from which much novel food was 
eaten; at the other hopper there was gradual attenuation of neophobia. I suggest that the 
relationship of intake between the two hoppers could produce a controlled regime of dosage 
of novel food for assessment of toxic effects. Association of novelty with location 
(hopper) may be a proximal method of connecting stimuli and effect: rats are better at 
associating tastes rather than objects with poisoning (Mitchell etal., 1975).

The neophobia field trials (chapter 7) demonstrated that rabbits responded to the 
presence of objects by avoidance, but that this rapidly attenuated. The response was most 
strongly related to the distance from the object, although there were individual differences. 
There were only small detected differences in neophobia depending on sex or social status. 
These results may have implications for the control of rabbits in that responses will 
certainly exist to both food and objects, but the response to foods seems to be more 
complex than that to objects. Attenuation of avoidance towards novel objects appears to be 
too rapid for neophobic response to be exploitable in protection of valuable crops.
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A ppendix 3.1. Distribution statistics of measures of association.

Within-evening (t-values)
Distribution statistics (in sex and social group classes) of the t-values quantifying within-evening temporal 
range-sharing. Negative t-value = association.

- 1 9 8 7 - - 1 9 8 8 - -1 9 8 9
s e x / g r p mean SE skew N mean SE skew N m ean SE skew N
c l a s s
same grp males -1.08 0.05 2 -1.55 - . - 1 -1.34 0.29 -0.29 3
same grp females -3.30 0.50 -2.13 13 -3.56 0.26 -0.71 9 -2.71 0.12 -0.58 24
same grp mixed -2.84 0.35 -1.43 13 -4.38 0.16 -0.83 16 -3.15 0.31 -4.98 35
diff. grp males -0.81 0.13 0.61 8 -1.02 0.05 0.36 14 -1.32 0.07 0.34 42
diff. grp females -1.69 0.12 -1.43 43 -0.87 0.06 1.48 82 -2.06 0.05 -1.12 276
diff. grp mixed -2.00 0.15 -0.76 46 -1.12 0.05 0.43 68 -1.81 O.CH -1.44 214

Between-evening (Spearman’s r)
Distribution statistics of the results of Spearman's rank correlations quantifying between-evening temporal 
range overlap. Correlation coefficients (Spearman's r or r j  were classified into 6 sex/group classes. There 
was very little skewness, so this was not tabulated. Positive means indicate association between 
individuals in the class.

1 9 8 7 - 1988........... 1989— -
s e x / g r p
c l a s s

mean SE N mean SE N mean SE N

same grp males 0.47 0.05 2 0.66 1 0.45 0.05 3
same grp females 0.59 0.04 13 0.54 0.04 9 0.49 0.04 24
same grp mixed 0.63 0.04 13 0.59 0.03 16 0.49 0.03 35
diff. grp males 0.55 0.04 8 0.40 0.02 14 0.41 0.03 42
diff. grp females 0.57 0.02 43 0.41 0.02 82 0.41 0.01 276
diff. grp mixed 0.57 0.02 46 0.41 0.02 68 0.42 0.01 214

Association by proximity (proximity t-values)
Distribution statistics of proximity t-values for each of the 6 sex/group classes in all three years.

- 1 9 8 7 - - 1 9 8 8 - -1989-
s e x / g r p me an SE skew N me an SE skew N mean SE skew N
c l a s s
same grp males - . - -0.997 - . - - . - 1 -0.66 - . - 2
same grp females -0.82 0.34 0.34 4 -0.62 0.55 0.46 5 -0.39 0.25 0.34 21
same grp mixed -1.33 0.55 0.32 9 -0.87 0.33 -1.28 14 -0.77 0.37 -0.97 25
diff. grp males -0.18 0.65 -0.16 9 0.05 0.31 1.27 14 0.04 0.27 0.03 26
diff. grp females -0.46 0.55 0.60 :20 -0.54 0.19 -1.92 70 0.22 0.19 2.66 216
diff. grp mixed 0.02 0.28 0.26 ;31 -0.16 0.22 0.88 64 -0.18 0.17 -2.37 145
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Appendix 4.1 Intrasexual social ranks of rabbits used in analyses, with some information mentioned in 
the text of Chapter 4. Symbols: 'ps-pawscrape, 'pr"=parallel run, 'ch-chase, 'f=fight, 'sm-scentmark. 
Dominants are shown in bold. l=dominant, 2=not dominant.
1988
social rabbit intergrp social max. length
group identity activity status testes recorded /mn

1 m27 ps pr 1 21
f30 1
f34 ch 1

2 m44 ch sm pr 1 25
133 2
f35 ch 1

3 m223 ch sm f 1 13
f41 ch 1
fl54 2

4 m223 ch sm f 1 13
f93 ch f 1
f l9 3 ch 1

5 m208 ch sm 1 20
fl34 ch 2
f300 ch 1

6 m I84 ch sm f 1 21
f l lO 1
f l8 2 ch 1
1224 2

7 m l8 4 ps 1 21
ml95 2 2
184 2
f l8 2 1

Chases/displacements/fights used to ascribe social status in 1988. The rabbits in the rows chased displaced 
or fought the number of times in the row. Pairs which did not interact have nothing entered. * During 
range expansion into M184’s territory.

