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ABSTRACT

This thesis addresses the question of whether social
transmission could play an evolutionary role by allowing
learned behaviours to spread through animal populations,
changing their selection pressures and resulting in a
significant genetic response.

The answer to this question

hangs critically on the nature and stability of social
transmission, and consequently this was the focus of the
empirical component of the thesis.

Laboratory studies of

social learning and social transmission in Norway rats were
conducted employing two empirical paradigms: (a) the
transmission of foraging information amongst animals digging
for buried food; and (b) the transmission of food
preferences by excretory marking of food sites.

Simple

experiments were conducted first to establish whether social
learning was taking place, and to investigate the learning
mechanism.

Secondly, transmission studies investigated the

passage of foraging information or food preferences along
chains of animals.

The foraging for buried food experiments

established that the foraging efficiency of naive animals
could be enhanced by social learning, and this elevation in
performance could be transmitted along chains of animals.
The food site marking experiments found that rats can mark
food sites with their excretory products, rendering those
sites more attractive to conspecifics than unmarked sites,
1

and resulting in the communication and social learning of
food preferences.

Transmission studies found that enhanced

levels of consumption of particular diets could be
transmitted along chains of animals.

Both sets of

experiments identified factors which affect the stability of
socially transmitted traits.

A second, theoretical

component to the thesis employed simple mathematical models
to investigate the interaction between "memes" and genes in
evolution.

This exercise allowed an assessment of three

hypotheses concerned with the role of social transmission in
evolution.

The relevance of the empirical and theoretical

findings are discussed, and suggestions made for further
research.
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1. INTRODUCTION TO THESIS

"...the strict assumptions of neo-Darwinism are
contradicted by...the existence of alternative
hereditary mechanisms"
"...traits that are acquired during a lifetime and
then transmitted are often adaptive in nature: an
animal that knows which berries are edible is more
likely to survive. Given sufficient capacity for
learning and cultural communication, a population
can adapt to its environment by non-genetic means.
The mechanisms of history and of evolution are so
different that it is best to distinguish clearly
between them. However, they may interact."
(Maynard-Smith 1989, pl2).

The goal of this thesis is to investigate the interaction
between "cultural" processes in animals, generated by social
learning, and the processes of biological evolution.

The

thesis attempts to address the question of whether
mechanisms of social learning and transmission can play an
evolutionary role by allowing learned patterns of behaviour
to spread through animal populations, in the process
changing the selection pressures acting on them.

Throughout

the thesis, social learning will refer to any instance when
one individual learns as a consequence of interacting,
directly or indirectly, with another.

Social transmission,

on the other hand, refers to the spread of a learned pattern
of behaviour or mental construct through a population via
social learning mechanisms (Galef 1988).

The empirical

component of the thesis focuses on the nature and stability
of social transmission in Norway rats.

A second,

theoretical, component employs simple mathematical models to
investigate the interaction between learned behaviours and
genes in evolution.
This chapter begins by looking at the history of the
idea of a cultural force in evolution.

This is followed by

a description of how the modern Synthetic theory deals with
this problem.

A third section gives an introduction to

evolutionary models of human culture, and gene-culture
coevolution.

Finally, the chapter concludes with a brief

overview of the thesis.

2.

SOCIAL TRANSMISSION AND EVOLUTION: A BRIEF HISTORICAL

REVIEW
2.1 Darwin and the earlv evolutionary forefathers
The idea of a "cultural" force in evolution is not new;
in fact, its roots can be traced back to Darwin's writings.
In The Descent of Man (1871) Darwin notes that
"Animals...sometimes imitate each others actions" (p44 of
the 1981 Princeton University Press edition) and argues that
"the simple fact...that after a time no animal can be caught
in the same place by the same sort of trap, shews that
animals learn by experience, and imitate each others'
caution" (pl61).

While he does not explicitly mention

social learning, in the Origin of Species (1859) Darwin
claims "... it would be easy for natural selection to fit the
animal, by some modification of its structure, for its

changed habits" (p215 of the 1983 Penguin edition).

He

gives examples of animals and birds in which behavioural
changes may have preceded structural changes, and
established a new niche.

Moreover, in the Origin, inherited

habit was put forward as an additional mechanism of
evolution, and as an explanation for instinct:
"If we suppose any habitual action to become
inherited - and I think it can be shown that this
does sometimes happen - then the resemblance
between what originally was a habit and an
instinct becomes so close as not to be
distinguished" (p235)•
Alfred Wallace, too, placed some emphasis on learning by
imitation in animals (Boakes 1984), and later came to
endorse Baldwin's "Organic selection", hailing it a
substantial contribution to evolutionary theory (Richards
1987).

In Darwin and After Darwin (1895) Romanes proposed

that intelligence might buffer an individual from natural
selection (Richards 1987) and suggested that intelligently
acquired modifications might be important "in furnishing to
natural selection ready-made variations in required
directions" (quoted in Richards 1987).

It was James Mark

Baldwin with his theory of organic selection (1896, 1902),
however, who first conjectured that socially transmitted
behaviours, by changing an animal's niche, could set up
novel selection pressures.
The theory of organic selection was proposed
independently by James Mark Baldwin, Conwy Lloyd Morgan and

Henry Osborn in the 1890s.

Its basic tenet is that

organisms can adapt phenotypically to environmental
problems, for example through learning, and this temporary
adaptation can be subsequently reinforced by natural
selection on heritable variation.

Unfortunately attention

has focused more on Baldwin's somewhat ambiguous (1896)
paper in the American Naturalist, boldly titled "A new
factor in evolution", than on the clearer versions expounded
in Baldwin's (1902) Development and Evolution. Morgan's
(1896) careful contribution, or E B Poulton's (1897)
discussion.
For both Baldwin and Morgan organic selection was an
attempt to define and elaborate the positive role for
behaviour that Darwin initiated in his early work (Richards
1987).

They claimed that the behaviour of organisms directs

evolution, and explains evolutionary trends, a theme which
has since been touched upon by many evolutionary biologists
(Huxley 1942; Waddington 1960, 1975; Mayr 1963, 1982; Wilson
1975).

Baldwin and Morgan, however, suggested that non-

genetic changes in the behavioural phenotype could set up
novel selection pressures.

Baldwin (1902) argued that

conscious, intelligent accommodations to new environmental
problems could direct evolution.

Organic selection "...is a

sort of artificial selection put in the hands of the animal
itself" (pl71).
Baldwin assumed a fairly universal behavioural response

within a group to the immediate environmental challenge,
either by its members each individually adopting the same
response, or as a consequence of social transmission.

For

instance, Baldwin (1902) writes
"The species may profit by the effects of a single
individual's achievements, through social
propagation from one individual to another, and
through the adoption of social and gregarious
modes of behaviour" (p236-7).
Baldwin and Morgan were concerned with the interactions
between two different levels of adaptation
evolution.

during

At one (phenotypic) level, an initial

behavioural (or developmental) accommodation serves as a
prop; at a second (genetic) level, subsequent genetic
variations 'coincident' with the initial accommodation will
reinforce its effectiveness and therefore prove beneficial,
whereas those which work against it will be removed by
natural selection.
important here.

The meaning of the term 'coincident' is

Most critics have assumed that 'coincident'

genetic variants are alleles that increase the probability
of an individual exhibiting the same pattern of behaviour as
that which constitutes the "phenotypic prop" (Simpson 1953;
Mayr 1970).

The major scientific difficulty with this

interpretation was simply that if individual accommodations
were sufficient to preserve an organism, then congenital
variations would have little value and would not be
selected.

For the early proponents of "organic selection"

such as Baldwin, Morgan and Poulton, however, the term

'coincident variations' had a broader interpretation.
'Coincident variations' were any alleles that influence
aspects of the phenotype affected by the novel selection
pressures set up by the change in behaviour, and which were
subsequently selected for.

This can be seen in the below

example, taken from Poulton (1897)
"If the human species were led by fear of enemies
or want of food to adopt an arboreal life, all the
powers of purely individual adaptation would be at
once employed in this direction and would produce
considerable individual effects. In fact, the
adoption of such a mode of life would at first
depend on the existence of such powers. In this
way natural selection would be compelled to act
along a certain path, and would be given time in
which to produce hereditary changes in the
direction of fitness for arboreal life" (p585).
If this interpretation of organic selection is correct, then
it refers to changes that populations of organisms bring
about in their selection pressures as a consequence of their
behaviour.

The hypotheses discussed in this thesis,

concerned with the role of social transmission in evolution,
fall into this category.

[The merits of the theory of

organic selection are further discussed in chapters 8 and
93Despite being backed by several influential biologists,
including Alfred Wallace, Henry Osborn and E.B. Poulton, the
impact of the theory of organic selection was short-lived
amongst evolutionary biologists.

Historical criticism of

what has come to be known as 'the Baldwin effect' (Simpson
1953; Mayr 1970) tends to be founded on errors contained

mainly in Baldwin's first paper.

Much confusion has

resulted from the fact that Baldwin's ideas about
evolutionary theory changed substantially throughout his
lifetime, straddling the discovery of Mendelism, and
becoming virtually Lamarckian in his later writings (Plotkin
1988b)•

Its decline was only partly due to scientific

criticism of the concept, however, and was accelerated by
the scandal surrounding Baldwin's resignation from his Chair
at John Hopkins University (Richard 1987).

Baldwin later

moved to Europe, and subsequently became a major influence
on Piaget.

For the early part of the twentieth century

Darwinian theory itself suffered a decline, and by the time
the new synthesis of Darwinism and Mendelian genetics was
forged in the 1930s, organic selection was no longer a topic
of discussion in evolutionary circles.

2.2 The role of behaviour in evolution
Since the Synthesis, many neo-Darwinians have suggested
that animal behaviour might have a directing, even
accelerating, role in evolution.

In The Ethical Animal

(1960) Waddington develops the concept of the 'exploitative
system', "by which an animal chooses and modifies the
environment to which it will submit itself" (p94), and which
is part source of natural selection pressures:
"Animals are usually surrounded by a much wider
range of environmental conditions than they are
willing to inhabit. They live in a highly
heterogeneous 'ambience', from which they

themselves select the particular habitat in which
their life will be passed. Moreover, not only do
animals exhibit behaviour which can be considered
as the exercise of choice between alternative
environments but in many cases they perform
actions which modify the environment as it is
offered to them; for instance, by building nests,
burrows, etc. Thus, the animal by its behaviour
contributes in a most important way to determining
the nature and intensity of the selective
pressures which will be exerted on it" (p94).

Figure 1.1
Waddington's four causal sub-systems of evolution.

Tha Eiploitive System

Genotypes of generation n

Animal chooses

Possible environments

modifies

Stresses reveal
certain potentialities

Environmental
/niche

The Natural Selective
System

Mutation modifies the
^"selected potentialities

The Scnctic System

Reproduction

Genotypes of generation n + 1

The role of the exploitative system, which Waddington
envisaged to be just one of four factors important in
evolution, is illustrated in figure 1.1 (taken from The
Ethical Animal (1960) Fig. 2 p95).
Lewontin has continued the discussion in a series of
articles concerned with adaptation, and the relationship
between organism and environment in evolution (1978, 1982,
1983a; Levins & Lewontin 1985).

He conjectures

"Organisms do not adapt to their environments;
they construct them out of the bits and pieces of
the external world" (1983a, p280).
This construction process, he argues, has four principal
features: (i) organisms determine what environmental
components are relevant; (ii) they alter the external world;
(iii) they transduce the physical signals of the external
world; and (iv) they create a statistical pattern of
environment different from the pattern in the external
world, for instance, by damping environmental fluctuations
in food supply by storage.

Lewontin claims that

"The importance of these various forms of
dialectic interaction between organism and
environment is that we cannot regard evolution as
the 'solution' by species of some predetermined
environmental 'problems' because it is the life
activities of the species themselves that
determine both the problems and solutions
simultaneously" (1982 pl62).

Other biologists, most notably Ernst Mayr (1963, 1982),
have singled out behaviour as the component of the phenotype

which most commonly initiates major evolutionary events.

In

Animal Species and Evolution (1963) Mayr writes:
"A shift into a new niche or adaptive zone is,
almost without exception, initiated by a change in
behavior. The other adaptations to the new niche,
particularly the structural ones, are acquired
secondarily. With habitat and food selection behavioral phenomena - playing a major role in the
shift into new adaptive zones, the importance of
behaviour in initiating new evolutionary events is
self-evident” (p604).
Another common proposal is that behaviour is an
•evolutionary pacemaker1, meaning that it drives evolution
at a faster rate than would otherwise occur.

A.C. Wilson

and colleagues (Wyles, Kunkel & Wilson 1983; Larson, Prager
& Wilson 1984; Wilson 1985) are the most recent to put
forward this hypothesis.

Wilson argues that

"the basic equation of evolution states that the
rate of evolution within a population equals the
number of mutations arising per unit of time
multiplied by the fraction of those mutations
destined to be fixed" (pl55).
According to Wilson, the opportunity to fix advantageous
mutations arises whenever the direction of selection
changes.

He claims

"There are two basic sources for change in the
direction of selection, which is to say there are
two basic pressures to evolve adaptively. One
comes from outside a species and the other comes
from inside. Evolutionary biologists have tended
to think only about the external factors, such as
environmental change, which is largely driven by
such geologic forces as erosion and mountain
formation. The second pressure to evolve comes
from the brain of mammals and birds. This
internal pressure, a consequence of the power of
the brain to innovate and imitate, leads to
culturally driven evolution" (1985, p!56).
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Wyles, Kunkel & Wilson (1983) originally developed their
concept of 'behavioral drive1 to explain the high rate of
anatomical evolution in primates and birds, particularly
songbirds.
[Behavioral drive] "...relies on two behavioral
components - innovation and social transmission as well as on a large gene pool. Behavioral
innovation refers to the non genetic (or genetic)
origin of a new skill in a particular individual,
leading it to exploit the environment in a new
way. Social transmission refers to the nongenetic spreading of a new skill among members of
the species. Animals without the skill acquire it
either by observing and imitating those who
perform it or by other mechanisms of social
learning. As a consequence of adopting a new
habit, the species faces a new set of selection
pressures favoring those mutations that improve
the individual's effectiveness at living in the
new way" (1983 p4396).
As Wilson himself points out, however, high rates of
anatomical evolution can be accounted for by a variety of
mechanisms, including inbreeding, genetic drift, meiotic
drive, founder effects and population structure (Larson,
Prager & Wilson 1984).

Mainardi (1980) has proposed that

once a species develops a capacity for social transmission
then selection for innovation, exploration, play, teaching,
greater parental care, and other collateral capacities that
facilitate such transmission may ensue.

While such

speculations are intriguing, they are backed up by
relatively little hard data, and the evidence linking causal
mechanism to effect is thin.

Ironically, one of the few

field studies which has generated data pertinent to the

evolutionary pacemaker hypothesis leads Dunbar (1988) to
speculate that one type of social behaviour, the coalitions
formed amongst Gelada baboons, could equally well slow down
the rate of evolution as speed it up.
Several other biologists have made similar claims about
the role of behaviour in evolution, including Hinde (1959),
Hardy (1965), Lorenz (1966), Popper (1972), E.O. Wilson
(1975), Piaget (1979), G Bateson (1979), P Bateson (1988),
Odling-Smee (1988) and Plotkin (1988ab).

In a recent

review, Plotkin (1988) argues that:
"...the approaches of Mayr, Waddington, and Piaget
are representative of the approaches taken by all
previous theorists concerned with the role of
behaviour in evolution. Mayr makes very strong
claims without presenting any detailed findings or
any substantial discussion, Waddington's explicit
statements of causal status are devoid of any
analytical or empirical content, and Piaget's
attempt to explicate mechanisms is made within an
essentially Lamarckian framework" (p4).
2.3 Learning, social learning and evolution
A.C. Wilson is one of relatively few theorists who
specifically mentions learning to be a key source of
behavioural innovation, which at the population level can
set up novel selection pressures.

In 1959 Hinde drew

attention to the way that the learned choices of animals
could affect the subsequent course of evolution.

He argued

that species-specific morphological characters may, in any
given species, make some learned behaviour patterns more
common than others, and may result in species-typical

learned behaviours, which may in turn modify selection
pressures.

More recently, Odling-Smee (1988) has suggested

that it is not legitimate for the Synthetic theory to
"write-off" the capacity of organisms to modify their own
environments exclusively in terms of naturally selecting
inputs, because their phenotypic outputs are also determined
by, amongst other things, learning and culture.

He argues

that the
"... relativity of genes to environments is so
fundamental that it implies the existence of two
routes to fitness instead of one. Active
organisms may bequeath either "better (or worse)
genes" for "anticipated environments" or they may
bequeath "better (or worse) environments" for
"anticipated genes" (p74).
His model of 1organism-environment coevolution• acknowledges
that both organisms and their environments can cause coevolutionary changes in each other.

Endler (1989) agrees

that "we must consider both the effects of the environment
on organisms and the effect of organisms on the environment
in any study of evolution and natural selection" (p330).
Bateson (1988) is another who believes that the Synthetic
theory does not do justice to the active role of behaviour
in evolution.

He notes that animals make active choices,

change their environments and modify their behaviour in
response to changed conditions, all of which may be
influenced by learning, and which are likely to have
consequences of evolutionary importance.
In the most extensive discussion of the ways in which

learning and learned behaviour may be causal factors in
evolution to-date, Plotkin (1988) identifies four roles for
learning in evolution.

One of these is Waddington1s notion

of the exploitative system, which has already been
described.

The others are learned behavioural adaptations,

mate-choice learning, and social learning.
Plotkin argues "the assumption that learning is
adaptive is the assumption that learning operates to
increase the adaptiveness of behaviour" (pl36).

This role

that learning has in evolution is no different from any
other adaptive phenotypic trait.

Plotkin and Odling-Smee

(1979, 1982) have argued that learning has evolved as a
means by which organisms can tune in to relatively fine
grained environmental variation.

Plotkin (1988b) summarises

their model:
"Behavioral adaptations are furnished by genetic
and epigenetic means in a relatively crude form.
This is because the precise nature of the learnerenvironment interaction cannot be predicted? it
can only be specified, on the basis of a
posteriori selection, as falling within certain
limits. Subsequent experience of the individual
fills in the precise values of certain parameters
(spatial coordinates, visual characteristics,
etc.) and so sharpens the fit between behavior and
the learner's world" (pl38).
Plotkin and Odling-Smee's position can be considered a
development of Mayr's (1974) notion of the 'open-program',
for which learning is one of several adaptive subsystems.
Where mate choice is influenced by some form of
learning Plotkin suggests that it "constitutes the most

direct potential causal role for learning in evolution"
(Plotkin 1988 pl48).

For example, in the case of sexual

imprinting, exposure to certain individuals directly affects
subsequent mate choice (Bateson 1978 1983).

Imprinting may

promote particular forms of sexual selection and thus
influence the genetic structure of populations (Kalmus &
Maynard Smith 1966)•

As for social learning, Plotkin argues

"There is a consensus that cultural evolution may
somehow change the fitness of the individuals
making up that culture, and it is even more likely
that culture is a strong force in some
circumstances for assortative mating. Cultural
injunctions powerfully determine mating patterns
in human populations. Thus, even in this limited
way, culture must have entered into the biological
evolution of Homo sapiens in a causal manner.
Social learning, therefore, because of its role in
cultural evolution, must be a causal determinant
of human evolution, at least" (1988b pl55).
The role of social learning in evolution is the principle
concern of this thesis.

Social transmission, like genetic

transmission, allows 'information' to pass between
individuals.

An innovation on the part of one individual

can spread through a population via social learning
mechanisms.

One of the best known examples of this

phenomenon is the diffusion of sweet potato washing amongst
Japanese macaques (Kawai 1965).

If the transmission is

stable, and can cross generation boundaries, then the novel
behaviour pattern established may change the selection
forces acting on the population.

In the case of the

Japanese macaques, one could hypothesise that should the

potato washing tradition be maintained over a number of
generations, then there might be selection for handling
skills.

If the change in behaviour results in a switch in

diet, then selection may act on the digestive physiology or
metabolism of the organisms.

Even without social learning,

learned patterns of behaviour can become common in
populations of animals (Galef 1980).

Moreover, while

learning may evolve as specific adaptive skills, such skills
may have potentially wide, generalised usage (Plotkin
1988b).

Thus it is quite conceivable that through

individual learning a novel pattern of behaviour could
spread through a population, changing selection pressures.
For this to occur, however, the learned responses of
individuals, or their consequences, would have to sum up at
the population level, and remain stable over an
evolutionarily significant timespan.

The principal role of

social learning and transmission in evolution is that it
increases the homogeneity of learned patterns of behaviour
amongst individuals in a population, thus making a ^genetic
response more likely.

'How much more likely?' is one of the

empirical question that this thesis attempts to address.
Relatively little is known about the nature and stability of
social transmission in animals (Galef 1988a).

If social

transmission is generally ephemeral and unstable then its
importance as an evolutionary agent will be trivial.

[A

review of the literature of studies of social learning and

transmission in animals is presented in the next chapter].
In the case of human evolution, few biologists would
not
argue that culture may^have played important roles. The
interaction between human genetic and cultural forces has
been the focus of a great deal of interest over recent
years, particularly in the debate over the merits of a human
sociobiology (eg. Lumsden & Wilson 1981).

A number of

theorists have argued that human culture can itself be
considered to be an evolutionary process (eg. Dawkins 1976;
Cavalli-Sforza & Feldman 1981? Boyd & Richerson 1985). [The
modelling of the human gene-culture relationship is
discussed in the final section of this chapter].

Dawkins

(1976) coined the term 1meme1 to "...convey the idea of a
unit of cultural transmission, or a unit of imitation"
(p206).
selected.

Like genes, memes replicate and memes can be
Here a ‘meme1 is a learned pattern of behaviour.

It will be argued that conceptualising the interaction
between social transmission and natural selection as a 2level hierarchy, with information storage, replication and
selection taking place at both genetic and memetic levels,
and both upward and downward causation, has some theoretical
utility.

3. LEARNING AND EVOLUTION: HOW THE ISSUE IS TREATED BY
CONTEMPORARY EVOLUTIONARY THEORY

3.1

Is there a causal role for behaviour in evolution?
Plotkin's (1988) book, The Role of Behavior in

Evolution is the first text to be devoted entirely to this
matter.

One of Plotkin's goals, which he states clearly in

the introduction, is
"...to show the reader that whether behavior is
also cause and not just consequence of evolution
is a significant theoretical issue that has not
received the attention it deserves from
evolutionary biologists" (pi).
He notes
"The idea that what a phenotype does may in some
way be causal in the evolution of the population
to which it belongs strikes a slightly heterodox
chord among orthodox evolutionists. This is
partly because many of the chief proponents of
such an idea in the past (including Waddington,
Piaget, and Lorenz), as important as they may have
all been to their own specialist areas of biology,
have always been peripheral to mainstream
evolutionary theory? and partly because some of
the supporters of the position have been
Lamarckians, or vitalists, or both" (Plotkin 1988
preface).
While, dotted throughout the current biological literature,
there are a series of isolated chapters and papers which
acknowledge this theoretical issue (May 1981? Bonner 1983?
Barnard 1984? Huntingford 1984? Gottlieb 1987? Hassell & May
1985? Wolsky & Wolsky 1976? Tierney 1986? Gray 1987, 1988?
Ho 1988? Southwood 1988? Dover 1988), it is surely not
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unreasonable to suggest that mainstream evolutionary biology
has not been concerned with either the active role of
behaviour in evolution in general, or with social learning
in particular.

There are many reasons why this may be so.

In the case of social learning, perhaps the most obvious is
the fact that until recently there were relatively few
empirical studies clearly demonstrating social learning in
animals.

This allowed Dawkins (1976) to write "There are

other examples of cultural evolution in birds and monkeys,
but these are just interesting oddities" (p204). Until
there is conclusive evidence that animal species are capable
of social learning and transmission then it would be
unreasonable to expect evolutionary biologists to focus on
this issue.

Similar arguments apply for many of the other

postulated mechanisms by which behaviour may have an
evolutionary impact - the empirical evidence is yet to be
forthcoming.

3.2 Population genetics and feedback models
The "gene*s eye view" of evolution, pioneered by
Hamilton (1964) and Williams (1966), has over the last 25
years become scientific orthodoxy.

It has brought with it

numerous valuable insights into the social behaviour of
animals, including the concepts of inclusive fitness
(Hamilton 1964), evolutionary games theory (Maynard-Smith
1974 1982) reciprocal altruism and the evolution of
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cooperation (Trivers 1971 1985; Axelrod 1984), and the
extended phenotype (Dawkins 1982).

Where the behaviour of

organisms can be considered to be directed by previously
naturally selected genes, the Synthetic theory has developed
a number of theoretical models to accommodate the feedback
effects that behaviour can have on the selective
environment.

For example, by assuming mate choice to be

under genetic control, Fisher (1930) was able to investigate
the runaway character of sexual selection.

Orthodox neo-

Darwinians have developed several such 'feedback' models,
where the dynamic consequences of behaviour on evolution are
subjected to rigorous analysis, including co-evolution,
habitat selection, and frequency- and density-dependent
selection.

In each case the relevant outputs of organisms

are assumed to be determined by previously selected genes.
This approach has proved to be extremely fruitful, but must
be adapted if it is to accommodate learned behavioural
modifications of niche.

3.2.1 Co-evolution
Models of the co-evolution of two populations (eg.
predator-prey, host-parasite, plant-herbivore, mutualism)
typically translate the phenotypic outputs of one species
into naturally selecting inputs of the other, and vice-versa
(May 1981; Futuyma & Slatkin 1983).

A key assumption is

that the relevant phenotypic outputs of each population are

determined by previously selected genes.

If a population

were to accelerate an 'arms-race', or thwart a parasite,
with a socially learned behavioural modification, then this
assumption breaks down.

3.2.2 Habitat selection
The Synthetic theory is able to successfully model
habitat selection (Felsenstein 1976; Cody 1985) by making
similar assumptions: choice of habitat is assumed to be
controlled by previously selected genes.

Habitat choice has

been demonstrated in moths, lizards, flies and mosquitos
(Jones 1980) and birds (Cody 1985), with investigators
generally, although not always, assuming a genetic basis to
the choice.

Even in the case of Drosophila, however, adult

experience can significantly affect resource, habitat and
oviposition site choices (Jaenike 1983, 1986; Taylor &
Powell 1978)•

Numerous studies of habitat choice in birds

suggests prior experience and learning to be important
(Tinbergen et al. 1967; Catchpole 1972; Brewer & Harrison
1975; Partridge 1979; Bairlein 1981; Wicklund 1982; Marzluff
1988).

In colonial species there exists a potential for

sharing individually acquired information.

The result is

that in species such as gulls, individual birds may give a
higher priority to group allegiance than to standard habitat
choice, and may relocate from their normal site (McNicholl
1975).

In many cases, a bird appears not to select a
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habitat per se, but rather an area in which conspecifics or
individuals of another particular species are to be found
(Buckley & Buckley 1980).

Here social learning traditions

have replaced the formal selection of habitat markers
(Klopfer & Ganzhorn 1985).

Birds may come to approach or

avoid particular feeding or breeding sites through
observational encounters with conspecifics (Klopfer &
Ganzhorn 1985)•

If, as these empirical studies suggest,

learning and social learning may influence habitat choice,
then the assumption of a genetically controlled choice
breaks down.

3.2.3

Frequency- and density- dependent selection
Models of frequency- and density-dependent selection

(Wright 1969; Slatkin 1979a,b) are a third set of
theoretical tools which population biologists employ to deal
with the feedback effects of phenotypes on their selective
environment.

Frequency dependent selection is generally

construed as selection in which the fitness of a particular
allele or genotype depends on its frequency in the
population.

If a behavioural change on the part of

individuals in a population results in modified selection
pressures, then the fitness of genotypes after the change
may depend on the frequency of the new behaviour.

Where the

behavioural change has a genetic source which is subject to
selection, then here the 1role of behaviour in evolution1

can be reduced to a type of frequency dependent selection.
If, on the other hand, the change in behaviour results from
the spread of a meme through the population via mechanisms
of social transmission, then the fitness of particular
alleles or genotypes may be a function of the frequency of
the meme.

Thus the 'active role of behaviour in evolution'

can perhaps be conceptualised in a more conventional way, as
a complex form of frequency dependent selection, where the
fitness of particular genes or genotypes is dependent upon
the frequency of 'non-genetic units of information' that
'code' for behaviours.

3.2.4

Evolutionary games theory
The Synthetic theory has recently adopted an additional

means of thinking about the evolution of frequency dependent
phenotypes, namely 'evolutionary game theory'.

This is a

simple optimization tool developed by Maynard-Smith (1972,
1982) whereby evolution can be analyzed when fitnesses are
frequency dependent.

In the simplest cases fitnesses,

described by a payoff matrix, are determined by pairwise
interactions between asexual individuals with different
genetically determined behavioural strategies.

The model is

used to investigate whether there is an evolutionarily
stable strategy (ESS), defined as "the phenotype such that,
if almost all individuals have that phenotype, no
alternative phenotype can invade the population.

The model

has been extended to incorporate mixed strategies,
asymmetric contests, and diploid sexual populations.
Dawkins (1980) clearly saw the potential of this approach
for other levels of explanation in biology, when he
hypothesised that animals can learn a "developmentally
stable strategy" (DSS), and that human populations transmit
a "culturally stable strategy" (CSS).

Harley (1981) has

developed game theory models of learned strategies, defining
the DSS as the strategy used by individuals with the
evolutionarily stable (ES) learning rule.

He found, with

some simplifying assumptions, that the ES learning rule
always takes the individual (or population) to the ESS.

It

would seem perfectly possible to develop a hierarchical
games theory model, which investigates the interaction
between the ESS, DSS and CSS.

Boyd and Richerson have

developed games theory models which visualise genes and
culture as two systems engaged in a game played for control
of the behavioural phenotype (Boyd & Richerson 1976;
Richerson & Boyd 1978).

Games theory models are appropriate

when one wants to know what phenotypes will evolve, and when
it is reasonable to assume the presence of additive genetic
variance (Maynard-Smith 1982).

They are not, however,

designed to describe the trajectories of gene (or meme)
frequency change over time, under the influence of a variety
of evolutionary (or cultural) agents.

Thus, most authors

concerned with modelling the interaction between genetic and

cultural evolution (Boyd & Richerson 1985? Feldman &
Cavalli-Sforza 1989) have employed more conventional
population genetics models [see below].
In summary, the modern Synthetic theory has a battery
of techniques for dealing with the feedback, or frequencydependent, effects that the behaviour of organisms can have
on their own, or on other populations', selective
environment.

They all assume, as a convenient fiction, that

these phenotypic outputs are directed by previously
naturally selected genes.

The power of these techniques,

and their fruitful application to many problems, goes a long
way towards legitimizing this assumption.

Where, however,

behavioural outputs are a function of learned and socially
transmitted information, then adaptations to the models may
have to be considered.

4. MATHEMATICAL MODELS OF HUMAN CULTURE

4.1

Introduction
One area of theoretical work in which the interaction

between genetic and cultural transmission has received
considerable attention is the modelling of human culture
(Dahlberg 1947? Feldman & Cavalli-Sforza 1976, 1977, 1979,
1984, 1989; Cavalli-Sforza & Feldman 1981; Eshel & CavalliSforza 1982; Chen, Cavalli-Sforza & Feldman 1982; Boyd &
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Richerson 1976, 1982, 1983, 1985, 1988? Richerson & Boyd
1978; Lumsden & Wilson 1981, 1985; Fagan 1981; Pulliam
1982).

Many biologists have argued that culture is itself

an evolutionary process (Dawkins 1976? Cavalli-Sforza &
Feldman 1981? Plotkin & Odling-Smee 1981; Durham 1982? Hull
1982; Boyd & Richerson 1985), cultural variants being
generated, selected and socially transmitted.
Mathematically sophisticated evolutionary biologists have
taken advantage of this analogy to apply population genetics
models to describe and analyze culture.

This is an exciting

and expanding area of research, a full account of which is
beyond the scope of this thesis.

Instead, a selective

review of the principle contributions of three sets of
theorists is given, as an illustration of the nature of this
work, and as an introduction to the mathematical component
of the thesis.
The first team is that of Lumsden & Wilson, who
developed a model of gene-culture coevolution in their text
Genes. Mind, and Culture (1981).

The second is Cavalli-

Sforza & Feldman, who have published a string of papers and
an influential book Cultural Transmission and Evolution
(1981), applying evolutionary models to culture.

Finally, a

review of Boyd & Richerson's (1985) Culture and the
Evolutionary Process is given, in which they develop a
"dual-inheritance model" of gene-culture interaction.

While

these theoreticians have been specifically concerned with

human culture, focusing on their work will help to clarify
many of the issues surrounding the relationship between
genes and social transmission in animal evolution.

4.2

Lumsden & Wilson's "Gene-Culture Co-evolution11
Lumsden & Wilson (1981) set out to investigate "gene-

culture coevolution", which they describe as
"...a complicated, fascinating interaction in
which culture is generated and shaped by
biological imperatives while biological traits are
simultaneously altered by genetic evolution in
response to cultural innovation" (pi)
Like most other modellers, Lumsden & Wilson (henceforth LW)
adopt an atomistic description of culture for mathematical
convenience, defining it as a pool of "culturgens", units of
culture.

For LW a culturgen is "a relatively homogeneous

set of artifacts, behaviors, or mentifacts" (p27).
"Culturgens" can be considered synonymous to Dawkins'
"memes".

LW argue that an individual's choice of culturgen

is directed by genetically determined "epigenetic rules":
"The rules comprise the restraints that the genes
place on development..., and they affect the
probability of using one culturgen as opposed to
another" (p7).
LW focus on gene-culture transmission . where for each
genotype more than one culturgen is accessible and at least
two culturgens differ in the likelihood of adoption because
of innate epigenetic rules.

They argue that the epigenetic

rules will tend to channel development towards the adoption

of certain culturgens as opposed to others.

They describe

this as the "leash principle", "...natural selection
operates in such a way as to keep culture on a leash" (pl3) •
[Many reviewers have questioned the accuracy of this
metaphor (Kitcher 1985? Boyd & Richerson 1985)].

LW develop

two main models, called "gene-culture translation" and the
"co-evolutionary circuit".

One of their principal goals is

to predict the shape of the "ethnographic curve", which is
the probability distribution that plots the frequency of
alternative culturgen use across many societies.
In gene-culture translation, individuals choose between
two culturgens, cl and c2, periodically reassessing their
choice, influenced by their epigenetic rules and the pattern
of culturgen usage in the population.

[A mathematical

description of the model is given in appendix la].

The

rates at which individuals adopt alternative culturgens is
determined by the product of a "raw" (innate) bias function
and an "update assimilation" (copy others) bias function.
LW place most weight on an "exponential trend watcher"
model, where as more people adopt one culturgen the
probability of the others switching to it increases
exponentially.

This means that the ethnographic curve will

have a bimodal, polarised distribution, as populations will
tend to be mainly cl users, or c2 users [see figure 1.2a].
If individuals have an innate bias for one of the
culturgens, then the bimodal distribution is likely to be

asymmetrical [figure 1.2b].
LW claim that
H...a barely detectable amount of selectivity in
an epigenetic rule operating during the behavior
of individuals can strongly alter social patterns"
(pl44).
Figure 1.2
Lumsden & Wilson's ethnographic curves,

(a) An exponential

trend watcher model of social transmission polarises the
distribution.