1988 Group 1M184 M195
Group 1. E30 and F34 chased younger females, M184 X 4
but not each other, so are both scored I. M195 1* X

Group 2 F33 F35
F33 X 0
F35 3 X

F41 F154 Group 6 FI 10 F182 F224
F41 X 5 FllO X 4
F154 0 X FI 82 X 2

F224 0 0 X

Group 3

Group 4 F93 and F193 chased younger females, 
but not each other, so are both scored 1.

Group 5
F134
F300

F134 F300
X 0
2 X

Group 7
F84 
FI 82

F84
X
2

F182
0
X

con tin u ed
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Appendix 4.1 continued. See p233 for legend.
1989
social rabbit intergrp social max. length
group identity activity status testes recorded /mm

1 m44 pa I 20
m219 2 18
f34 1
130 ?
1209 2
1233 ?

2 m44 pa 1
133 2
f35 I

3 m278 1 17
f41 1
1264 2

4 m223 f 1 ?
m245 2 17
f93 1
f l9 3 1
1225 2
1251 2

4a m204 ch sm ps 1 12
f l8 9 ch f 1
fl97 2
fl98 2

4b m200 ch sm p s 1 18
1221 2
1227 2
1243 2

5 m208 ch ps sm 1 20
m248 sm 2 5
f l3 4 ch 1
1214 2
1300 ?

6 m l8 4 ch ps 1 18
fllO ?
1224 ?

7 m l8 4 pa 1 18
f84 ch 1
fl96 ?
1202 2

con tin u ed
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Appendix 4.1 continued. 1989. (See legend for 1988). 

Group 1
M44 
M219

Group 4
M44
M245

Group 5
M208
M248

M44 F219 Group 1 F30 F34 F209
X 1 F30 X
0 X F34 X 1

F209 0 X

Group 2 F33 F35 F233
F33 X 0
F35 2 X
F233 X

Group 3 F41 F264
F41 X 2
F264 0 X

M223 F245 Group 4 F93 FI 93 F225
X 3 F93 X 2
0 X F193 X 1

F225 0 0 X
F251 0

Group 4a F189 F197 FI 98
F189 X 2 3
F197 0 X 1
F198 0 X

Group 4b F221 F227 F243
F221 X 1 0
F227 0 X 1
F243 1 0 X

M208 M248 Group 5 F134 F214 F300
X 6 F134 X 1
0 X F214 0 X

F300 X

Group 7 F84 FI 96 F202
F84 X 1
F196 X
F202 0 X

Appendix 4.2. Definition and interpretation of behaviours.

See Methods, chapter 4, for vigilant/feeding and aggressive behaviour.

Social olfaction

i enurination. Only one type of enurination was recorded, although whether the target was a 

conspecific or object was recorded. Enurination was scored when a rabbit jumped vertically (up to Im), 

twisted, and squirted a stream of urine. In the present study there were 32 bouts of enurination towards 

rabbits where both participants were known: all were by males to females. Thus enurination was regarded 

here as communicating information between the sexes. Females may use cues from male urine to assess 

the condition of potential mates (Bell, 1985).

ii/ Scrapmg (pawscraping) was recorded when a rabbit scraped at the ground with a few rapid strokes of 

both paws in alternation. Sometimes this was in isolation, and in a few instances appeared to represent a
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threat display with two individuals performing pawscrapings in parallel. Bell (1980) presented aguments 

that pawscraping was related to communication via odours. Pawscraping was regarded as a territorial 

warning display.
iii/ Chinning could be seen clearly when performed; the rabbit would raise its head and rub its chin for a 

few stokes on a conspecific or object (usually a post or burrow entrance). It is assumed here that this marks 

the object or individual as 'property' of the chiimer or its group. The presence of more conspecifics leads to 

a greater rate of chinning, sniffing and pawscraping in males but not in females (Cowan, 1983).

iv7 A parallel run is the behavioiu-al interaction between two rabbits culminating in a medium speed or 

fast run in the same direction, with the interactants running parallel a few meters apart. This is considered 

to be exclusively intergroup behaviour (Cowan, 1983).

Sexual/amicable behaviour 

i/ approach. The modal state for rabbits during behaviour watches was feeding a few meters from the 

nearest individual. Occasionally rabbits would move slowly so that they were within 0-0.5m of each other: 

this was scored as an approach. Such movements would not be expected unless there were a social 

interaction occurring. During feeding, isolated rabbits hop 1-2 times a minute to encounter new feeding 

areas (Cowan, 1983). Thus it is unlikely that they would choose to be so close to another rabbit if simply 

feeding. On initiating sexual interactions, a male would move at a slow pace towards a female, who would 

usually move off. This would be scored as an approach.

ii/ groom lick. Rabbits were seen to lie side by side, and one would lick the face and ears of the other, 

iii/ head-to-head; involves two rabbits not feeding, lying with their faces nearly touching. This can 

occur without grooming or any obvious outcome.

iv/ sexual following. If the approach sequence was repeated two or more times in succession, sexual 

following was scored: this graded into more vigorous sexual chasing, but these have not been separated. 

Sexual following was distinct from displacement as the speed of the approaching rabbit was slower in the 

former, and sexual following consisted of at least 2 or 3 approaches.

v/ circling. During sexual advances, males often moved around the female in a circle about 2^4m in 

diameter. Sty lized tail-flagging and stiff-1 egged display of the male hindquarters ('parade' and 'false retreat') 

were not obvious (Southern, 1948).

vi/ enurination often occurred at this time. It is interesting to note that Southern reported various types 

of enurination consistent with Bell (1980), but he specifically stated that jumping over the female and 

downward enurination was rarely seen. However, this was the type that predominated at Bridgets Farm.

vii/ moimting. Descriptions of coitus in rabbits are rare probably because of low frequency in dayhght 

hours. Mountings and attempted moimtings were seen at Bridgets Farm, but not numerous repeated 

motmtings with thrusting by the male (Rowley and Mollinson, 1955).

Locomotion

Three behaviours were recorded, a  hop was scored when a rabbit rapidly pulled its back legs forward 

during feeding (Cowan, 1983). hi step was similar, but one leg at a time would be brought forward, cl 

‘run’ was scored when rabbits moved at a medium or fast pace with no apparent aim other than moving 

elsewhere.

236



A ppendix 5.1. Deviation of observed allele frequencies from Hardy-Weinberg Equilibrium expectation in 
the sampled adults (1986).

BRIDGETS 1986

Locus Class
Observed
frequency

Expected
frequency

Chi-
square DF P

ADA F-F 11 11.250
F-M 19 20.500
F-S 4 2.000
M-M 11 9.339
M-S 0 1.822
S-S 0 .089 4.322 3 .229

DIA F-F 18 19.558
F-S 22 18.884
S-S 3 4.558 1.171 1 .279

BETA GLOBIN F-F 40 40.052
F-S 3 2.895
S-S 0 .052 .056 1 .813

ALB F-F 2 2.641
F-S 9 7.719
S-S 5 5.641 .441 1 .507

ESI F-F 21 20.455
F-S 18 19.091
S-S 5 4.455 .144 1 .705

Cas A-A 3 1.339
A-B 3 5.179
A-C 6 7.143
B-B 7 5.006
B-C 12 13.810
C-C 11 9.524 4.419 3 .220

IgB A-A 5 6.422
A-B 10 10.578
A-C 14 10.578
B-B 5 4.356
B-C 8 8.711
C-C 3 4.356 2.029 3 .566

IgA A-A 22 22.050
A-B 2 2.800
A-C 17 16.100
B-B 0 .089
B-C 2 1.022
C-C 2 2.939 1.603 3 .659

IgD/E A-A 5 6. 806
A-B 17 15.556
B-B 8 5.833
B-C 8 8. 889
S-C 7 6.667
C-C 0 1.250 2.773 3 .428

(con tin u ed )
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Appendix 5.1. (continued)
Deviation of observed allele frequencies from Hardy-Weinberg Equilibrium expectation in young bom 
(1987).

BRIDGETS 1987

Locus Class
Observed
frequency

Expected
frequency

Chi-
square DF P

ADA F-F 25 26.369
F-M 43 40.262
M-M 14 15.369 .379 1 .538

DIA F-F 41 39.903
F-S 31 33.194
S-S 8 6.903 .349 1 .554

BETA GLOBIN F-F 74 74.051
F-S 4 3.897
S-S 0 .051 .054 1 .816

ALB F-F 1 2.083
F-S 13 10.833
S-S 13 14.083 1.080 1 .299

ESI F-F 52 54.167
F-S 26 21.667
S-S 0 2.167 3.120 1 .077

CAS A-A 4 1.704
A-B 5 7.901
A-C 9 10.690
B-B 8 9.158
B-C 30 24.782
C-C 15 16.764 5.856 3 . 119

IgB A-A 16 18.211
A-B 10 9.526
A-C 23 19.052
B-B 1 1.246
B-C 5 4.983
C-C 3 4.983 1.948 3 .583

IgA A-A 26 27.586
A-B 2 1.379
A-C 26 23.448
B-B 0 .017
B-C 0 .586
C-C 4 4.983 1.445 3 .695

IgD/E A-A 8 13.039
A-B 28 21.336
A-C 11 7.586
B-B 6 8.728
B-C 5 6.207
C-C 0 1.103 7.756 3 .051

con tin u ed
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Appendix 5.1. (continued)

Deviation of observed allele frequencies from Hardy-Weinberg Equilibrium expectation in the sampled 
young bom (1988).