(b) Small innate predispositions strongly

bias cultural patterns.
(a)
f

nl/N
(b)

f

nl/N
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Or as Kitcher (1985) puts it
"If people are strongly inclined to follow what
others around them do, small initial differences
in switching propensity can be dramatically
magnified at the level of the group" (p357).
This conclusion, which LW call the "amplification law", only
follows if there is very strong cultural transmission (ie.
exponential, positive frequency-dependence).
types of social transmission are possible.

Clearly other

For instance,

Cavalli-Sforza & Feldman (1981), Maynard-Smith & Warren
(1982), and Boyd & Richerson (1985) have all develop models
in which cultural transmission by itself (unbiased by
genetic predispositions) does not alter the frequency or
distribution of cultural variants.
This model is then extended to the full co-evolutionary
circuit by allocating fitnesses to genotypes, and
calculating changes in allele frequency.

A genotypes'

fitness is a function of the rewards (food, resources) it
gathers, offset by the costs of building and running the
appropriate brain structures.

A fertility function

translates this into gametes - the more resources gathered,
the greater the fertility.

Finally, LW generate a recursive

expression for allele frequencies, in terms of the fertility
functions of each genotype.

[A mathematical description of

this model is given in appendix lb].
Following simulation LW reach five major conclusions:
(1) pure tabula rasa is an unlikely state; (2) sensitivity

to usage patterns increases the rate of genetic
assimilation; (3) culture slows down the rate of genetic
evolution; (4) changes in gene frequency during the coevolutionary process can nevertheless be rapid; and (5)
gene-culture evolution can promote genetic diversity.

Figure 1.3.
Lumsden & Wilson's Co-evolutionary circuit.

Pattern of
culturgen use

Rewards of
culturgen use

Probability of
switching culturgen
for each genotype

Number of gametes
produced by
each genotype

Epigenetic rules

Genes

These conclusions have received severe criticism in review
(Maynard-Smith & Warren 1982; Lewontin 1983; Kitcher 1985).

Conclusion (1) is misleading, as LW have merely demonstrated
that, in a constant environment, a genetically determined
learning rule is superior in fitness to choosing behaviour
at random.

In fact, Boyd & Richerson (1985) have shown that

there are circumstances in which unbiased, or weakly biased
social learning is superior in fitness to combinations of
individual learning and genetic transmission.

In the case

of (5) the criticism is perhaps unfair, as the fact that
socially transmitted behaviours may shield variants from
selection has received little attention.

[A good example is

the wearing of glasses/lenses shielding mutant alleles that
generate poor eyesight].

If they do then (2) is counter

intuitive, as individuals with an innate bias for inferior
culturgens may switch to the superior alternative, and not
be selected out.

LW can only reach conclusion (2) by

assuming extremely high fitness costs for the development of
a nervous system, an assumption that both Maynard-Smith &
Warren and Kitcher believe to be unwarranted.

[Note that

while many other biologists have claimed that social
transmission can affect evolutionary rates, they have
usually argued that it does so by changing selection
pressures, rather than by genetic assimilation].

Finally,

the LW claim that genetic differences between cultures in
culturgen preference will be selected after roughly 50
generations, their "1000 year rule”, has also received
criticism.

This rule only follows from their assumptions of

very strong selection and weak culture (Maynard-Smith &
Warren 1982; Kitcher 1985).

4.3

Cavalli-Sforza & Feldman's models of human culture
Cavalli-Sforza & Feldman's (CF) approach is less

ambitious, and their models more conventional.

These

authors argue that the forces of mutation, selection,
migration and drift have analogues that describe cultural
change, and consequently develop analogues of genetic models
for culture.

CF's Cultural Transmission and Evolution came

out at about the same time as LW's Genes. Mind and Culture.
Unlike LW, however, in their text CF focus solely on the
cultural level: no assumptions are made about the genetic
basis of traits or trait (cultural) fitness, and no attempt
is made to look at any feedback effects that cultural
evolution may have on gene frequencies.

Their objectives

are to determine the equilibrium frequency states, and timedependent behaviour of the traits under cultural forces.
CF distinguish between natural and cultural selection.
Some traits have a direct affect on survival (eg. smoking),
thus natural selection may change their frequency.

Other

traits, such as the spread of Coco-Cola, or frisbee, do not
greatly affect Darwinian fitness.

In both cases, however,

"cultural selection" may occur, memes being generated,
replicated, selected and socially transmitted.

CF also

distinguish three types of transmission: (1) vertical -

parent to offspring; (2) oblique - parental generation to
offsprings* (excluding parents); and (3) horizontal - within
generation transmission.

They develop models of the spread

of cultural variants under all three types of transmission,
for both discrete and continuous traits.

By way of

illustration, a description of CFs vertical transmission
model (1981, p78-107) is given (Table 1.1).

Table 1.1
Mating Type
Mother Father
H
H
h
h

H
h
H
h

Probability of
H child h child
b3
b2
bl
bO

Frequency of Mating
General Random

l-b3
l-b2
1-bl
1-bO

(Cavalli-Sforza & Feldman 1981

p3 (t)
p2(t)
pl(t)
pO(t)

Table 2.2.1

u?t

¥tv.
ulvt

v*.

p78)

H and h represent two states that a trait can take , and bO,
bl, b2, b3 the probabilities that an H child results from
the matings hxh, hxH, Hxh, HxH respectively.

The frequency

of H in the offspring generation (t+1) is then

= ut2B + utC + bO
where

B » b3 + bO - bl - b2

and

C = b2 + bl -2b0

(2.2.3

p79)

If individuals with trait H have a different probability of
survival to those with h, then natural selection will alter

the frequency of the trait.

To investigate the impact of

selection CF allocate fitness 1+s to H and 1 to h.

The

relative proportion of H individuals after selection (ut*)
is then
ut*

» ut(l+s)

= ut(l+s)

ut(l+s) + vt(l)

(2.6.1 pl02)

1 + sut

If selection is followed by random mating between adults,
and vertical transmission according to the rules in table
1.1, then the frequency of juveniles in the next generation
(Uf1> is
u tt1 = b3(utV

+ (bl+b2 )ut*(l-ut*) + bO(l-utV
(2.6.2 pl03)

This, together with the expression for change in frequency
due to selection, gives a one-step recursion for trait
frequency.

CF analyze the properties of this model and

describe the conditions under which transmission laws
produce fixation or loss of H, or a memetic polymorphism.
They conclude (pl07) that, depending on the value of the
transmission parameters, even a trait that reduces genetic
fitness (s<0) can spread through the population from a low
frequency.

Similar models are developed for oblique and

horizontal transmission.

Further models consider the impact

of cultural drift, migration, cultural innovation
(mutation), multiple state traits, and cultural transmission
of continuous traits.
In most of CFs studies in which evolution is studied at

both the genotypic and phenotypic levels (Feldman & CavalliSforza 1976, 1984, 1986; Cavalli-Sforza & Feldman 1983) the
(Darwinian) fitness differences have been primarily between
phenotypes, with the genotypic effects on the transmission
efficiency.

Although there are no direct fitness effects of

the genotype, the resulting genotypic selection is 'induced'
by that on the phenotypes.

More recently (Feldman &

Cavalli-Sforza 1989) CF have developed a class of models in
which the selection on a dichotomous phenotype depends on
the genotype, fitnesses being allocated separately to each
pheno-genotype.

CF are concerned with modelling the spread

of lactose absorption genes, suggesting that both Darwinian
selection based on nutritional properties of milk and the
cultural transmission of milk use have been influenced by
the lactose-absorbing genotype.

They construct haploid

asexual, haploid sexual and diploid models in which vertical
and oblique cultural transmission are followed by selection
on the pheno-genotypes.

This allows them to model the

spread of initially rare lactose absorption genes and milk
use.

These models are a valuable extension of their

approach, and an important step towards understanding the
dynamics of the interaction between genes and culture.

4.4

Bovd & Richerson's "Dual-Inheritance models"
Boyd & Richerson's (BR) Culture and the Evolutionary

Process is the most recent major text concerned with

cultural evolution, and the most sophisticated.

Although BR

build on the work of CF, they explicitly link genetic and
cultural evolution into a unified "dual-inheritance model".
In the process, they address many of the issues raised by
the sociobiology debate.

They investigate how cultural

change is affected by individual and social learning, and
how natural selection can act directly and indirectly on
culturally transmitted information.

BR also go to some

lengths to sample the psychological and social science
literatures, in a serious attempt to assess whether their
models fit the data.
By culture BR mean
"...the transmission from one generation to the
next, via teaching and imitation, of knowledge,
values, and other factors that influence behavior"
(P2) .
BR restrict their definition of cultural transmission to
"imitation and teaching", hypothesizing that only this kind
of social learning is likely to have "dynamic properties
analogous to genetic inheritance" (p35).

Unlike the other

(more primitive) types of social learning found amongst
animals, imitation gives individuals cheaply acquired
information.

They argue that because this information is

cheap to store and replicate, it is easily transmitted.
This hypothesis will be addressed by the thesis.

If

imitation is necessary for social transmission to have
dynamic population level properties then social transmission

would not be expected to play a major role in animal
evolution.

Laboratory studies suggest that social learning

by imitation is rare amongst animals, relative to other
social learning mechanisms (see Chapter 2).

The empirical

work in chapters 4-7 of this thesis focuses on the social
transmission of foraging information and food preferences
amongst rats.

This focus aims firstly, to discover whether

social transmission can occur in this species, and secondly,
to investigate its nature.
BR are principally concerned with three "cultural
forces" (or agents of cultural change), which interact with
natural selection.

The first is "guided variation"

-

individually learned behaviours are culturally transmitted
(in an unbiased manner) resulting in a force that increases
the frequency of those behaviours.

The second is "biased

transmission”, where social transmission is biased in favour
of some variants as opposed to others.

This bias can be

"direct" (ie. genetic), "frequency-dependent" (if the
tendency to adopt the trait depends on its popularity), or
"indirect" (if the behaviour is associated with other
attractive variants).
selection of cultural

The third force is "the natural
variants", in which individuals are

selected according totheir variant[as opposed to "cultural
selection of cultural

variants", in which traits are

selected according to their "cultural fitness" (CavalliSforza & Feldman 1981)].
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BR begin by developing a linear model of cultural
transmission (see appendix lc), which they incorporate into
subsequent analyses.

Individuals acquire cultural variants

c or d after interacting with n cultural models (eg.
parents, teachers, peers).

They conclude (p80) that, if the

formation of sets of models is random, transmission does not
by itself change the frequency of variants.
BRs model of guided variation combines the unbiased
transmission model with a simple learning rule
Y = VeX + L[T(H)+E] = aX + (1-a)[T(H)+E]
L + Ve

(4.9 p95)

where L measures the extent to which an individual relies on
individual learning, T(H) is the goal of the learning rule
in habitat H, and E is a normally distributed random
variable that represents the effect of errors made during
the learning process, with mean of zero and variance Ve.
Thus learning moves the mature phenotype (Y) a fraction
[L/(L+Ve] towards the habitats adaptive peak.

The parameter

a = Ve/(L+Ve) gives the relative importance of cultural
transmission in determining the mature phenotype.

Thus

according to BR "social learning and individual learning are
alternative ways of acquiring a particular behavioural
variant" (p97).

This model is combined with a transmission

model for a quantitative character, to give recursive
expressions for the mean and variance of the trait after
learning and transmission.

Naive individuals first learn

their parents behaviour, and then modify it through learning
in an adaptive way.

If the environment does not change,

then the equilibrium value of the trait is H.

They conclude

that this (conservative) type of social learning is likely
to be favoured in habitats that are not too variable (pl30).
BRs models of direct bias are analogues of CFs cultural
transmission models.

Linear transmission is modified by

introducing a bias parameter (B) which increases the
probability of offspring adopting one of the cultural
variants.

If two cultural models have weights (relative

importance) al and a2, then the frequency of the favoured
variant in the next generation is
P' - P + p(l-p)4Bala2
1 - B2(al-a2)2

(5-6 pl40)

The magnitude of the force can be seen to depend on the
strength of bias (B), and the variance p(l-p).

Following

simulations BR conclude that genetically biased transmission
is unlikely to evolve in homogeneous environments, and while
in a heterogeneous environment a general purpose bias may
evolve, a habitat-specific bias is unlikely (pl71).

Their

conclusions are starkly in contrast with those of LW.

5. OVERVIEW OF THESIS
The idea of a cultural force in evolution which
interacts with natural selection has a history as long as
Darwinian theory itself.

Most of these ideas are highly

speculative, with little empirical support.
stood up to rigorous analysis.

Many have not

It is conjectured, however,

that at least three hypotheses remain as at least
theoretically feasible.

These are:

Hi: social transmission allows populations to change their
niche, exposing themselves to novel selection pressures,
which may result in the selection of heritable variation
that would not otherwise have been selected.
H2: social transmission allows populations to respond
adaptively at the phenotypic level to a changing
environment, and may subsequently preserve genetic variation
by shielding it from selection.
H3: social transmission may change the rate of evolution,
either (a) speeding it up, by fostering the fixation of
mutations at an accelerated rate, or (b) slowing it down, by
shielding genetic variants from selection.
Whether or not any of these hypotheses hold water depends
critically on the nature of social transmission in animals.
If social transmission in animals is rare, sporadic, or
unstable then it is perhaps best considered as "noise"
rather than an evolutionary agent.

If stable transmission

requires imitation and teaching, then empirical studies
suggest it is unlikely to be of importance in animal
evolution.

The first step then, in any investigation of the

above hypotheses, must be an experimental analysis of the
nature and stability of social transmission in animals.

M

This sets the scene for the empirical research on social
transmission in rats which constitutes the main body of this
thesis.

The theoretical component of the thesis goes on to

use simple mathematical models to investigate the above
hypotheses more directly.
An outline of the thesis is as follows:

Chapter 2

gives a review of the literature on laboratory and field
studies of social learning and transmission in animals,
focusing on Norway rats.

Chapters 3-7 present the methods,

results, and analysis of the thesis' laboratory studies.
Chapter 3 outlines the general methodological approach.
Laboratory studies were undertaken employing two empirical
paradigms, (i) the transmission of foraging information
amongst rats digging for buried carrot (carrot digging
experiments), and (ii) the transmission of food preferences
by excretory marking of food sites (food site marking
experiments).

Chapters 4 and 6 give details of the social

learning studies for the carrot digging and food site
marking paradigms, respectively.

Chapters 5 and 7 then

present the subsequent laboratory studies of social
transmission for both approaches.

Chapter 8 contains the

theoretical component of the thesis.

Simple mathematical

models of 'gene-culture' interaction are developed, based on
models of cultural evolution and frequency dependent
selection.

The models investigate how long a cultural trait

would have to remain stable to have an evolutionary impact;

how strong transmission must be to preserve genetic
variation? and what the effects of frequency dependent
social behaviour and social interaction are.

Finally,

chapter 9 is a discussion of the results of empirical and
theoretical analyses.

CHAPTER 2.
REVIEW OF ANIMAL SOCIAL LEARNING AND TRANSMISSION
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1. INTRODUCTION
This chapter begins with a brief description of the
nature and phylogenetic diversity of social learning and
transmission, focusing on data collected from natural
populations of animals.

This is followed by a review of

empirical research conducted in the laboratory with a view
to understanding animal social learning.

In the absence of

a formal classification scheme a description of the
different types of social learning is presented, followed by
an account of the nature of social learning and transmission
experimentation.

Finally, the focus is narrowed to a more

comprehensive review of studies of social learning in Norway
rats.

2. SOCIAL TRANSMISSION; REPORTS FROM THE FIELD
Over the last two decades there has been a significant
accumulation of knowledge about the ability of animals to
transmit learned information or patterns of behaviour from
one individual to another.

Evidence is also accumulating

that in animals, as in humans, this type of social
interaction can play an important role in facilitating the
development of adaptive patterns of behaviour (Zentall &
Galef 1988)•

It has been possible to follow the rapid

spread of new habits through entire populations, and from
one generation to the next.

Socially transmitted behaviours

amongst animals are often viewed as a primitive form of
human culture, and are often called •'cultures”, "precultures”, "proto-cultures" or "traditions".

While most

reports of social transmission come from studies of mammals
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and birds, it has also been reported in reptiles (Wilson
1975), insects (Thorpe 1938 1939? Nicolai 1964; Mainardi,
Ottavian & Pasquali 1966? Wickler 1968? Wilson 1971 1975),
and fish (Mochek 1972 1974? Beyer 1976? Pitcher, Magurran &
Winfield 1982; Helfman & Schultz 1984; Warner 1988).

Even

microbes, Lumsden (1986) argues, have a primitive form of
non-genetic transmission (Blakemore & Frankel 1981).
Lumsden & Wilson (1981) estimate that in excess of 10 000
species may have some capacity for cultural inheritance.

It

is difficult in the field to establish that a behaviour is
socially transmitted with any degree of certainty, however,
and doubts remain about the quality of some of the field
evidence.

2.1 Food related behaviours
There are numerous examples of natural populations of
animals thought to transmit food related behaviour patterns
by social learning mechanisms.

Perhaps the best known is

the spread of a variety of novel food related behaviours
amongst Japanese macaques on the island of Koshima, and
other islands monitored by the Japanese Monkey Centre
(Kawamura 1963? Kawai 1965? Tsumori 1967).

Kawai (1965)

traced the spread of an innovative sweet potato washing
behaviour from one individual to 90 percent of the troop,
over a ten year period.

Young individuals appear to be more

likely to adopt the novel behaviour than older members of
the troop.

The availability of an unexploited food source

lured the monkeys out of the forest into a new habitat, the
beach.

While at first the potatoes were washed in fresh
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water, washing was transferred to the sea.

Young monkeys

began to enter the sea to bathe, and some learned to swim
and dive.

Thus a socially transmitted technique for

exploitation of a new food resource allowed the troop to
extend their niche considerably.
Other well known examples of the social transmission of
new feeding habits are "termiting" in chimpanzees (Goodall
1964 1968), the opening of milk bottles by various species
of British tits (Fisher & Hinde 1949), the opening of
mussels by oystercatchers (Norton-Griffiths 1967 1969), and
the feeding on the blood of seabirds by Galapagos finches
(Bowman & Billeb 1965)•

The case of the Galapagos finch is

particularly interesting, as this innovation, probably an
adaptation of its habit of gleaning insect parasites from
boobys, shifts the finch from a mutualistic to a parasitic
relationship.

Such examples are common: Lefebvre & Palameta

(1988) document 100 studies reporting socially transmitted
foraging behaviours amongst mammals, birds and fish.

2.2 Migratory routes and breeding sites
Another widely cited type of non-human culture is the
traditional use of specific routes for migrating birds,
insects, and fish, together with the return to specific
locations for breeding (Solomon 1973; Wilson 1975; Bonner
1980).

For example, Healey, Cooke, and Colgan (1979)

established that the return of snow geese to the specific
location of their nesting site is inherited culturally.
They found that over ninety percent of the year-old goslings
return to their natal nesting area and over eighty percent
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of adults.

The breeding grounds of colonial birds are also

traditional, colonies often nesting on the sites for
centuries (Wynne-Edwards 1962; Wilson 1975).

Klopfer &

Ganzhorn (1985) report a number of studies in which choice
of breeding site in non-migratory species depends on social
transmission.

2.3 Territories. pathways and resources
In many vertebrate species the territories of
populations, the use of certain areas, the territory
boundaries, and pathways through the territories, are
socially determined and transmitted (Galef 1976).

In the

simplest cases, a parturient female can affect the choice by
her young of a home range or habitat simply as a result of
depositing or rearing them at one site rather than another
(Wynne-Edwards 1962; Galef 1976).

In more complex

situations, organisms' alterations of the environment
influence the behaviour of others.

Calhoun (1962) presents

evidence that Norway rats born to low status clans, living
in sub-optimal portions of the environment, remain in the
area of their birth, and become low-status adults
themselves.

The scented runs created by adult rat clan

members define clan territorial boundaries and are rapidly
learned by new recruits to a clan (Telle 1966).

Red deer

use the same trails and wallows (Darling 1937) and females
pass on their home range traditions to their female
offspring (Schloeth & Burckhardt 1961).

Similarly, Geist

(1971) reports that the home ranges of mountain sheep are
socially transmitted.
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2.4 Bird song
Birdsong is another common type of socially transmitted
information.

For example, in white crowned sparrows,

juveniles acquire the local dialect from older males during
a sensitive period early in life (Marler & Tamura 1964).
According to Nottebohm (1972), the recent burgeoning of new
species of Passeres (songbirds such as larks, warblers,
thrushes, tits, buntings, finches, and sparrows) has been
favoured by the sexual isolation effect of dialects that
arise as a byproduct of transmission via vocal imprinting.

2.5 Ranks and reproductive success
In some primates the reproductive success of mothers is
correlated with that of their daughters, who
characteristically "inherit” a rank immediately below them
in the dominance hierarchy (Kawai 1958? Bernstein & Ehardt
1985).

This correlation is generally assumed to result from

the social learning of behaviour appropriate to the
matriline's rank (Bramblett, Bramblett, Bishop & Coelho
1982) •

In rhesus monkeys, behaviour learned from mothers

can also influence the rank and reproductive success of sons
(Smith & Smith 1988), and this advantage may persist after
dispersal from the maternal group and throughout adulthood
(Meikle, Tilford & Vessey 1984).

2.6 Problems with field studies of social transmission
While there may be a host of field studies reporting
social transmission in animals, most of these accounts
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suffer the same problems.

For one thing, it is difficult to

establish unequivocally whether what appears to be social
transmission is indeed transmitted in this way.

For

example, Gandolfi & Parisi (1973) reported socially
transmitted traditions of diving for food amongst different
colonies of rats on the Po river.

Subsequent laboratory

investigation of the development of diving behaviour in rats
has led Galef (1980) to question Gandolfi & Parisi's report,
arguing that diving behaviour developed without social
learning through a natural shaping process.

Even if it is

possible to establish that a behaviour is socially
transmitted, it is difficult in the field to conduct a
systematic examination of the mechanism of information
transmission.

It is also difficult under field conditions

to identify factors which affect the stability of social
transmission, or to identify the critical parameters
necessary to develop formal theoretical models of
transmission.

It is consequently important to supplement

field studies with thorough laboratory investigations of
socially transmitted behaviours.

3.

SOCIAL LEARNING AND TRANSMISSION; DEFINITIONS. MECHANISMS

AND LABORATORY EXPERIMENTATION.

3.1 Definitions and classification
Laboratory investigation of animal social learning is
plagued by a lack of coherence of theory and a resultant
terminological confusion.

Galef (1988a) has attempted to

clarify this situation with an extensive discussion of
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terminology, and his approach and will be adopted throughout
this thesis.

It should be noted at the outset, however,

that other practitioners use different terms and different
classifications.
Social learning is here used as a generic term to
describe instances where a learner acquires a behaviour as a
consequence of interaction with other individuals (Box 1984;
Galef 1988a).

Social transmission refers to the spread of a

learned pattern of behaviour through a population as a
consequence of social learning.

Socially transmitted

behaviours result in an increased homogeneity of behaviour
of interactants that extends beyond the period of
interaction (Galef 1988a). A third descriptive generic,
social enhancement, refers to social influences on the
performance of established responses; processes which do not
necessarily result in learning.
These descriptive terms, which simply describe observed
behaviour, are distinguished from explanatory terms, that
account for the processes responsible for the occurrence of
the behaviours (Galef 1988a).

In many cases, however, such

"explanatory terms" are themselves little more than
labelling devices for categories of social interactions that
result in social learning.

At present, there is no central

model of animal social learning on which to base a
comprehensive and systematic classification scheme.

Neither

Bandura's (1977) human "social learning theory", nor formal
animal learning theory models (eg. Rescorla & Wagner 1972;
Mackintosh 1975) have been assimilated into animal social
learning theory, despite their utility in closely related
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fields.

There have been attempts to apply general learning

theory explanations to social learning cases, and to
identify social learning analogues of processes such as
classical and operant conditioning (eg. Miller & DoHard
1941)•

Perhaps because of the diversity of backgrounds of

practitioners, little consensus has been reached as to the
explanatory tools to be employed.

There have been a number

of classification schemes proposed over the last century
(Thorndike 1898; Morgan 1900; Thorpe 1956; Galef 1976; Davey
1983), Galef's (1988a) scheme being the most recent.

The

classification below is thus simply a list of different
types of animal social learning, different in the sense that
they appear to involve different mechanisms for the
transmission of information between individuals.

3.2 Categories of social learning
A large number of terms have been employed over the last
century to describe different processes which can result in
social learning.

Most of these terms can be put into one of

seven categories, illustrated in table 2.1, and described
below.

3.2.1 Local Enhancement (Stimulus Enhancement. Guided
learning).
Thorpe (1956) and Klopfer (1959) have emphasised the
importance of local enhancement in many cases of animal
social learning.

According to Thorpe (1956) local

enhancement refers to "apparent imitation resulting from
directing an animal's attention to a particular part of the
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Table 2.1
Seven different categories of social learning (based on
Galef 1988a).

The left hand column contains the terms to be

used throughout this thesis, while the right hand column
list other terms with similar meanings.
CATEGORY HEADING

TERMS WITH SIMILAR
ftEAKWS

1 Local enhancement

Stimulus enhancement
Guided learning

2 Social facilitation

Contagious behaviour
mimesis
allelomimetic behaviour
instinctive imitation

3 Conspecific presence
and fear reduction

social facilitation

4 Observational conditioning

vicarious instigation
pseudovicarious
instigation

5 Matched-dependent behaviour
6 Copying

vocal imitation

7 Imitation

observational learning
reflective imitation
true imitation

environment”.

For example, Tachibana and colleagues (1974)

found that cats can learn the distribution of food sites in
their environment by approaching feeding conspecifics.
Galef (1988a) points out that although the term "local
enhancement" has generally been used to refer to instances
in which animals interact directly, this is not a necessary
condition.

For example, if rats mark food sites where they

have eaten with their excretory products, thereby inducing
conspecifics to eat the same foods (Galef & Beck 1985), or
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leave scent trails as they move about the environment
inducing others to follow the same path (Telle 1966), their
absence does not detract from the fact that, through their
activity, they have directed others to a particular
stimulus.

Local enhancement is similar to Spence's (1937)

stimulus enhancement.

Spence suggested that, during social

learning, the main contribution of the demonstrator to the
learning of the observer was the enhancement of stimuli that
were critical to the observer's learning.

Galef (1988a)

gives a more general definition still
"A tendency on the part of naive individuals to
approach conspecifics, alterations conspecifics
have made in the environment, or objects they have
contacted, can increase a naive individual's
probability of exposure to one set of stimuli
rather than others. Enhanced exposure can lead to
habituation, familiarity, perceptual learning,
latent learning, increased probability of
manipulation of one portion of the environment,
and so forth. All such socially initiated
alterations in behavior seem to me to be instances
of local enhancement..." (pl5).
It should be noted that local enhancement is not in itself a
social learning mechanism, and must be followed by
incidental learning for social learning to occur.
If dominant individuals in animal groups influence
group movements, or parents influence the movements of their
offspring, then young, naive or subordinate individuals may
be exposed to the same stimuli and reinforcements
experienced by their "guides".

This guiding, if followed by

incidental learning, could result in social learning and
transmission, the behaviour of naive individuals resembling
that of older or dominant individuals.

Boyd & Richerson

(1985) have termed this type of social interaction guided
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learning, although clearly there is a great deal of overlap
of this term with local and stimulus enhancement.

3.2.2 Social facilitation (Contagious behaviour, mimesis.
allelomimetic behaviour, instinctive imitation).
The hypothesis that the behaviour of conspecifics can
act as releasing stimuli for instinctive responses has often
been used to describe instances of social enhancement.

This

type of account has been variously termed instinctive
imitation (Morgan 1900? Washburn 1908), imitation (Humphrey
(1921? Mowrer 1960), mimesis (Armstrong 1951? Verplanck
1957), social facilitation (Thorpe 1956), contagious
behaviour (Thorpe 1956), and allelomimesis (Scott 1958).
Thorpe (1956), in his discussion of contagious behaviour,
suggested that
"...the performance of a more or less instinctive
pattern of behaviour by one will tend to act as a
releaser for the same behaviour in another or in
others, and so initiate the same lines of action
in the whole group" (pl20).
Humphrey (1921), suggested that this type of social
enhancement could result from classical conditioning
"Suppose that a herd of cattle is feeding together
and something occurs to startle them...all
manifest fear and run....Any individual, A, will
as he runs, see his fellows running, and this will
have always occurred whatever the stimulus. Hence
the sight of a running fellow will act as a
conditioned stimulus for the activity of running"
(P4) .
Social facilitation is the term most commonly used to
describe such phenomena.

In all cases the behavioural

response exhibited (ie. digging, scratching, eating,
running) is already part of the behavioural repertoire of
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the animal.

As a result of being stimulated to perform the

demonstrated action in the appropriate context, however, the
observer may form an association between

theaction and a

second event (Morgan 1900; Galef 1988a).Suboski &
Bartashunas (1984) found that newly born chicks were
stimulated to peck at various items by the presence of a
"pecking" arrow, and suggested that social facilitation of
pecking may result in the social transmission of food
preferences.

3.2.3 Conspecific presence and fear reduction (social
facilitation!.
The term social facilitation has ben employed in a
different context by Zajonc (1965), to refer to the effects
of the mere presence of a conspecific on
enhancement of behaviours.

thesocial

He argued that the effect of

conspecific presence is to increase drive or general arousal
in the observing animal, increasing the probability of
occurrence of dominant (or probable) behaviours, and
decreasing the probability of new or less probable
behaviours.

Clayton (1978) proposed that fear reduction, or

reduction of arousal resulting from the presence of
conspecifics could similarly operate to increase the
frequency of common behaviours.

For example, there is

evidence that the presence of another rat will reduce fear
(Davitz & Mason 1955), facilitate exploration (Hughes 1969),
and increase the frequency of particular behaviours in
operant learning tasks (Pishkin & Shurley 1966) in a
conspecific.

This type of social facilitation, if followed
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by individual learning, could also result in social learning
and transmission.

Galef (1988a), gives the example of downy

woodpeckers which, when feeding in a mixed species flock
with chickadees, reduce the time they spend 'looking out1
and increase the time they spend feeding (Sullivan 1984ab).
The contact calls of chickadees played through a loud
speaker are sufficient to increase the time the woodpeckers
spend feeding.

This suggests that the mere presence of

chickadees, rather than chickadee feeding behaviour,
facilitates woodpecker feeding.

Galef argues that one

incentive for joining, or staying with, the flock might be
the resultant augmentation of feeding.

He suggests that the

tendency to join flocks of chickadees could modify choice of
feeding patches by woodpeckers, which could subsequently
influence prey selection.

3.2.4 Observational conditioning (vicarious instigation,
pseudovicarious instigation).
Observation of an adult exhibiting fear of a snake
leads to avoidance of snakes in juvenile rhesus monkeys
(Mineka, Davidson, Cook & Keir 1984; Cook, Mineka,
Wolkenstein & Laitsch (1985).

Cook and colleagues (1985)

termed this social learning process observational
conditioning, but again there is some overlap with other
terms.

Vicarious instigation refers to instances where "an

observer responds emotionally to a performer's unconditioned
emotional response" (Berger 1962)•

For example, perception

of the fear of a screaming conspecific may elicit fear in
the observer.

Berger distinguished between observers
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responding emotionally to the stimuli emitted by an
emotionally aroused conspecific (ie. the scream) which he
terms pseudovicarious instigation and perception of the
conspecifics emotion (ie. perception of the fear) which is
true vicarious instigation.

In either case stimuli

experienced by the observer in temporal contiguity with its
socially elicited emotional response might, in turn, acquire
classically conditioned emotion-evoking capacity (Galef
1988a).

For example, Curio, Ernst & Vieth (1978) found that

jackdaws exposed to an arbitrary stimulus while listening to
the mobbing calls of conspecifics, subsequently give a
mobbing call when the stimulus is presented later.

3.2.5 Matched-Dependent behaviour.
Miller & Dollard (1941) established that albino rats,
rewarded either for going in the same direction as a
"leader" (demonstrator) conspecific in a T-maze, or for
taking the opposite turn, learned to use the response of the
leader as a cue, allowing them to "imitate" or "non-imitate"
respectively.

(Here the term "imitate" simply means

"reproduce the same behaviour as").

Miller & Dollard

interpreted these results as a case of operant conditioning,
which occurs when the leader's behaviour acts as a
discriminative stimulus to the other subjects, specifying
the circumstances upon which a particular action (turning
left or right) is likely to result in reinforcement.

They

introduced the term matched-dependent behaviour because
organisms both match their behaviour to that of
conspecifics, and are dependent upon their conspecific's
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behaviour as a cue to learning.

In theory, however, any

stimulus which indicates to the observer the correct arm to
enter could act as the discriminative stimulus.

Galef

(1988a) has pointed out that although the matched-dependent
process is sufficient to produce uniformity in the behaviour
of animals, once the demonstrating animal departs, those
aspects of the subject's behaviour dependent on its presence
are lost.

For the pattern of behaviour initiated by the

demonstrator to become an independent part of the
behavioural repertoire of the subjects, it must become
associated with environmental stimuli not dependent on the
presence of the demonstrator.

Church (1957) in a similar

experiment to Miller & Dollard's, found that subjects that
followed the demonstrator animal into the arm of the T-maze
marked by a light, entered the lighted arm when tested
alone.

Thus matched-dependent behaviour acting together

with incidental individual learning also provides a
mechanism by which one individual can come to learn the same
relationship between events in its environment as another.

3.2.6 Copying (vocal imitation).
Miller & Dollard (1941) distinguished copying from
matched-dependent behaviour in terms of whether an observer
simply used the behaviour of a model as a discriminative
stimulus or was sensitive to the relationship (same or
different) between its behaviour and that of the model.
Thorndike's (1911) discussion of vocal imitation in birds
assumes a process similar to Miller & Dollard's copying, ie.
a sensitivity of the imitator to the degree of similarity of
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its vocal output to the auditory input it is imitating.

A

talking or singing bird receives auditory feedback from its
vocal output that can be matched with a stored
representation of an auditory signal, the human speech or
bird song the copier originally heard.

Copying of motor

outputs other than vocalizations requires the copier to make
cross-modality comparisons between a model's behaviour and
its own.

3.2.7 Imitation (observational learning, true imitation.
reflective imitation).
The primary concern of students of animal social
learning over the last century has been to establish whether
or not animals, mainly vertebrates, are capable of imitation
in Thorndike's (1898) sense of "learning to do an act from
seeing it done".

(This type of learning has also been

termed reflective imitation (Morgan 1900), true imitation
(Thorpe 1956), and observational learning (Bandura & Walters
1963).

According to Galef (1988a)

"True reflective imitation requires that the sight
of an act be sufficient instigation to the act.
It suggests purposeful, goal-directed copying of
the behavior of one animal by another" (p21).
Galef argues that the demonstration of imitation requires a
more cognitive approach to the study of animal behaviour.
There is substantial empirical support for the hypothesis
that covert cognitive operations are central to many cases
of human social learning (Piaget 1962; Bandura & Walters
1963; Masur 1988).

Boyd & Richerson (1985) argue that, for

humans at least, a more complex model than traditional
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associative accounts is required to explain observational
learning, taking into account retention processes such as
cognitive organization and covert rehearsal, and also
motivational processes.

Boyd & Richerson's position is

based on Bandura's (1977) "Social Learning Theory".
Bandura (1969) has also proposed an associative account
of observational learning in animals.

He claims that during

the observing experience, a sequence of observed sensory
events become integrated through a process of sensorysensory conditioning.

When an observer is repeatedly

exposed to the pairings of sensory events (for example,
watching a tone elicit bar-pressing in a demonstrator rat,
or watching a behaviour followed by food, etc.), the
subsequent presentation of one of the stimuli to the
observer acquires the ability to elicit in the observer
centrally aroused perceptions of the associated sensory
events.