BRIDGETS 1988

Locus Class
Observed
frequency

Expected
frequency

Chi-
square DF P

ADA F-F 14 17.852
F-M 38 29.754
F-R 0 .541
M-M 8 12.398
M-R 1 .451
R-R 0 .004 5.891 3 .117

DIA F-F 33 32.463
F-S 23 24.074
S-S 5 4.463 .121 1 .728

BETA GLOBIN F-F 56 56.067
F-S 4 3.867
S-S 0 .067 .071 1 .789

ALPHA GLOBIN F-F 0 .272
F-S 5 4.457
S-S 18 18.272 .342 1 .559

ALB
F-F 2 3.125
F-S 11 8.750
S-S 5 6.125 1.190 1 .275

ESI F-F 46 45.938
F-S 13 13.125
S-S 1 .938 .005 1 .941

CAS A-A 0 .706
A-B 8 5.882
A-C 4 4.706
B-B 8 12.255
B-C 26 19.608
C-C 5 7.843 6.166 3 .104

IgB A-A 5 5.840
A-B 13 8.458
A-C 6 8.861
B-B 0 3.063
B-C 8 6.417
C-C 4 3.361 7.058 3 .070

IgA A-A 16 14.694
A-B 2 1.917
A-C 12 14.694
B-B 0 .063
B-C 1 .958
C-C 5 3.674 1.157 3 .763

IgD/E A-A 7 6.250
A-B 11 12.917
A-C 5 4.583
B-B 7 6.674
B-C 6 4.736
C-C 0 .840 1.606 3 .658

con tin u ed
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Appendix 5.1. (continued)
Deviation of observed allele frequencies from Hardy-Weinberg Equilibrium expectation in the sampled 
young bom (1989).

BRIDGETS 1989

Locus Class
Observed
frequency

Expected
frequency

Chi-
square DF P

ADA F-F 8 8.755
F-M 24 21 .781
F-R 0 1.281
F-S 1 .427
M-M 12 13 .547
M-R 3 1.594
M-S 0 .531
R-R 0 .047
R-S 0 .031
S-S 0 .005 4.373 6 .626

DIA F-F 9 8 .895
F-S 8 8 .211
S-S 2 1,.895 .012 1 .911

BETA GLOBIN F-F 29 30 .880
F-S 19 15,.240
S-S 0 1,.880 2.923 1 .087

ALPHA GLOBIN F-F 0 .400
F-S 4 3,.200
S-S 6 6..400 .625 1 .429

ALB F-F 6 5,.510
F-S 11 11,.979
S-S 7 6,.510 .160 1 .689

ESI F-F 36 36..750
F-S 12 10..500
S-S 0 .750 .980 1 .322

CAS A-A 0 .094
A-B 2 1..438
A-C 1 1.,375
B-B 5 5..510
B-C 11 10,,542
C-C 5 5..042 .484 3 .922

IgB A-A 6 4.,673
A-B 6 7.,269
A-C 9 10. 385
B-B 2 2.,827
B-C 11 8. 077
C-C 5 5.,769 2.185 3 .535

IgA A-A 9 9. 750
A-B 3 4. 500
A-C 18 15. 000
B-B 1 519
B-C 4 3. 462
C-C 4 5. 769 2.229 3 .526

IgD/E A-A 3 4. 926
A-B 13 13. 135
A-C 8 4. 014
B-B 10 8. 757
B-C 3 5. 351
C-C 0 •818 6.741 3 .081
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Appendix 5.1. (continued)
Deviation of observed allele frequencies from Hardy-Weinberg Equilibrium expectation in each year in the 
sampled adults from Braemore.

BRAEMORE

Observed Expected Chi-
Locus Class frequency frequency square DF P

ADA F-F 0 .450
F-M 2 3.300
F-R 1 . 750
F-S 3 1.050
M-M 9 6.050
M-R 2 2.750
M-S 0 3.850
R-R 0 .313
R-S 2 .875
S-S 1 .613 12.164 6 .058