For example, repeated exposure to a demonstrated

stimulus-response sequence of tone followed by running (Del
Russo 1975) results in the formation of a sensory connection
between tone and running in the observer.

Subsequent

presentation of the tone to the observer during its
acquisition phase would elicit centrally aroused perceptions
of the associated running response and thereby facilitate
the acquisition of the association.
Most associative accounts of observational learning are
content to distinguish between the learning of a responsereinforcer contingency by observation, and all other
potential mechanisms.

The usual approach has been to

conduct studies where the rate at which an experimental
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group learns an operant task, after observation of a
conspecific1s performance, is compared with the acquisition
rate of control groups, the role of which is to rule out
various types of pseudo-imitative behaviour as explanatory
mechanisms.

If proper control groups are devised, and the

resultant elevation of acquisition rate in the experimental
group cannot be accounted for in any other way, imitation is
assumed.

While a number of studies have shown that

observation of a trained conspecific can facilitate
subsequent acquisition of operant tasks (Huang, Koski &
Dequardo 1983; Kohn & Dennis 1972; Palameta & Lefebvre
1985), many have not ruled out local enhancement or
autoshaping as explanations for this finding (Heyes & Dawson
1990).

Firstly, the demonstrator's presence near the

manipulandum (ie. lever) may increase its salience for the
observer and thereby affect the rate at which the observer
either acquires an S-R habit or learns about the responsereinforcer relationship through its own efforts (Heyes &
Dawson 1990).

Secondly, Heyes & Dawson (1990) point out

that observational learning effects may be due to the
observer learning about stimulus-reinforcer, rather than
response-reinforcer, relationships by observation.

In other

words, subjects may be autoshapina (Hearst & Jenkins 1974).
Evidence for this interpretation comes from a study by
Denny, Bell & Clos (1983), in which the acquisition by rats
of a lever pressing task is enhanced by observation of the
levers moving automatically to deliver food, with no
demonstrator present.
One possible example of observational learning comes
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from the experiments of Darby & Riopelle (1959) and Riopelle
(1960) in which rhesus monkeys observe a conspecific
choosing one of a number of stimulus objects and being
reinforced or non-reinforced for the choice.

When

subsequently tested alone, observers learned both to make
the correct response in their first trial in almost 75 per
cent of cases when the demonstrator was correct, and to
facilitate their performance by learning from the mistakes
of the demonstrators.

This latter finding rules out any

local enhancement account of the learning.

It is not clear

from these experiments, however, whether the monkeys are
learning by observation a classically conditioned
relationship (stimulus object -> reinforcement) or an
operant relationship (response -> reinforcement).
In order to overcome some of these problems, Heyes &
Dawson (1990) conducted an experiment in which rats observed
a conspecific demonstrator pushing a single pendulum
joystick to the left or right for a food reward.

The

observer rats tended to make significantly more pushes in
the same direction as their demonstrators, allowing Heyes &
Dawson to conclude that the subjects had learned a specific
response, or a response-reinforcer contingency by
observation of a conspecific.

While there are a few studies

that provide some evidence for imitation in animals, at the
present time such studies are rare.

4. LABORATORY EXPERIMENTS OF ANIMAL SOCIAL LEARNING AND
TRANSMISSION
Social learning requires at least two animals, the one
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that transmits the information or behaviour, usually termed
the "demonstrator”, and the one that receives it, the
"observer".

In a typical laboratory study of social

learning a naive observer is paired with a trained or 'wise'
demonstrator over an observation period when the
demonstrator performs the target behaviour.

The observer is

tested, either during the observation phase or at a later
test phase, to establish whether its acquisition of the
target behaviour has been enhanced by this observational
experience, relative to subjects in one or more control
conditions.

Most laboratory studies of animal social

learning are conducted on primates, birds or muridae
(Zentall & Galef 1988), with a view to understanding the
mechanism of information transmission.

Laboratory

experiments on social learning have the advantage that they
allow a thorough and controlled investigation of the
mechanism of information transfer, but the disadvantage that
they say little if nothing about social transmission.
Social transmission can be thought of as a chain, or
branching tree, of social learning episodes, that allows a
pattern of behaviour to spread though a population.
Laboratory demonstration of a specific case of social
learning is not sufficient grounds for the conclusion that
social transmission will also occur.

For example, if animal

C learns from animal B less well than B learnt from A, and D
learns from C worse still, then transmission will break down
fairly rapidly.

For a behaviour to reach fixation in a

population by these means, each observer must be as
competent a demonstrator as its demonstrator was.

(The

situation is, of course, more complex if an observer has
more than one demonstrator).
Many laboratory studies of social learning are
conducted with as a step towards gaining an understanding of
specific cases of social transmission in which occur in
natural populations of animals.

For example, Curio and

colleagues (Curio, Ernst & Vieth 1978; Vieth, Curio & Ernst
1980) have investigated the social transmission of enemy
recognition in birds, with a series of laboratory studies.
By allowing blackbirds to observe a conspecific mobbing in
the presence of a novel stimulus (a honeyeater), they found
that experimental subjects, when later exposed to the
stimulus alone, will mob it more strongly than before
(Curio, Ernst & Vieth 1978).

They subsequently found that

taped conspecific and alien species mobbing calls were
sufficient to allow the passage of enemy recognition and
mobbing behaviour of a conditioned stimulus from one
blackbird to another (Vieth, Curio & Ernst 1980).
numerous other examples:

There are

Sherry & Galef (1984) have thrown

light on the spread of milk bottle opening in British birds
with a controlled study on Black-capped chickadees.

Mineka,

Davidson, Cook & Kiev (1984) investigated human and primate
phobias with laboratory studies of the social learning of
snake fear in rhesus monkeys.

Suboski & Bartashunas (1984)

investigated one mechanism underlying the transmission of
food preferences in chickens in the laboratory.

While such

studies can undoubtedly shed light on particular cases of
social transmission, they are not in themselves a
demonstration of social transmission, as this would require
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evidence that after social learning the observer was itself
effective in transmitting the learned information.

A

demonstration of social transmission requires that after
social learning, observers should be capable of
demonstrating to other observers, and those observers to
still others, and so on, potentially spreading the behaviour
through a population of animals.

There are few studies of

social transmission of this nature.

One example is the

investigation by Lefebvre and colleagues of a specific
socially transmitted food finding behaviour in feral pigeons
(Palameta & Lefebvre 1985; Lefebvre 1986; Giraldeau &
Lefebvre 1986 1987).

By employing a combination of

laboratory studies of the social learning mechanism, aviary
studies of the rate of diffusion, and field studies, they
were able to gain a rare, comprehensive insight into the
nature of a specific socially transmitted trait.

Having

investigated the mechanisms involved in the social learning
of a novel food-finding behaviour in pigeons, they then went
on to study the social transmission of this behaviour
through aviary and field flocks.

Lefebvre & Palameta (1988)

are surely correct when they argue
11...by doing field experiments based on controlled
laboratory work and by taking into account
variation in ecological parameters of the species
tested, we can achieve a more thorough
understanding of both how and why social learning
is important to animals” (pl56).
A complementary approach is to investigate the nature and
stability of social transmission along chains of animals in
the laboratory.

For example, Curio and colleagues (1978)

found that the mobbing of an arbitrary stimulus by
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blackbirds can be passed from one individual to the next,
along a short chain of birds, if each bird "demonstrates” to
the next.

Investigating the passage of socially transmitted

information along chains of animals in a laboratory setting
is the approach adopted in this thesis.

(A description of

this approach is given in chapter 3.)

5.

LABORATORY STUDIES OF SOCIAL LEARNING IN NORWAY RATS

5.1 The Norway rat
The Norway, or Brown, rat (Rattus norveqicus) is
classified together with mice and the other Old World rats
in the subfamily Murinae of the rodent family Muridae.

It

lives in colonies of 100-500 animals inhabiting a fixed
burrow complex which is used as a base from which to forage
for food (Calhoun 1962).

Colony members disperse from the

burrow, feed, and then return (Calhoun 1962); Telle 1966).
Rats are omnivorous, eating plants and fungi, insects,
molluscs, small mammals and even birds and fish (Barnett
1975; Twigg 1975).

Field and laboratory studies indicate a

complex communication network in rat populations, which
influence individual movements and feeding habits (Calhoun
1962; Telle 1966; Galef & Wigmore 1983).

Their success in

surviving in a variety of habits is in part a consequence of
their commensal relationship with humans, and partly due to
their fertility.

Litters of 3 to 14 pups are born between

two and seven times a year.

Their neophobia leads rats to

feed on familiar and, therefore, probably safe diets, and
avoid novel and hence potentially noxious ones (Galef &
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Clarke 1971? Barnett 1975).

Several field reports of Norway

rats have reported behaviours thought to be socially
transmitted.

These include the social transmission of

preying on birds (von Steiniger 1950)? socially transmitted
avoidance of noxious foods (von Steiniger 1950); the social
transmission of territories (Calhoun 1962), pathways and
boundaries (Telle 1966); and the social transmission of food
processing techniques and diving for molluscs (Gandolfi &
Parisi 1973? Parisi & Gandolfi 1974).

5.2 Tvoes of laboratory studies of social learning in the
Norway rat
The Norway rat's natural history, particularly its
colonial existence and its complex communication network,
together with the reports of social transmission from the
field, make it an excellent subject for laboratory studies
of social learning.

Partly for these reasons, and partly

because the rat is a traditional subject of psychological
and learning theory experimentation, a large body of
laboratory based empirical research has accumulated on
social learning and enhancement in rats.

These experiments,

together with a brief description of the behaviour studied,
are presented in Table 2.2.
The first studies were Small's (1899) attempts to
investigate whether rats could learn to solve a puzzle-box
for a food reward, and whether this skill could be socially
transmitted.

Since then there have been over sixty

published laboratory studies of social learning or social
enhancement in Norway rats, significantly more than in any
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Table 2.2

Laboratory studies of Social Learning and

Enhancement in Norway Rats.

Reference

Description of Socially
Learned or Enhanced Behaviour

Small 1899-1900

Solve puzzle box containing
food
Running down alley for food

Lepley 1937
reward
Waters 1937
reward
Miller & Do H a r d 1941
Bayroff & Lard 1944
Davitz & Mason 1955
Church 1957
Angermeier, Schaul &
James 1959
Pishkin & Shurley 1966
Corson 1967
Morrison & Hill 1967
Powell 1968
Powell, Saunders &
Thompson 1968
Jacoby & Dawson 1969
Hughes 1969
Powell & Burns 1970
Kohn & Dennis 1970
Oldfield-Box 1970
Del Russo 1971
Galef & Clarke 1971
Galef 1971
Gardner
Strobel
Zentall
Galef &

& Engel 1971
1972
& Levine 1972
Clarke 1972

Pallaud, Will, Manikowshi
& Sockza 1973
Bankart, Bankart &
Burkett 1974
Will, Pallaud, Soczka &
Manikowski 1974
Delfini & Fouts 1974
Danguir & Nicolaides 1975
Benel 1975
Langenes & White 1975
Tachibana 1976

Running down alley for food
Running T-maze for food reward
Running T-maze for food reward
Reduction of fear of aversive
stimuli
Running T-maze for food reward
Escape from shuttle-box when
shocked
Bar pressing for food reward
Bar pressing for food reward
Reduction of fear of aversive
stimuli
Bar pressing for food reward
Bar pressing for food reward
Bar pressing for food reward
exploratory behaviour
Bar pressing for food reward
Avoidance task
Run down alley for food reward
Shock-avoidance task
Food preferences by following
parents to food site
Food preferences by
approaching adults at food
sites
Bar pressing for food reward
Bar pressing for food reward
Bar pressing for water reward
Food preferences by
approaching adults at food
sites
Bar pressing for food reward
Bar pressing for food reward
Bar pressing for food reward
Bar pressing for food reward
Poison-avoidance via excretory
marking
Bar pressing for food reward
Maze running
Enhanced eating behaviour
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Reference

Description of Socially
Learned or Enhanced Behaviour

Food sites via excretory
marking
Coombes, Revusky & Lett 1980 Taste aversion via poisoned
partner
Lavin, Freise & Coombes 1980 Taste aversion via poisoned
partner
Failure to find socially
Galef 1980
learned diving behaviour
Bar pressing for food reward
Henning & Zentall 1981
Taste aversion via poisoned
Stierhoff & Lavin 1982
partner
Taste aversion via poisoned
Bond 1982
partner
Denny, Bell & Clos 1983
Bar pressing for food reward
Huang, Koski & DeQuardo 1983 Bar pressing for food reward
Posadas-Andrews & Roper 1983 Food preferences via
interaction with conspecific
Galef 1983
Food preferences via gustatory
cues from conspecific
Food preferences & foraging
Galef & Wigmore 1983
information via gustatory cues
Galef, Wigmore & Kennett 1983 Failure to find taste-aversion
via poisoned partner
Food preferences via gustatory
Strupp & Levitsky 1984
cues
Galef, Kennett & Wigmore 1984 Food preferences via gustatory
cues
Eisenstein & Terwilliger 1984 Muricidal behaviour
Food preferences via gustatory
Galef 1985
cues
Food preferences via gustatory
Galef & Kennett 1985
cues
Food preferences via gustatory
Galef & Stein 1985
cues
Food preferences via gustatory
Galef, Kennett & Stein 1985
cues
Galef & Beck 1985
Food sites via excretory
marking
Galef 1986
Identification of toxic diets
Galef 1986
Food preferences via gustatory
cues
Galef 1987
Food preferences via gustatory
cues
Galef & Kennett 1987
Food preferences via diet of
anaesthetized conspecific
Galef, Mischinger &
Food preferences via following
Maienfant 1987
conspecifics
Galef, Mason Preti &
Food preferences via gustatory
Bean 1988
cues
Attenuation of food aversion
Galef 1989
learning
Heyes & Dawson 1990
Pushing pendulum for food
reward
Heyes & Durlach 1990
Taste aversion learning
Galef & Heiber 1976
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other species of animal.

Approximately half of these,

particularly the earlier studies have been concerned with
the social learning or enhancement of maze/alley running and
bar-pressing for food rewards, by observing or interacting
with conspecifics.

Since 1970, studies have tended to be

more concerned with the social transmission of food
preferences and

taste aversion learning.

These broad

categories are reviewed below.

5.2.1 Maze/Allev running for food reward
These studies are designed to investigate (i) whether
rats can learn to run down an alley or select the correct
arm of a T-maze for a food reward, by following, interacting
with, or observing conspecifics, or (ii) whether their
performance in these tasks can be socially enhanced.

For

the simplest studies, which have set out merely to establish
whether rats' speed of running an alley or maze is enhanced
or inhibited by the presence of naive conspecifics, the
results are equivocal.

While Lepley (1937) found that

competition for a food reward stimulates paired rats to run
faster down a straight alley than animals tested
individually, in similar experiments Waters (1937) found no
such social facilitation, and Langenes & White (1975) found
response inhibition.

Other studies have paired naive

subjects with demonstrator conspecifics trained to turn left
or right in a T-maze for a food reward, and investigated
rate of acquisition.

Bayroff & Lard (1944) found that rats

could learn to follow the trained animal, which acted as a
"cue" allowing them to select the correct alley.
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This study

is a simpler version of one of a set of experiments which
fall into this category conducted by Miller & Dollard
(1941).

These experiments, on the basis of which Miller &

Dollard develop their model of matched-dependent behaviour,
have already been described.

Rats rewarded for taking the

same, or opposite, turn as their demonstrator learn the
appropriate response.

Miller & Dollard interpret this as

resulting from operant conditioning, the demonstrator's
behaviour acting as a discriminative stimulus.

Church

(1957) went on to establish that subjects that follow their
demonstrator into a visually marked arm of the maze in
trials, will subsequently enter the marked arm when tested
alone.

Thus, as indicated above, this mechanism can result

in observers learning the same relationship between events
in their environment as demonstrators.

In all of these

studies, observer and demonstrator are in direct contact
with each other.

In contrast, Oldfield-Box (1970) found

that rats placed in an "observer runway" parallel to the
experimental runway, learned to perform the task more
rapidly as a result of observation of the demonstrator.
Although this study was designed to demonstrate
observational learning, other explanatory mechanisms, such
as local enhancement of the food containing end of the
runway by the demonstrator, are not ruled out.

5.2.2 Bar pressing for a food reward.
A large number of studies have attempted to establish
whether observation of a trained demonstrator bar pressing
for a food reward, or of a naive conspecific acquiring this
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operant, could facilitate acquisition in the observer.
While the goal of most of these studies has been to
investigate whether rats are capable of imitation, many of
them have suffered from methodological problems,
particularly inappropriate controls, which make it difficult
to reach a firm conclusion on this matter.

Zentall (1988)

points out that it is difficult to interpret studies that
compared the bar press acquisition of rats exposed to a bar
pressing conspecific with the bar press acquisition of rats
that have been shaped to bar press by an experimenter
(Corson 1967? Jacoby & Dawson 1969? Powell 1968? Powell &
Burns 1970? Powell, Saunders & Thompson 1968), because of
the large differences in procedure.

In any case the results

of such studies have been inconclusive, social learning
sometimes being faster than shaping (eg. Corson 1967) and
sometimes slower (eg. Powell 1968).

Other studies have not

controlled for social facilitation or local enhancement
affects, particularly those in which the observer and
demonstrator are in the same chamber (Jacoby & Dawson 1969?
Gardner & Engel 1971? Bankart, Bankart & Burkett 1974?
Huang, Koski & DeQuardo 1983).

Zentall & Levine (1972)

employed a duplicate cage (two operant chambers separated by
a perspex divider) method in an attempt to overcome some of
these problems.

This apparatus thus allowed the physical

separation of the observer and demonstrator.