DIA F-F 7 7.200
F-S 10 9.600
S-S 3 3.200 .035 1 .852

BETA GLOBIN
F-F 11 10.512
F-S 7 7.975
S-S 2 1.513 .299 1 .585

ALPHA GLOBIN F-F 0 .031
F-S 1 .938
S-S 7 7.031 .036 1 .850

ALB F-F 3 3.375
F-S 3 2.250
S-S 0 .375 .667 1 .414

ESI F-F 4 2.813
F-S 7 9.375
S-S 9 7.813 1.284 1 .257

CAS A-A 0 .015
A-B 0 .353
A-C 1 .618
B-B 1 2.118
B-C 10 7.412
C-C 5 6.485 2.438 3 .487

IgB A-A 1 .645
A-B 5 4.421
A-C 0 1.289
B-B 6 7.579
B-C 7 4.421
C-C 0 .645 4.039 3 .257

IgA A-A 4 2.961
A-B 4 4.342
A-C 3 4.737
B-B 1 1.592
B-C 5 3.474
C-C 2 1.895 1.925 3 .588

IGD/E A-A 3 3.368
A-B 9 8.421
A-C 1 .842
B-B 5 5.263
B-C 1 1.053
C-C 0 .053 .178 3 .981
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Appendix 5.2 No. heterozygotes observed and expected at Hardy-Weinberg equilibrium in the 5 samples
from Bridgets Farm and Braemore Estate.

Observed  Expected 
Locus h e t e r o z y g o t e s  h e t e r o z y g o t e s

F i x a t i o n  
index (F) D

Bridgets
Ada

1986
23 24.322 .054 -.054

dia 22 18.884 .165 .165
p globin 3 2.895 -.036 .036
alb 9 7.719 -.166 .166
esl 18 19.091 .057 -.057
cas 21 26.131 .196 -.196
IgGb 32 29.867 -.071 .071
IgGa 21 19.922 -.054 .054
IgGd/e 32 28.056 -.141 .141
Bridgets
Ada

1987
43 40.262 -.068 .068

dia 31 33.194 .066 -.066
P globin 4 3.897 -.026 .026
alb 13 10.833 -.200 .200
esl 26 21.667 -.200 .200
cas 44 43.373 -.014 .014
IgGb 38 33.560 -.132 .132
IgGa 28 25.414 -.102 .102
IgGd/e 44 35.129 -.253 .253
Bridge ts
Ada

1988
39 30.746 -.268 .268

dia 23 24.074 .045 -.045
P globin 4 3.867 -.034 .034
a  globin 5 4.457 -.122 .122
alb 11 8.750 -.257 .257
esl 13 13.125 .010 -.010
cas 38 30.196 -.258 .258
IgGb 27 23.736 -.138 .138
IgGa 15 17.569 .146 -.146
IgGde 22 22.236 .011 -.011
Bridgets
Ada

1989
28 25.646 -.092 .092

dia 8 8.211 .026 -.026
p globin 19 15.240 -.247 .247
a  globin 4 3.200 -.250 .250
alb 11 11.979 .082 -.082
esl 12 10.500 -.143 .143
cas 14 13.354 -.048 .048
IgGb 26 25.731 -.010 .010
IgGa 25 22.962 -.089 .089
IgGde 24 22.500 -.067 .067
B raem o re
Ada 10 12.575 .205 -.205
dia 10 9.600 -.042 .042
P globin 7 7.975 .122 -.122
a  globin 1 .938 -.067 .067
alb 3 2.250 -.333 .333
esl 7 9.375 .253 -.253
cas 11 8.382 -.312 .312
IgGb 12 10.132 -.184 .184
IgGa 12 12.553 .044 -.044
IgGd e 11 10.316 -.066 .066
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A ppendix 5.3. Pairwise exclusion of parents by genetic incompatibility.

1988 m aternal genetic exclusions by social group, in order of date of birth of offspring. 
‘s’=possible with same group (as offspring) male; ‘n’=possible with neighbouring group (to offspring) 
male; ‘o’=possible with non-neighbouring male group; ‘x’=excluded with all sampled males. No data is 
entered where the female was excluded outright. Females which were known to have died or been removed 
prior to the birthdate of the offspring in question are marked with a Known, but unsampled females are 
in brackets. Females which were members of more than one groiq) are placed with both and underUned in 
the less frequented. ‘Offs.’=offspring number, dob' = date of birth. Italicized identities=tagged Braemore
rabbits.

Group 1 offspring potential mothers
1 2

O f f s . dob 3 0 3 4 1 6 5 2 0 5 2 6 5 33 35 172

203 07.03.88 X n o X
204 07.03.88 s n o o

206 08.03.88 s X X X X X X X

209 13.03.88 s n o s n o n o s n o s n o
262 06.04.88 s n o n o n o o

230 22.04.88 n X X s n o s n o 11 X X

237 04.05.88 n n X
246 06.05.88 o o o o 0
242 16.05.88 n o n X X

239 17.05.88 n X X X
229 18.05.88 n o o o
235 21.05.88 n o n o

236 22.05.88 n o n o
263 10.07.88 X - - X X s

Group 2 offspring potential m others
1 2 3

O f f s . d ob 30 34 165 205 265 3 3 3 5 1 7 2  24 4  154

245 29.03.88 n n X n
240 29.05.88 s n o X X s n o X X X X
238 31.05.88 s n o s n o s n o s n o s n o  s n o
257 22.06.88 s n s n o n s n o s n o  s n o
260 22.06.88 s s n o s X s s n
256 23.06.88 s s s X s
258 24.06.88 s
259 26.06.88 s s o s s s n o n s s o
261 26.06.88 s s o s s s n o X s s o