Subjects that

observed a trained demonstrator bar pressing for water
reinforcement acquired this learned association faster than
subjects in control conditions that observed a drinking
observer, a naive observer, or an empty box.
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Although

Zentall & Levine (1972) and Zentall (1988) interpret this
finding as evidence for observational learning, other
explanations, such as local enhancement and autoshaping have
not been unequivocally ruled out (Heyes & Dawson 1990).

To

try to overcome these problems, Heyes & Dawson (1990)
conducted their study referred to above, in which subjects
observe demonstrators moving a pendulum joystick to the left
or right for a food reward.

Their procedure was designed to

minimize any effects due to local enhancement and allow the
effects of stimulus-reinforcer learning and responsereinforcer learning to be distinguished.

Their finding that

observer rats tend to push the pendulum in the same
direction as their demonstrators is strong evidence that
rats are capable of learning response or response-reinforcer
contingencies by observation.

5.3.3 Social learning of food preferences and taste
aversions.
Mainly through the work of Galef and his colleagues
(summarised in Galef 1990), over the last 2 decades there
has been a dramatic increase in studies of the social
learning of food preferences and taste aversions in rats.
Prompted by reports of the social transmission of food
preferences and poison avoidance in the field (von Steiniger
1950; Calhoun 1962; Gandolfi & Parisi 1973), Galef has
conducted a series of laboratory investigations of the
various mechanisms underlying this transmission.

Most of

his research has been based on the finding that when
choosing between two novel diets, an observer rat prefers
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that diet previously eaten by a demonstrator conspecific
with whom the observer has interacted prior to making its
choice between diets (Galef & Wigmore 1983).

These

experiments were designed to simulate natural situations in
which a foraging rat eats a food at a distance from its
i

burrow, and then returns and interacts with burrow-mates.
The intention was to establish whether rats can acquire
information concerning the food conspecifics have eaten, and
use this information in their own food selection.

Prior to

interaction with the observer, demonstrators are fed on one
of two diets (cinnamon or cocoa flavoured powdered rat
diet)•

It was found that the observers strongly prefer the

diet consumed by their demonstrators (Galef & Wigmore 1983).
This socially influenced diet preference has proved to be
extremely robust, being induced in subjects of different
ages, sexes and degree of familiarity, and across a variety
of food diets (Galef & Wigmore 1983? Galef, Kennett &
Wigmore 1984)•

The preference can modify learned aversions,

be maintained for even unpalatable, and high handling time
diets, and persists almost indefinitely (Galef 1986; Galef
1990).

Galef & Wigmore (1983) found that communication was

based on olfactory rather than visual cues.

Subsequent

experiments have established that food on the fur at the
front of the demonstrator, together with olfactory or
gustatory cues from the demonstrators digestive system,
appear to mediate communication (Galef & Stein 1985; Galef,
Kennett & Stein 1985) and in the latter case, carbon
disulphide may be the carrier molecule (Galef, Mason Preti &
Bean 1988).

Although it is difficult to rule out the
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possibility that simple familiarity to the novel diet
following interaction accounts for the induced preference,
Galef's studies strongly suggest that the context of a
conspecific presence is required (Galef, Kennett & Stein
1985; Galef & Stein 1985; Galef 1990).
This mechanism may also allow rats to identify toxic
diets (Galef 1986).

Rats that have interacted with

demonstrators which have eaten a novel diet, then themselves
eaten the same and an additional novel diet in succession,
and subsequently suffered toxicosis, will develop an
aversion to the diet that their demonstrators have not eaten
(Galef 1986).

This suggests that exposure to conspecifics

that have eaten a diet can reduce that diets' associability
with toxicosis.

In a slightly different paradigm, a small

number of studies have suggested that rats will avoid
consuming a novel flavour which was previously experienced
prior to exposure to a sick conspecific.

This effect has

become known as the poisoned-partner effect (Coombs, Revusky
& Lett 1980; Lavin, Freise & Coombs 1980).

If two rats

consume a flavoured solution and then one is poisoned, the
other will also exhibit a taste aversion (Lavin, Freise &
Coombs 1980).

All that is required for this aversion to

develop is that the non-poisoned rat makes contact with its
poisoned-partner after consumption of the diet (Coombes,
Revusky & Lett 1980).

If instead, water is consumed in the

presence of an odour, then the non-poisoned partner learns
an aversion to the odour (Bond 1982)•
There are other mechanisms reported in the literature
for the communication of food preferences in rats.
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Galef &

Clarke (1971) found that when a colony of adult rats learned
to avoid one of two palatable diets as a result of that
diets' previous association with poison, rat pups born to
colony members did not eat any of the diet the adults were
avoiding, and continued to avoid the diet when separated
from the adults.

A series of experiments (Galef & Clarke

1971 1972? Galef 1971) led Galef and Clarke to interpret
this as resulting from a three stage process in which the
pups first follow the adults to food, then learn cues
associated with that food, and thereafter avoid alternative
diets.

Calhoun (1962) reports that in populations of wild

rats, cubs will follow adults to food sites.

Adult presence

does not appear to be necessary for the cross-generational
communication of food preferences.

Galef & Heiber (1976)

established that weanlings prefer a food site marked by the
excretory deposits of a mature female to a site in an
unmarked section of the enclosure.

Galef & Beck (1985)

found that adult rats can mark a feeding site in such a way
as to make it more attractive to weanling conspecifics than
an unmarked site containing the same food.

As noted in the

discussion of social learning mechanisms, this can be
considered a case of local enhancement which, if followed by
individual learning, could result in the transmission of
food preferences.

6. CONCLUSIONS
There is a large body of literature presenting evidence for
social transmission in natural populations of animals.
is supported by laboratory demonstrations of social
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This

learning, particularly amongst primates, birds and muridae.
There are, however, comparatively few laboratory studies of
social transmission in animals.

The natural history of wild

rats, together with the practical advantages of dealing with
their laboratory counterparts, make rats a good subject for
social learning and transmission experimentation.
The laboratory experiments, which constitute the
empirical component of this thesis, build upon social
learning studies reported in the literature.

The carrot

digging studies focus on the social learning and
transmission of foraging information amongst adult rats
digging for buried carrot.

They can be considered an

extension of Galef & Clarke's (1971) finding that rat pups
follow adults to food sites and then learn cues associated
with that food, and Galef & Wigmore's (1983) finding that
foraging efficiency in rats can be enhanced by social
learning.

The food site marking studies focus on the

communication, social learning and social transmission of
food preferences by excretory marking of food sites.

These

studies build on the findings of Galef & Heiber (1976) and
Galef & Beck (1985) which suggest that residual excretory
cues may be important determinants of rat feeding behaviour.
A more detailed account of the relationship of the
background literature to the empirical work of the thesis is
given in the introductory sections of chapters 4 and 6.
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This chapter briefly describes the subjects, apparatus,
design and general methodological approach of the
experimental work.

Its purpose is to free the next four

chapters, which present the experimental reports, from
repetitious detailed material, and give an overview of the
general approach.

1. EXPERIMENTAL DESIGN.
The carrot digging and food site marking studies were
conducted in parallel, both employing a similar approach.
In both cases social learning experiments were conducted
first, to establish whether social learning was taking
place.

The principal goal of these first experiments was to

establish experimental paradigms where it could be
reasonably certain that social learning occurred.

This much

established, these paradigms could then be used to study
social transmission.

In the case of the carrot digging

studies, these first experiments involved pairing naive
"observer” animals with "demonstrator" conspecifics trained
to dig for buried food, and comparing their foraging
efficiency with that of subjects with different observer
experiences, in control conditions.

In the case of the food

site marking experiments, "observers" do not come into
direct contact with "demonstrators".

These first

experiments were designed to investigate whether information
contained in the excretory products of the "demonstrators"
which surrounded food sites, could influence the diet choice
of "observer" conspecifics.

These experiments also sought

to establish whether this communication could result in
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socially learned preferences for particular diets.
For both sets of studies further experiments were
conducted to investigate the nature of the social learning
processes that facilitate the passage of information between
animals.

For the carrot digging studies these involved

ascertaining what type of social learning was taking place,
and what was the nature of the information being passed from
demonstrator to observer.

In the case of the food site

marking studies these experiments were designed to
investigate which residual products carried the
communication, and how long the cues were active.
The third stage for both sets of studies was to conduct
laboratory experiments investigating social transmission,
its nature and stability.

These experiments extrapolate the

design of the social learning experiments, by allowing each
observer to subsequently act as the demonstrator for the
next observer, in a chain of animals.

A schematic

representation of the procedure for these studies is
presented in figure 3.1.
In the carrot digging transmission studies (figure
3.1a), each animal first had the role of "observer" of a
"demonstrator" conspecific.

Each observer then became the

demonstrator for the next animal in the line of transmission
transmission.

In this way, it was possible to investigate

whether information could be transmitted from the initial
demonstrator, through intermediate observer-demonstrator
animals to the last observer in a chain of eight animals.
In the case of the food site marking experiments (figure
3.1b), "demonstrator" rats were placed in the experimental
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Figure 3.1
Design of social transmission experiments.
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enclosure and allowed to eat from, and mark, a single food
site.

Subsequently a naive subject was placed in the

enclosure with a choice of novel foods at the marked and at
a clean site, and consumption of the diets was monitored.
The subject was then removed, and another animal placed in
the soiled enclosure for a test period.

This procedure was

repeated in an 8 subject chain, each subject being placed in
the enclosure immediately after its predecessor had been
removed.

This design allowed investigation of whether

preferences for particular diets could be transmitted from
one animal to the next along the chain, via residual marking
of the food sites.
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2. SUBJECTS.
All subjects were young adult male rats of an inbred
agouti strain called DA (DA/Ola/Hsd) purchased from HARLAN
OLAC LTD., and from BANTIN & KINGMAN LTD. if unavailable
from OLAC.

This strain was chosen because these rats have

relatively strong eyesight, which was thought might be of
importance in studies of social learning, and because of
their mild temperament.

All subjects were purchased at 6-8

weeks of age and tested at age 10 - 15 weeks and weight 177
- 264g.

Subjects were weighed immediately after being

tested.

All subjects were handled by the experimenter on a

daily basis for at least 7 days prior to the start of
experimentation.

To cut down on costs, some subjects were

used in both the carrot digging and food site marking
experiments, but subjects were never in more than one of
each type of experiment.

Where subjects were used in both

types of experiment, they took part in the food site marking
experiment first, and only when this was complete did
training for the carrot digging experiments begin.

For any

given experiment all subjects were of an equivalent age and
had similar experimental histories.

3. APPARATUS
3.1 Housing
All experimental work was conducted in the animal
laboratory of the Department of Psychology, University
College London.

Prior to experimentation, subjects were

housed in pairs in standard white perspex enclosures with
stainless steel wire roofs measuring 25x40x20 cms.
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Housing

cages were placed in racks of 24 in a holding room on a
12:12 hour light-dark cycle, lights on at 2000 hours.

These

enclosures were enriched with a variety of small, plastic
and cardboard objects, designed to improve the general well
being of the animals.
Testing took place in separate experimental rooms on
the same light-dark cycle.

3.2
3.2.1

Experimental apparatus
Carrot digging experiments
With the exception of subjects in experiment 5, all

animals were trained and tested in plastic walled enclosures
measuring

52x36x18 cms with stainless steel wire roofs

(figure 3.2).
The enclosures were divided along their length by an 18
cm high stainless steel wire mesh of 6 mm2 gauge.

The floor

covering varied according to experiment, group and phase of
testing, and was either a 5 cm layer of lightly compressed
peat, or a 0.2 cm scattering of peat.

The food comprised of

16 pieces of carrot, of size 1x1x0.5 cm, distributed
randomly but either buried beneath the 5 cm depth of peat or
placed upon the surface.

A pilot study established that

this size of carrot piece was optimal for the purpose of
these experiments.

It was found that pieces of carrot much

larger than 1x1x0.5 cm were taken to a corner and hoarded
rather than eaten by the demonstrator immediately, and
pieces much smaller were eaten too quickly to allow much
observation of this behaviour.

Another pilot study found

that carrot pieces buried beneath 5 cm of peat could not be
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detected without digging.
Figure 3.2
Apparatus for experiments 1-4 of carrot digging studies.
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For experiment 5 the experimental design was altered to
allow observers and demonstrators to interact directly, with
different ratios of demonstrator and observer animals.
Here the experimental enclosure was a stainless steel
cylinder, with a diameter of 74 cm and a height of 46 cm,
designed for use in "open field" experiments, with a clear
perspex floor.

In the centre of the enclosure was placed a

white perspex box measuring 25x40x13 cms which contained 28
pieces of carrot under 5 cm of peat (figure 3.3).

Figure 3.3
Apparatus for experiment 5 of carrot digging studies.

3.2.2 Food site marking experiments
Subjects were tested in a large U-shaped enclosure,
measuring 170x154x36cm, with an aluminium frame and floor,
90

clear perspex walls and wire mesh roof (figure 3.4).

A

white perspex tray, measuring 32x50cm, with a lip 3cm high,
was placed in both arms of the enclosure, upon which were
placed the food bowls.

During the

'demonstration'

(or

marking) phase of the experiment, powdered standard rat
diet,

flavoured either with 1% (Schwartz) ground cinnamon or

2% (Safeway) cocoa, was available from a single stainless
Figure 3.4
Apparatus for food site marking experiments.

steel food bowl, of 10cm diameter and 4cm lip, placed
centrally on one of the trays.

At test, a food bowl

containing one diet was placed on one tray and an identical
bowl containing the alternative diet on the other.
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4. ANALYSIS
Where possible, experiments were analyzed with
parametric statistical tests, usually 1- or 2-way Analysis
of Variance, or independent t-tests, as these statistics are
generally thought to be more powerful than non-parametric
tests (Howell 1987).

Where group variances were

particularly heterogeneous (differing by much more than a
factor of 5) the data was either transformed to reduce this
heterogeneity, or non-parametric analyses were conducted.
The policy adopted was that where multiple comparisons were
required between groups, and where there was no missing
data, square root or loge(X+l) transformations were
conducted.

Where few comparisons were required, or where

transforming the data failed to reduce the heterogeneity of
the variance to an appropriate level, non-parametric
statistics were conducted, usually by Kruskal-Wallis 1-way
analysis of variance or Wilcoxon's Rank-Sum test.

Testing

in the carrot digging studies took place over a 10 minute
period.

For some of the dependent variables, which measured

the time it took for an animal to perform a particular
behaviour, eg. time to start digging, some animals failed to
exhibit this behaviour at all, and thus were given a score
of 600 seconds.

In such cases non-parametric statistics

were more appropriate.
In figures presenting experimental data, error bars
represent the standard error.
Inter- and intra- experimenter reliability data for the
carrot digging experiments is presented in appendix 3.1.
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5. DISCUSSION
To aid continuity, a full discussion of the
implications of the experiments in chapters 4 - 7

for (i)

the animal social learning literature and (ii) the role of
social transmission in evolution, is saved until chapter 9.
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CHAPTER 4

CARROT DIGGING STUDIES I.
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INTRODUCTION
The social transmission of information about foods,
their palatability, location, acquisition and processing,
might partly explain the rat’s success as an omnivore.
As reported in chapter 2, several field studies have
reported incidents of feeding related behaviours thought to
have been socially transmitted (Steiniger 1950; Calhoun
1962? Gandolfi & Parisi 1973).

In recent years, laboratory

studies of social learning in the rat have tended to focus
on feeding behaviours (Galef, 1988b).

Social learning has

already been demonstrated to improve foraging efficiency
(Galef and Wigmore, 1983? Galef 1988b), facilitate the
location of food sites (Galef & Clarke 1971; Galef & Beck
1985), and appropriate diets (Galef & Clarke 1971), and
avoid potentially noxious diets (Coombs, Revusky & Lett
1980; Galef 1986).

The experiments reported in this chapter

follow on from these studies to investigate whether naive
"observer" rats can acquire and then act on foraging
information gained from the activities of "demonstrator"
conspecifics.
food.

The task used was one of digging up buried

Experiments 1 and 2 are designed to investigate

whether "observer" rats can learn of the presence of buried
food, and take appropriate action to access it, as a
consequence of the activities of "demonstrator conspecifics.
The goal of these experiments is to establish an
experimental paradigm in which social learning occurs, which
can then be used as a basis for the studies of social
transmission reported in the next chapter.

2. EXPERIMENT 1

METHODS
Design.
When the behaviour of one animal changes as a
consequence of its observing the behaviour of another animal
there are, broadly, two possible reasons.

The first, a

social learning hypothesis, is that the behaviour of the
observer animal is altered by way of information about the
demonstrator animal's behaviour being acquired and stored by
the observer.

The second, a non-learning hypothesis, claims

that the change in the behaviour of the observer occurs
without information gain and storage.
means by which this could occur.

There are two related

One is that the

motivational state of the observer is transiently altered by
the behaviour of the demonstrator.

The other, known as

social facilitation, occurs when the behaviour of the
demonstrator acts as a releaser for the same behaviour in
the observer (Thorpe, 1956).

In this experiment observer

animals were able to forage at the time of observing the
behaviour of the demonstrator.

This experiment was designed

to distinguish between the above explanations.
The design used was one in which observers were placed
on one side of an enclosure with food buried beneath the
surface.

On the other side of the enclosure were

demonstrators.

The demonstrators were either trained to dig

for buried food or were not trained to do so.

These two

conditions were further subdivided on the basis of whether,
at the time that the observers and demonstrators were in

these neighbouring enclosures, food was or was not buried
beneath the surface in the demonstrators* section.
Consequently, there were 4 conditions, and a 1x4 factorial
design was employed.

The two independent variables were (i)

the demonstrators* previous experience of digging for buried
food, and (ii) the presence or absence of buried food in the
demonstrators' section of the enclosure at test.
The social learning hypothesis predicts that the
observers learn that digging leads to the uncovering of
buried food, by perception of the demonstrator foraging for
food.

It is predicted that perception of the demonstrator

digging, where food is not unearthed, will not significantly
alter the behaviour of the observers.

Thus the animals in

the group that observe trained demonstrators digging up
buried food should dig up more buried food in their part of
the enclosure than the observers in the other three groups.
The non-learning hypothesis, by contrast, predicts that
observers paired with demonstrators previously trained to
dig will uncover more buried food than observers paired with
untrained demonstrators, irrespective of whether food was
present or absent in the demonstrators' section of the
enclosure at the time that the observers were present.

This

is because if the behavioural change of the observers were
caused by social facilitation then, since the trained
demonstrators will dig more than the untrained
demonstrators, digging behaviour in the observers will be
released irrespective of whether the demonstrator is
uncovering food or not.

Also, if the digging activities of

the demonstrator were somehow altering the motivational
97

state of the observers causing them to be more active, and
thus coincidently resulting in more buried food being
uncovered, then, again, the prediction would be that the
observers paired with trained demonstrators should dig up
more food irrespective of whether the demonstrators
themselves were digging up food at the time of the pairing.
The dependent variables were the number of carrot
pieces dug up, the time for each to be dug up, the time of
onset of digging behaviour, and the general activity levels
for both demonstrator and observer animals.
Subjects.
Sixty-four male rats of the type described in chapter
3, with eight observers and eight demonstrators in each
group.
Apparatus.
Animals were trained and tested in the enclosure
described in chapter 3, and illustrated in figure 3.2.
Procedure.
The animals were randomly assigned to one of four
groups, with eight rats serving as demonstrators in each
group and eight as observers.

For fourteen consecutive days

the demonstrators were placed in pairs in the plastic
enclosures for 10 minutes.

In two of the groups the

demonstrators had a 5 cm covering of peat on the floor
beneath which was buried 16 carrot pieces.
trained demonstrators.

These were the

On average these animals dug up 6

pieces of carrot per day across this training period.

The

demonstrators in the other two groups were placed in
enclosures with the light scattering of peat on the floor

and with 6 pieces of carrot placed at random upon the
surface.

These were the untrained demonstrators.

Thus all

demonstrators consumed roughly the same amount of carrot
during this phase of the experiment but half of them did not
learn to dig in order to gain access to the carrot.

Over

the same 14 day period the observers were also placed in
test enclosures with a light scattering of peat on the floor
for the same 10 minute period, but without any carrots in
the enclosures.

They were fed 6 pieces of carrot on return

to their home cages.

Thus, by the end of this training

phase, all subjects were familiar with carrot as a
foodstuff, and soil as a floor covering and the
demonstrators had been appropriately trained.
On the fifteenth day of experimentation the animals
were placed for 10 minutes in the test apparatus as
observer-demonstrator pairs, each animal on either side of
the wire mesh barrier, where observation of the
demonstrators by the observers could occur.

The floor

covering for all observers was 5 cms of peat beneath which
was buried 16 pieces of carrot.

The trained demonstrators

were subdivided such that half of them had the 5 cm peat
floor covering with 16 buried carrots (the "trained-carrots
available" group), and half had the same peat surface
without buried carrot pieces (the "trained-without carrots
available" group).

The untrained demonstrators were also

subdivided such that half of them were placed into
enclosures with carrot buried beneath 5 cm peat (the
"untrained-carrots available" group), and half were placed
in enclosures with 5 cm peat floor covering but no buried

carrot (the "untrained-without carrots available" group).
The number of carrots dug up, the time for each to be
dug up, and the time of onset of digging behaviour in the
observer animals was recorded, as it was for demonstrator
animals that had carrots available.

Also recorded was the

general activity levels of all demonstrator and observer
animals using a scale of 1-5, covering a range from complete
inactivity (1) through some ambulation but no digging to
vigorous digging and rapid ambulation (5).

Activity scores

were given to each animal every 150 seconds, giving a total
score for the 10 minute test period out of 20.

The

experiment was conducted blind, the experimenter not knowing
which groups the animals belonged to at test.

RESULTS
The results were analyzed adopting a 1-way (1x4) design for
each of the dependent variables.
The number of carrots dug up by each group of observers
is shown in Figure 4.1.

An analysis of variance found

significant differences on this measure (F(3 2g)B4.95,
p<0.05), with observers from the trained-carrots available
group (Xss4 •13) digging up significantly more carrot pieces
than observers in any of the other groups (X=2.25, 2.5 and
1.75 for the untrained-carrots available, trained-without
carrots available, and untrained-without carrots available
conditions respectively)
W3=l.62 W4=1.78).

(Newman-Keuls q=.05

W2=1.34

Observers with a trained demonstrator dug

up significantly more carrot pieces (X=3.31) than those with
an untrained demonstrator (X=2.0) (F(1 28)=8.06 pc.Ol), and
100

observers whose demonstrators had carrot pieces present dug
up significantly more carrots (X=3.19) than those whose
demonstrators were without carrot pieces (2.13)
(^*(1f28)=^ *

p<. 05) •

Figure 4.1
Experiment is The number of carrot pieces unearthed by
observers•
6T

CO

5-

W
O
Cxi

Ph
E-h

o
Ph

<
O

2

-

6
1~

TRAINEDCARROTS

UNTRAINED-

TRAINED-

UNTRAINED—

CARROTS

NO CARROTS

NO C A R E T S

AVAILABLE

AVAILABLE

AVAILABLE

AVAILABLE

Demonstrators in the trained-carrots available group
dug up significantly more carrot pieces during the test
phase of the experiment (X=7.87) than did the demonstrators
in the untrained-carrots available group (X-2.88)
df=7 pc.001).

(t=8.87

A linear regression of demonstrators' carrot

digging performance on observers' performance, for the two

groups with demonstrators that had carrot pieces available,
showed that 40% of the variability in the number of carrot
pieces unearthed by observers was directly predictable from
the variability in the number of carrot pieces unearthed by
demonstrators (1^.63

r2=.4

F(1 U)=9.45 p<.05).

Figure 4.2
Experiment Is The time to unearthing first carrot piece by
observers•
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The observers in the trained-carrots available group
unearthed the first carrot more quickly than observers in
each of the other groups (Wilcoxon Rank Sum Test

W(8 8)=51 at

p=.05, comparison of the trained-carrots available group
with the untrained-carrots available, trained-without
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carrots available, and untrained-without carrots available
groups respectively, gives Ws=53 approaching p=.05, Ws=52
approaching p=.05, and Ws=54 approaching p=.05).
is presented in figure 4.2.

This data

The demonstrators in the

trained-carrots available group (X=108 secs) dug up their
first carrot significantly faster (t=4.12 df=7 p<.01) than
did the demonstrators in the untrained-carrots available
group ((X=255 secs)•
The observers in the trained-carrots available group
began digging earlier than those in the untrained-carrots
available group (Wilcoxon Rank Sum Test Ws=46, W(88)<51,
p<0.05 1-tailed), and the untrained-without carrots
available group (Wilcoxon Rank Sum Test Ws=47.5, W(88)<51,
p<0.05 1-tailed), but not those in the trained-without
carrots available group (Wilcoxon Rank Sum Test Ws=63,
W(88)c 51, p>0.1 1-tailed).

Trained demonstrators (X=33 s)

started digging earlier than untrained demonstrators (x=129
s) (Wilcoxon Rank Sum Test Ws=167
tailed).

W1616)<202 p<.01 1-

This data is presented in figure 4.3.

Figure 4.4 shows the activity measured for both
observers and demonstrators in all four groups.

An analysis

of variance on the data for the observers showed significant
differences (F(3 28)=4.26, p<.05), those with trained
demonstrators exhibiting higher activity levels (X=14.4)
than observers with untrained demonstrators (X=10.8)
(F(, 23)=8.7, p<.01).

Although observers in the trained-

carrots available condition (X=15.63) were slightly more
active than those in the trained-without carrots available
condition (X-13.13) this difference did not approach
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Figure 4.3
Experiment Is Time of onset of digging in both observers and
demonstrators.
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There was, however, a significant difference

in the level of activity of observers in the untrainedcarrots available (12.0) and untrained-without carrots
available (X=9.63) conditions (F(1 28)=4.2 p=.05).
The demonstrators themselves showed significantly different
levels of activity, those that were trained scoring higher
(X=17.94) than those that were untrained (X=10.5)
(F<1 28)~62.07, p<0.01).

It is of interest to note that there

was also a significant difference between the activity of
untrained demonstrators, the presence of carrots raising the

level of activity (X=12.13 and 8.88 for untrained-carrots
available and untrained-without carrots available conditions
respectively)

(F(1 28)=5.93, p<0.05).

Figure 4.4
Experiment 1: Activity of observers and demonstrators.
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Anecdotally, observers whose demonstrators had carrots
present appeared more goal directed in their digging
behaviour, tending to dig deeper in specific areas with the
digging action involving the movement of front legs towards
the body.

Observers whose trained demonstrators had no

carrots in the enclosure showed a greater tendency to dig
"wildly", flitting from place to place, shifting mainly
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surface peat, and often digging with movements of the front
legs away from their body.

The observers in the untrained-

without carrots available group often exhibited long periods
of inactivity.

Animal that unearthed large numbers of

carrot pieces tended to hoard this food in a particular
section of the enclosure, and return intermittently to
nibble, rather than eat each piece as it was dug up.

DISCUSSION
The pattern of results clearly supports the social learning
hypothesis.

Neither motivational factors nor social

facilitation can account for the elevated foraging
efficiency of observers in the trained-carrots available
group compared to the other three groups.

The number of

carrot pieces unearthed by observers in this group was
significantly higher than the number unearthed by observers
in the trained-without carrots available group (figure 4.1),
despite the fact that the demonstrators in this latter group
were more active (figure 4.4).

This latter finding should

have led to similar performance by observers in these two
groups if either form of the non-social learning hypothesis
were to have gained support, but it did not.

Similarly, the

time to unearth first carrot by observers in the trainedcarrots available group was significantly shorter than the
time for observers in the trained-without carrots available
group (figure 4.2).

These findings suggest that, in the

situation reported here, foraging efficiency has been
enhanced as a consequence of the operation of social
learning between observer and demonstrator.
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One prediction of the "non-learning" explanations was
confirmed, subjects with trained demonstrators on average
started to dig earlier, and were more active than those with
untrained demonstrators.

As trained demonstrators

themselves started digging earlier, and were more active
than untrained demonstrators a social facilitation or
motivational account of this feature of the results is
feasible.

The onset of digging amongst observers appears to

be largely influenced by demonstrator behaviour, suggesting
that digging by the demonstrator stimulates digging in the
observer.

This may occur as a result of social

facilitation.

It should be noted, however, that while

social facilitation can account for this aspect of the
results, like a motivational account, it cannot explain the
elevated foraging performance of observers in the trainedcarrots available condition relative to those in the
trained-without carrots available group.
One interpretation of the results is that social
learning has occurred as a consequence of local enhancement.
Social learning may result when observers learn of the
presence of carrot pieces in the enclosure as a consequence
of the behaviour of the demonstrators, who bring it to their
attention.

This would explain why observers in the trained-

carrots available condition dug up more carrot pieces,
faster than observers in the other groups: demonstrators in
this group, being trained and having carrot pieces in their
enclosure, were best able to direct the attention of the
observers to the presence of carrot pieces in the enclosure.
This explanation is preferred to an imitation/observational
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learning account at this stage on grounds of parsimony, it
making fewer assumptions about the cognitive capabilities of
the animals.

These processes have nonetheless been

demonstrated in laboratory studies of social learning in
rats (see chapter 2), and consequently cannot be ruled out.
Moreover, in a task such as foraging for buried food, it is
quite conceivable that information transmission could be
mediated by more than one process.

The mechanism of

information transmission is the focus of experiment 2, and
consequently a full discussion of this matter is postponed
to the end of this chapter.

3. EXPERIMENT 2
Experiment 1 suggests that some form of social learning
can operate amongst rats to enhance the foraging efficiency
of the observer.

The superior foraging performance of

observers in the trained-carrots available group to those in
the trained-without carrots available condition suggests
that, in the case of the former, the information passing
from demonstrator to observer is not solely related to the
demonstrators' digging behaviour.

It implies that what is

transmitted from demonstrator to observer includes
information about the presence of, whereabouts of, or means
of accessing, food buried in the enclosure.

Experiment 1

does not, however, establish whether it is the observers'
perception of the food, of the demonstrator eating the food,
of the demonstrator foraging for and accessing food, of the
demonstrator foraging for, accessing and eating the food, or
of a combination of these in concert with perception of a
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digging or active demonstrator, which facilitates the social
learning.

Experiment 1 also gives little indication as to

which sensory modalities are involved when the observer
acquires this information.

Moreover, at this stage it is

not yet clear what type of social learning best describes
this information transmission.
Experiment 2 was designed to clarify some of the issues
raised above.

In this experiment subjects' foraging

efficiency is recorded both in the observation phase when
paired with a demonstrator, and alone 24 hours later.

This

design helps to distinguish between motivational/social
facilitation effects on foraging performance which will
occur only in the presence of the demonstrator, and effects
due to social learning.

Moreover, additional conditions to

those in experiment 1 are introduced in order to attempt to
understand the nature of the information transmitted from
demonstrator to observer.

METHODS
Design.
The situation used was the same as in experiment 1,
observers being placed on one side of an enclosure with food
buried beneath the surface, and on the other side
demonstrators.
4.1.

There were 6 conditions, summarised in table

Two of the conditions corresponded to the trained-

carrots available and trained-without carrots available
conditions in experiment 1.

The only difference between the

procedure for subjects in these conditions and those in the
corresponding conditions in experiment 1, was that observers
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were re-tested alone in a similar enclosure 24 hours after
their observational period with the demonstrator.

In a

third condition, the "trained-observe only” condition,
observers did not get the opportunity to dig in peat, or
recover carrot pieces during the observation phase of the
experiment, but only at the test 24 hours later.

Comparison

Table 4.1
CONDITION

'OBSERVATION PHASE' PROCEDURE

Trained-carrots
available

Observe successful foraging
demonstrator. Able to forage themselves.

Trained-without
carrots available

Observe unsuccessful foraging
demonstrator. Able to forage
themselves.

Trained-observe
only

Observe successful foraging
demonstrator.
Unable to forage themselves.

Demonstratoreating

Observe demonstrator eating carrot.
Able to forage themselves.

Carrots-only

No demonstrator. Carrots in
demonstrators' section of enclosure.
Able to forage themselves.

Control

No demonstrator.
Able to forage themselves.

of this groups' foraging success with that of observers in
the trained-carrots available condition would give some
indication as to how important it is for observers to
themselves be able to forage at the time of interaction with
the demonstrators.

Moreover, should observers in this

condition forage less efficiently than observers in the
trained-carrots available condition, and no more efficiently
than subjects that do not get the opportunity to observe a
foraging conspecific, then this would suggest that a

description of the social learning process in terms of
observational learning or imitation would be inappropriate.
u
In a forth condition, the "demonstrator eating” condition,
K

demonstrators did not get the opportunity to forage in soil
for carrot, but were given carrot pieces to eat.

If the

perception of a conspecific eating food is a sufficient cue
to enhance foraging behaviour in the observer and result in
learning, then observers in this condition would be expected
to exhibit an enhanced level of foraging efficiency relative
to subjects in other conditions without this experience,
when tested 24 hours later.

A fifth condition, the "carrots

only” condition, had no demonstrator during the observation
phase, but there were carrots placed on soil in the opposite
side of the enclosure.

Thus if the perception of food is a

sufficient cue to enhance foraging behaviour and result in
learning, then observers in this condition would be expected
to exhibit an enhanced level of foraging efficiency relative
to the subjects in the control condition which do not have
this experience, when tested 24 hours later.

The sixth

condition, the "individual foraging" group, is a control and
effectively acts as a baseline against which to gauge the
foraging efficiency of subjects in the other conditions.
Here subjects were placed individually in the enclosure
during both the "observational phase" (although no
observation could take place), and the test phase 24 hours
later.

This control was preferred to an alternative with

subjects that have an untrained demonstrator without carrot
pieces, on the grounds that subjects performance could not
be elevated by social facilitation or motivational factors.
Ill

The dependent variables were the same as in experiment
1, recorded both during the observation phase and 24 hours
later.
Subjects.
Eighty male rats of the type described in chapter 3,
with eight animals in each condition and 32 demonstrators.
Apparatus.
Animals were trained and tested in the same plastic
walled enclosures as in experiment 1, described in chapter 3
(figure 3.2).
Procedure.
The observers were randomly assigned to one of six
groups, with eight rats serving as demonstrators in each of
the "trained-carrots available”, "trained-observe only”,
"demonstrator eating” and "trained-without carrots
available” conditions only.

For fourteen consecutive days

the demonstrators were placed in the plastic enclosures for
10 minutes.

In the trained-carrots available, trained-

observe only, and trained-without carrots available groups
the demonstrators had a 5 cm covering of peat on the floor
beneath which was buried 16 carrot pieces.

These animals

were equivalent in experience to the trained demonstrators
in experiment 1.

The demonstrators in the demonstrator

eating group were placed in enclosures with the light
scattering of peat on the floor and with 6 pieces of carrot
placed at random upon the surface.
untrained demonstrators.

These were thus

As in experiment 1, all

demonstrators consumed roughly the same amount of carrot
during this phase of the experiment but some of them did not

ill

learn to dig in order to gain access to the carrot.

Over

the same 14 day period the observers were also placed in
test enclosures with a light scattering of peat on the floor
for the same 10 minute period, but without any carrots in
the enclosures.

They were fed 6 pieces of carrot Qon return

to their home cages.

By the end of this training phase, all

subjects were familiar with carrot as a foodstuff, and soil
as a floor covering and the demonstrators had been
appropriately trained.
On the fifteenth day of experimentation the animals
were placed for 10 minutes in the test apparatus as
observer-demonstrator pairs, each animal on either side of
the wire mesh barrier, where observation of the
demonstrators by the observers could occur.

Subjects in the

carrots only and individual foraging conditions had no
demonstrator, and were placed individually in one section of
the enclosure, the other containing no conspecific.

The

floor covering for all observers^was 5 cms of peat beneath
which was buried 16 pieces of carrot.