Group 3 offspring potential mothers
2 3

O f f s . dob 33 35 172 185 2 4 4 1 5 4 1 9 1 ( 4 1 )  93

190 04.02.88 s X X ? X
210 11.03.88 X n o X n o ?
249 10.04.88 o o ?
241 04.05.88 ?
264 06.07.88 X X - ?

(41)
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Appendix 5.3 (continued)
1988 maternal genetic exclusions (continued)
Group 4 olTspring potential mothers  

4 _______
O f fs . d o b  244 154 191 (41) 9 3 1 9 3 106 134 (:

189 08.02.88 X n o X n o ?

214
197

01.03.88
03.03.88

s o
s o

s o
s n o

X ?
?

198 03.03.88 o s o ?
199 05.03.88 X X X X s n o X ?

200 06.03.88 o s o ?

219 09.03.88 s X X s o ?

250 18.06.88 - s X - ?
251 18.06.88 - s o - ?

252 18.06.88 - s - ?

247 20.06.88 - s X - ?

254 20.06.88 - s X - X ?

248 21.06.88 - s X - ?

(300)

{caught by field hole, 11 Ox, 53y.
225 25.04.88 only possible known female is in group 6 F224, with M l94.
222 27.04.88 only possible known female is in group 6 (224)
220 28.04.88 only possible known females are in group 6: excluded with known males
255 08.04.88 no known female possible}

Group 5 offspring
4 5

potentia l mothers
6

O f f s . d ob 93 193 1 0 6 1 3 4 ( 3 0 0 ) 110 170 173 182 2 2 4 226

186 12.02.88 X sno ? X X X

221 19.04.88 X - n ? X X

217 23.04.88 X - ? X o
212 23.04.88 - n ? X X

213 23.04.88 X X - n ? - X X X

216 24.04.88 X - n ? X - X X X

218 24.04.88 X X - no ? X - X X X

227 15.05.88 X X - sn ? X - - X X X

243 17.05.88 - so ? - - so
228 18.05.88 - sn ? - - s s

Group 6 offspring
5

potentia l m others
6 _7_

O f f s . d ob 106 134 (300) 1 1 0  1 7 0 1 7 3 1 8 2 2 2 4 2 2 6 84

215 22.04.88 sn ? X X

231 25.05.88 - ? - - n
232 25.05.88 - ? - - n
233 25.05.88 - ? - - n
234 04.06.88 - ? - - n

Group 7 offspring potentia i m others
6 _7_

O f f s . dob 110 170 173 182 22 4  226 106 8 4

187 07.02.88 X so X 0 X sno X

188 13.02.88 X X X so
196 06.03.88 o o X

202 09.03.88 so 0
207 10.03.88 X so X

continued
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Appendix 5.3 (continued)
1988 paternal genetic exclusions by social group, in order of date of birth of offspring. 
‘s’=possible with same group (as offspring) female; ‘n’=possible with neighbouring group (to offspring) 
female; ‘o’=possible with non-nieghbouring female; ‘x’=excluded with all sampled females. No data is 
entered where the male was singly excluded. Males which were known to have died or been removed more 
than one month prior to the birthdate of the offspring in question are marked with a . ‘Offs.’=offspring 
number, ‘dob’= date of birth. Itahcized identities=tagged Braemore rabbits.

3/4
potential
______ 5

fathers

O f f s . dob 27 164 29 44 180 223 177 201 20 8  211 26 184 192 194 153 163795
Group
203

1
07.03.88 X X s s X X X X

204 07.03.88 s X s s s n X
206 08.03.88 X s X

209 13.03.88 n s s n X s s n s n
262 06.04.88 s - s s - s n - n - X
230 22.04.88 s - s s s - - X - X
237 04.05.88 - - s - - -

246 06.05.88 X - - n s n - - -

242 16.05.88 - - s n - X - - n - - -

239 17.05.88 - - s - X - - - - -

229 18.05.88 - - s - - s n - X - - . _

235 21.05.88 X - - s - - s - - - - -

236 22.05.88 X - - s - - s - - - - -

263 10.07.88 n - - - s - - - - - - - -

Group
245

2
29.03.88 n X X

240 29.05.88 s - - s n - s n - - - - s n - . - _

238 31.05.88 s - - s n - s n - - - - s n - - - -

257 22.06.88 s - - s n - s n - - - - s n - - - -

260 22.06.88 n - - n - - - - - n - - - _

256 23.06.88 - - s n - - - - - - -

258 24.06.88 - - n - - - - - - -

259 26.06.88 s - - s n - s - - - - s n - -

261 26.06.88 s - - s n - X - - - - s n - - - s n
Group
190

3
04.02.88 X n X

210 11.03.88 s s n s n X X X X
249 10.04.88 s - - n - n
241 04.05.88 - - 0 - - - .

264 06.07.88 - - - X - - - - -

Group
189

4
08.02.88 X s n X X X

214 01.03.88 n X X s n o n s
197 03.03.88 sn n X s n
198 03.03.88 n s
199 05.03.88 X s s s X s
200 06.03.88 X X s n
219 09.03.88 n n X
225 25.04.88 - - - - o
2 2 2 27.04.88 - - - - n
220 28.04.88 - - - -

250 18.06.88 - - X - s - - - - X - -

251 18.06.88 - - s - s - - - - s - .

252 18.06.88 - - X - s - - - - X -

247 20.06.88 - - - s - - - -

254 20.06.88 - - - s - - - - -

248 21.06.88 - - - s - - - - - -
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Appendix 5.3 (continued)
1988 paternal genetic exclusions (continued)

potential
.1___ . 2 _ 3 /4

O f f s . dob 27 164 29 4 4 180 223 ;
Group
186

5
12 .02 .88 s X s s n X s

221 19 .04 .88 - s
217 2 3 .0 4 .8 8 - n
212 2 3 .0 4 .8 8 X - X s
213 2 3 .0 4 .8 8 X - s s
216 2 4 .0 4 .8 8 X X X X s
218 2 4 .0 4 .8 8 X s s s s
227 1 5 .05 .88 X - X s X
243 1 7 .05 .88 - sn - -

228 18 .05 .88 - - X

Group
215

6
2 2 .0 4 .8 8 X X n

231 2 5 .0 5 .8 8 - -
232 2 5 .0 5 .8 8 - -

233 2 5 .0 5 .8 8 - -

234 0 4 .0 6 .8 8 - - -

Group
187

7
0 7 .0 2 .8 8 n n n n n

188 1 3 .02 .88 X o o

196 0 6 .0 3 .8 8 n sn
202 0 9 .0 3 .8 8 s s
207 10 .03 .88 n n

fathers
5

177 201  208  211 2 6  184 792 194 153 1 6 3 7 9 5

X

s
sn
sn

1989 maternal exclusions
Group 1 offspr.

1
potentiai mothers

2
O f fs . d ob 3 4 2 0 9 2 3 3 2 6 2 3 0 33 35 240
296 18 .03 .89 X s n o 0 X - o
297 18 .03 .89 o n o 0 o s o

309 2 1 .0 3 .8 9 X X s o X

298 2 2 .0 3 .8 9 o o X o o o s o

312 2 0 .0 6 .8 9 s o n o s n o s o o s

Group 2 offspring
1

potential mothers
2 3

O f fs . d ob 3 4 209 233 262 402 3 0 3 3 3 5 2 4 0 190 264  (41)
31 4 26 .0 1 .8 9 o X X X X ?
293 2 4 .0 3 .8 9 - sn sn 7
316 12 .04 .89 X no - no no no no no  ?
317 2 1 .0 4 .8 9 sno - so sno so sno so sno ?

Group 3 offspring potential mothers
2 3 4 4a 4b

O f fs . d ob 30 33 35 240 1 9 0  2 6 4 ( 4 1 ) 9 3 193 225 251 189 197 198 221 227 243
282 11 .01 .89 o X ? o

289 16 .01 .89 s s s ? s n o X s n o

327 1 9 .03 .89 n o ?
325 13 .04 .89 n o n o n o n o n o n o ? n o n o n o n o n o

305 13 .05 .89 X X ? X X X X

329 0 7 .0 6 .8 9 s n o X s o X s n o ? o X o X o s o s n o s n o
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Appendix 5.3 (continued) 
1989 m aternal exclusions (continued)
Group 4/4a offspring potential  mothers

3 4 4 a 4b 5
O f f s . dob 190 264 (41) 9 3  1 9 3  2 2 5  2 5 1 1 8 9 1 9 7 1 9 8 221 227 243 134 214228(300)
275 02.01.89 n o ? X X X n o X n o n o  ?

270 04.01.89 s o  o ? s o  s n o  s o s n o  s n o n o o X X X s n o  X ?

272 04.01.89 ? s n o o s n o  ?

273 04.01.89 ? n n  n s n n s n o  ?

276 11.01.89 s n o ? s n o  n o  s n o s n o s n  ?

277 07.01.89 ? s o ?
318 08.03.89 ? s n X ?
311 10.06.89 s ? s n o s n o  n ?

Group 4b /5 offspring
4a

potential
4 b

mothers  
  5

93 193225251  189 197 198 2 2 12 2 72 4 3 1 3 4  2 1 4  2 2 8  ( 3 0 0 )  84  110 224 231523 407
O f f s . d ob
271 28.12.88 s s ?
274 02.01.89 s s s s s s ?
280 09.01.89 s ?
279 11.01.89 s s s ? sno
284 16.01.89 sn sn ? o
281 18.01.89 X X X X X X s X ?
290 10.03.89 X X X X X X ? X
321 12.04.89 s s ? -

322 12.04.89 s X s X X X X X X s ? X -

306 28.04.89 n n n n no no sno n sno ? -

320 07.05.89 no no no no sno sno no o sno ? -

319 17.06.89 X sn X s X ? -

Group 6 offspring potent ial  mothers
  6____ 7

O f f s ,  dob 134 214 228 (300) 8 4  1 10  2 2 4  2 3 1  3 2 3  4 0 1  182 196 202 220
283 22.12.88 X n n o X X
287 01.01.89 X s s n s
288 01.01.89 s so
286 08.01.89 o o o o no no o o o o
291 12.01.89 o o o
324 08.03.89 sno sno sno
308 06.05.89 X n '■) X sn s no - s X X

313 19.05.89 X X 9 s - X X

310 19.06.89 X X 9 X so - X X

Group 7 offspring potential mothers
6 7

O f f s . d ob  84 110 224 231 323 401 1 8 2 1 9 6 2 0 2 2 2 0
328 08.05.89 n n
326 24.05.89 X - n n
307 31.05.89 no - n n
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Appendix 5.3 (continued)
1989 male exclusions

potential fathers
1 _2_ _3_ ___ 4. _4 a_ _4b_ 5 6 7

O f fs . d o b 27  219  255 4 4 278 223 245 204 200 2 0 8 248 184 256 403 40 0
G ro u p
296

1
18 .03 .89 X X s sn s s s X s s s . .

297 18 .03 .89 X s s s s s X sn s s s - -

309 21 .0 3 .8 9 n n X - -

298 2 2 .0 3 .8 9 n X X X sn X X X X - -

312 2 0 .0 6 .8 9 - sn sn sn sn sn sn - -
G ro u p
314

2
2 6 .0 1 .8 9 X X X X n

293 2 4 .0 3 .8 9 s s - -

316 12 .04 .89 - sn sn n n sn - -
317 2 1 .0 4 .8 9 - sn sn sn sn n sn sn - -
G ro u p
282

3
11 .01 .89 n X X

289 16 .01 .89 - n n n n n n
327 2 4 .0 5 .8 9 - s s - -
325 13 .04 .89 - sn sn sn n sn sn - -

305 1 3 .05 .89 - X X X X X X - -

329 0 7 .0 6 .8 9 - sn sn n sn sn sn - -
G ro u p  4
275 0 2 .0 1 .8 9 n n n X n
270 0 4 .0 1 .8 9 sn sn sn sn sn sn sn sn sn sn
272 0 4 .0 1 .8 9 sn X sn sn sn
273 0 4 .0 1 .8 9 sn sn sn sn sn sn STl sn
277 0 7 .0 1 .8 9 n n
276 11 .01 .89 n n sn n sn sn n sn n - -
311 10 .06 .89 - n sn sn n sn sn - -
318 0 8 .0 3 .8 9 - n n n n n - -
G ro u p
271

5
2 8 .1 2 .8 8 X X n X

274 02 .0 1 .8 9 X X X X sn X X
280 09 .0 1 .8 9 X X X s
279 11 .01 .89 n n n n - X n n sn X X X
284 16 .01 .89 n X n s X
281 18 .01 .89 X X s X
290 10 .03 .89 X X X
321 12 .04 .89 - X X X s X - -
322 12 .04 .89 - X X X X sn X - -
306 2 8 .0 4 .8 9 - sn sn sn sn sn - -
320 0 7 .0 5 .8 9 - n sn sn sn n sn sn - -
319 17 .06 .89 - s X - -
G ro u p
283

6
2 2 .1 2 .8 8 n sn

287 0 1 .0 1 .8 9 X s sn X
288 0 1 .0 1 .8 9 s s s
286 0 8 .0 1 .8 9 s s sn s s s n s s s X X
291 12 .01 .89 sn s
324 0 8 .0 3 .8 9 n X n n n X n n - -

308 0 6 .0 5 .8 9 - s X s sn X - .
313 19 .05 .89 - X s s - -
310 19 .06 .89 - s X X s - -
G ro u p
328

7
0 8 .0 5 .8 9 so

307 3 1 .0 5 .8 9 - n X n sn n n - -
326 2 4 .0 5 .8 9 - X X X X X s X - -
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