The trained

demonstrators were subdivided such that in two conditions,
the trained-carrots available and trained-observe only
groups, they had the 5 cm peat floor covering with 16 buried
carrots, while those in the trained-without carrots
available group had the same peat surface without buried
carrot pieces.

The untrained demonstrators in the

demonstrator eating condition were placed in enclosures with
a light scattering of peat and 6 carrot pieces on the
surface.

In the carrots only condition, the alternative

section of the enclosure to that housing the observer had a
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floor covering of a light scattering of peat with six carrot
pieces on the surface.

The same dependent variables as in

experiment 1 were recorded.
On day sixteen, 24 hours after the observation phase,
observers in all six conditions were placed in the same
enclosures for a 10 minute test phase.

The floor covering

for all observers was 5 cms of peat beneath which was buried
16 pieces of carrot.

There were no demonstrators during

this test period, the opposite section of the enclosure
containing only a light scattering of peat.

Recordings were

taken of the same dependent variables.

RESULTS
The number of carrots dug up by each group of observers
is shown in Figure 4.5.

An analysis of variance found some

differences on this measure at the test phase (F(5 42)=2.59,
p=.078 approaching significance).

Observers from the

trained-carrots available group (X=3.38) (F(1#42)-6.77 p<.05),
the trained-observe only group (X=3.13) (F(142)=4.85 p<.05),
and the demonstrator eating group (X^.IS)

(F(1 42)=4.85

p< •05) all dug up significantly more carrot pieces than
observers in the individual foraging condition (X=1.28).
There were also significant differences in this measure
during the observation phase (F(4 35)=5.47 p<.05), with
observers in the trained-carrots available (X=4.13),
demonstrator eating (X=3.25), carrots only (X-2.625), and
trained-without carrots available (X=3.38) groups all
unearthing significantly more carrot pieces than the
individual foraging group (X=1.13) (F(1 35)= 19.35 pc.Ol, 9.71
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p < .01, 4.84 p<.05, and 10.88 pc.Ol respectively).

Figure 4.5
Experiment 2: The number of carrot pieces dug up by
observers during both the observation and the test phase.
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Demonstrators in the trained-carrots available and trainedobserve only groups dug up an average of 5.5 and 5.63 carrot
pieces respectively during the observation phase.
The time of unearthing of first carrot for observers in
each group is presented in figure 4.6.

At test the

observers in the trained-carrots available (X=108.13s) and
the trained-observe only (X=142.25s) groups unearthed the
first carrot more quickly than observers in the individual
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foraging condition (X=352.88s)

(Wilcoxon Rank Sum Test

45 and 51 respectively, W(8 8)<51 p<.05 1-tailed).

Ws=

There was

no significant difference between the time to first carrot
for the demonstrator eating (X-195.25s), the carrots only
(X=245.88s), or the trained-without carrots available
(X— 169.63) conditions and the individual foraging condition.

Ficrure 4.6
Experiment 2: Time of digging up first carrot for observers
in each group for both the observation and test phase.
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During the observation phase observers in the trainedcarrots available (X=142.25s), demonstrator eating (X=223s)
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and trained-without carrots available (144.75s) conditions
all unearthed their first carrot significantly faster than
the individual foraging condition (X=460.63s)
Sum Test

(Wilcoxon Rank

W8= 40, 48 and 41 respectively, W (88)<51 p<.05 1-

tailed).
The time of onset of digging for observersduring the
test phase is presented in figure 4.7.

Figure 4.7
Experiment 2: Time of onset of digging for observers in each
group at both the observation and test phase.
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The observers in the trained-carrots available (X=16.38s),
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the trained-observe only (X=28.25), and the demonstrator
eating (X=62.25s) groups commenced digging earlier than
observers in the individual foraging condition (X=245.13s)
at test (Wilcoxon Rank Sum Test

W8= 45, 43.5 and 49.5

respectively, W(88)<51 p<.05 1-tailed).

There was no

significant difference between the onset of digging
behaviour for the carrots only (X=103.5s), or the trainedwithout carrots available (X=91.75s) conditions and the
individual foraging condition.
During the observation phase observers in the trainedcarrots available (X=22.75s), demonstrator eating
(X=s49 •13s), carrots only (X=100s) and trained-without
carrots available (29.63s) conditions all started digging
earlier than the individual foraging condition (X=297.75s)
(Wilcoxon Rank Sum Test

Ws= 36, 40, 42 and 36 respectively,

W(8,8)<45 pc.01 1-tailed).
Figure 4.8 shows the activity measured for observers in
all six groups at both observation and demonstration phase.
An analysis of variance found some differences on this
measure at the test phase (F(5 42)=2.74, p=0.062 approaching
significance).

Observers from the trained-carrots available

group (X=15.75) (Dunnetts' test df=6,4Z critical difference
between means=3.9 p<.05), the trained-observe only group
(X-15.625)

(Dunnetts' test p<.05), and the demonstrator

eating group (X=14.88)

(Dunnetts1 test, approaching p=.05

significance) were all more active than observers in the
individual foraging condition (X=11.38).

During the

observation phase (F(542)=7.17 pc.01), observers in the
trained-carrots available (X=17.5), observe only (X=16.13),
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and trained-without carrots available (X=16.38) groups were
all significantly more active than the individual foraging
group (X=12) (Dunnetts' test df=6,42 critical difference
between means-3.44 p<.05).

Figure 4.8
Experiment 2s Activity of observers in each group during
both the observation and the test phase.
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Demonstrators in the trained-carrots available,
trained-observe only, and trained-without carrots available
groups had mean activity scores of 18, 17.13 and 17.25
respectively during the observation phase, there being no
significant differences between these scores.
119

Anecdotally, observers in the trained-observe only
condition became increasingly active during the observation
phase, with substantial foraging, sniffing and exploratory
behaviour.

These animals directed a great deal of their

attention towards the demonstrator, and made gustatory
contact on several occasions.

Observers in the individual

foraging condition often exhibited long periods of
inactivity.

DISCUSSION
The results for all the dependent variables are relatively
consistent, suggesting an elevated foraging efficiency in
the trained-carrots available, trained-observe only, and
demonstrator-eating conditions over and above that exhibited
by subjects in the individual foraging group at test.
Observers in these three conditions unearthed more carrots,
were more active, and started digging earlier than those in
the individual foraging group.

Observers in the trained-

carrots available and trained-observe only groups also dug
up their first carrot faster than subjects in the individual
foraging condition.

Subjects in the carrots only and

trained-without carrots conditions showed no sign of
elevated foraging at test as a consequence of their previous
experience during the observation phase.
The fact that observers in the trained-observe only
condition exhibited an elevation in performance, implies
that the opportunity to forage simultaneously with the
demonstrator is not critical for social learning to occur
here.

It also implies that successful foraging by the
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observer during the observation phase is not necessary for
elevated foraging performance at test.

The behaviour of

these animals suggests that they were attempting to forage
during the observation phase, but their lack of success did
not appear to detract from their test performance.

This

finding means that an observational learning or imitation
account can not be ruled out.
It is, perhaps, a surprising finding that observers in
the demonstrator-eating condition exhibited an elevated
foraging performance at test.

Subjects in all three of the

conditions that showed an enhancement in foraging efficiency
at test were able to perceive a demonstrator eating carrot
during the observation phase.

The simplest interpretation

of this finding is that perception of a demonstrator
conspecific eating carrot allows observers to pick up
sufficient foraging information to subsequently enhance
their own foraging efficiency, relative to animals without
this experience, when tested alone 24 hours later.

Such a

conclusion, however, is based on the assumption that the
same processes of information transmission are taking place
in each of the three conditions with elevated foraging
performance.

This assumption may not be appropriate, as

foraging efficiency could be elevated by a variety of
processes which result in learning.

Subjects in the

trained-observe only group may indeed form an association
between food and some other component of the situation they
perceive during the observation phase, such as the
demonstrators digging behaviour or the soil.

Animals in the

demonstrator eating condition may simply learn of the
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presence of food in the enclosure as a result of their
demonstrators activities.

The former would be described as

observational learning or imitation, but the latter case is
social learning resulting from local enhancement.
The elevated performance of observers in the carrots
only and trained-without carrots conditions during the
observation phase only, suggests that both the perception of
food and the perception of a digging or active conspecific
can transiently result in an elevation in foraging
performance.

This elevation is probably best described in

terms of motivational, or social facilitatory effects, there
being no evidence that these factors resulted in learning.
It is likely that, during the observational phase, such
motivational and facilitatory effects enhanced the foraging
efficiency of observers in all groups able to forage.

This

supports the interpretation that the elevation in
performance of observers in the trained-carrots available
condition seen in experiment 1, results from a combination
of social learning and motivational factors.
Notes taken on the observers' behaviour during the
observation phase suggests that visual, olfactory and
gustatory contact was occurring in most groups.
The results of this study, in combination with those of
experiment 1, suggest that the elevated foraging performance
of animals that perceive trained demonstrator conspecifics
foraging successfully for food, probably results from a
complex combination of motivational and learning processes.
The social learning component can be accounted for most
parsimoniously by a local enhancement hypothesis.
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This

suggests that perception of an eating conspecific directs
observers attention to the presence of food in the
enclosure.

Observational learning can not be ruled out,

however, and the observers may form an association between
foraging behaviour and food, or between some aspect of the
context in which successful foraging occurs and food, by
observation of the demonstrator.

The motivational component

is of a transient nature, and can not by itself account for
the findings of this experiment, or of experiment 1.

4. SUMMARY
The two experiments reported in this chapter
demonstrate that foraging efficiency can be improved by
social learning.

In both experiments 1 and 2, observers

with trained demonstrators that had carrot pieces in their
section of the enclosure, dug up more carrot pieces faster
than controls without this experience.

A combination of

motivational factors and social learning best accounts for
this elevation of performance.

A discussion of the

significance of these experiments in the context of the
social learning literature is postponed to the main
discussion in chapter 9.

Suffice to mention that these

finding are consistent with the findings of other laboratory
studies of social learning in rats (Galef & Wigmore 1983).
The main purpose of the experiments in this chapter is
to establish an experimental situation in which it can be
reasonably certain that naive observer rats can acquire and
then act on information gained from the activities of
demonstrator conspecifics.

The evidence for social learning
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in both experiments is sufficiently strong to suggest that
this much has been established.

It is now possible to go on

to use this experimental paradigm to study social
transmiss ion•
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1. INTRODUCTION
The experiments in chapter 4 demonstrate that social
learning can improve foraging efficiency.

What has yet to

be shown is whether behaviours that have been changed by
social learning have the potential for becoming fixed in a
rat population.

For this to occur social learning must be

extended into repeated transmission episodes, observers
themselves becoming effective demonstrators, allowing the
relevant information to spread and be maintained in the
population.

The experiments reported in this chapter study

multiple transmission steps by allowing each observer to act
as a demonstrator for the next observer.

The results of

these studies are designed to provide some laboratory based
data on the conditions required for the fixation of
behaviours in social groups by way of information
transmission between animals.
As reported in chapter 2, there are a small number of
controlled studies of social transmission in the social
learning literature.

Lefebrve and colleagues have combined

laboratory, field and aviary studies to investigate the
transmission of food finding behaviour in feral pigeons
(Palameta and Lefebvre, 1985? Lefebvre, 1986; Giraldeau and
Lefebvre, 1986, 1987), whilst Curio has carried out
laboratory studies investigating the social transmission of
enemy recognition and mobbing in birds (Curio, Ernst and
Vieth, 1978; Vieth, Curio and Ernst, 1980).

Curio and

colleagues (1978) found that mobbing behaviour in blackbirds
to an artificial stimulus could be transmitted along a chain
of birds, if each observer perceives a demonstrator
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conspecific's mobbing behaviour in the presence of the
stimulus.
The experiments in this chapter extend this approach of
controlled investigation of social transmission to the rat.
Experiments 3 and 4 investigate whether foraging information
can be transmitted along chains of animals.

These

experiments address the questions of whether foraging
information can accumulate as well as dissipate during
transmission from one animal to another.

They also

investigate whether additional periods of individual
foraging can bolster socially acquired foraging skills and
elevate the level of information transmission.

Experiment 5

goes on to look at the effects of allowing observer and
demonstrator to interact directly, not separated by a wire
mesh barrier as in previous experiments.

This experiment

also manipulates the ratio of numbers of trained
demonstrators to naive observer animals, it being predicted
that social learning will be more likely in observers when
the ratio of demonstrators to observers is high.

2. EXPERIMENT 3
This experiment broadens the design of the previous
experiments to one in which each observer goes on to act as
the demonstrator for another animal.

This is designed to

test whether social learning can result in social
transmission along a chain of animals.
METHODS
Design.
Animals were randomly assigned to one of four groups.
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Three of these were social transmission groups in which each
animal first has the role of "observer" of a "demonstrator"
conspecific, that has varying degrees of experience of
foraging by digging.

The observer then becomes demonstrator

for the next animal in the line of transmission.

In this

way, it might be possible for information to be transmitted
from the initial demonstrator, through intermediate
observer-demonstrator animals to the last observer in the
chain.

In the first group, the "standard transmission

group", the first demonstrator was trained to dig for
carrots beneath the peat surface of the enclosures.
Thereafter each observer then served as demonstrator for
another animal.

In the second group, the "additional

individual learning group", each observer was given a
further period in which to dig for carrots on its own before
acting as demonstrator for the next animal.

In the third

group, the "innovator group", the initial demonstrator
animal was untrained.

In the fourth group, the "control",

no social transmission could occur, and so there was no
transmission chain.

Here each observer was paired with an

untrained demonstrator that had no carrots buried on its
side of the enclosure, and thus each animal performed on the
basis of its own individual learning occurring in the
presence of a naive conspecific.
Subjects.
These were two hundred and eighty male rats identical
to those described in chapter 3.

There were 64 subjects in

each experimental group with eight subjects at each step in
the chain, and 32 subjects in the control condition,
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equivalent to four at each of the 8 transmission steps.
Apparatus.
This was the same as in the previous experiments,
described in chapter 3, and illustrated in figure 3.2.
Procedure.
For the first 14 days of the experiment every subject
was placed in an enclosure for 10 minutes.

For those

animals that were subsequently to serve as trained
demonstrators for the standard transmission and additional
individual learning groups, the surface was covered by 5 cms
of lightly compressed peat beneath which was buried 16
pieces of carrot.

All other animals were placed in

enclosures with a light scattering of peat and without
carrots.

These latter animals all received 6 pieces of

carrot on being returned to their home cages.
Testing took place on day 15, each transmission chain
being completed in 150 minutes.

For the standard

transmission group the first observer (O,) was removed from
its home cage and placed in the enclosure with a previously
trained demonstrator, each on either side of the dividing
partition.

The floor surface for each animal was covered

with 5 cms of lightly compressed peat beneath which was
buried 16 pieces of carrot.

After 10 minutes the

demonstrator was removed and the observer placed in a
holding cage for 10 minutes, where there was free access to
water but no food.

Animal 0, was then returned to a fresh

enclosure, now with the next animal, 02, with buried carrots
present on each side of the enclosure, and their behaviour
was recorded for 10 minutes.

01 was then removed, and 02
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placed in the holding cage for 10 minutes.

This was

continued for animals 02 and 03, and on to 07 and 08.

The

entire transmission chain procedure, with its eight
transmission episodes, was repeated eight times to give an
n=8.
The procedure for animals in the additional individual
learning group was the same as that for the standard
transmission group but for one difference.

Each observer

was not placed in a holding box for the 10 minute period
between each transmission episode, but was allowed to
continue digging in the same test enclosure after the
demonstrator had been removed, before being placed with the
next observer animal in a fresh enclosure.

Thus these

animals had the opportunity to add to their foraging
experience through their own individual learning before
acting as demonstrators.

The procedure for subjects in the

innovator group was identical to that of the standard
transmission group except that the demonstrator at the start
of each transmission chain was untrained in digging for
carrots.

In the control group there was no transmission

chain, and though the performance of successive animals were
independent of each other, the individual testing was
separated by the same 10 minute interval.

RESULTS
A 2-way (groups x stage in transmission chain) analysis
of variance on the number of carrot pieces dug up by
observers gave a significant main effect for groups
(F(3 i92)=37. 12, pc.Ol).

This data is shown in figure 5.1.
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Experiment 3: Number of carrots dug up by observers in each
group for each step in the transmission chain.
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There were no differences between the standard transmission
and additional individual learning groups, but both
unearthed significantly more carrot pieces than the
innovator group (F(1 192)=58.7, p<.01), and all three of the
transmission groups dug up more carrot pieces than did the
control group (F(1 192)=82.69, p<.01).

There was also a

significant interaction between the groups and the stage of
transmission (F(21 192)=2.41, pc.Ol).

Linear trend analysis

showed significant downward trends in carrot digging
performance with increasing stage of transmission for the
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standard transmission group

[F(1 192)=15.17, pc.Ol) and the

group with additional individual learning (F(1 192)»7. 00,
p < •05), and a significant upward trend for the innovator
group (F(1j92)—20.18, p<.01).
This general picture for the observers was supported by
an analysis of variance conducted on the numbers of carrot
pieces dug up by the animals as demonstrators, where the
main groups effect was significant (F(2 147)=21.80, p<0.01).
[This analysis excluded previously trained demonstrators,
and demonstrators in the control group that had no carrot
pieces present in their section of the enclosure.]
Demonstrators in the standard transmission group dug up more
carrots (X=3.3) than demonstrators in both the additional
individual learning group (X=2.3) and the innovator group
(X=1.9)

(Newman-Keuls q=.05

W2=.42 W3=.51).

There was also

a significant interaction between groups and stage of
transmission (F(12 147)=2.51, p<.05).

A linear trend analysis

showed a significant downward trend for carrot digging
performance of demonstrators in the standard transmission
group (F(1j 47)=17.83, pc.Ol) and a significant upward trend
for the innovator group (F(1 147)=14.53, pc.Ol).

There was no

significant trend for the additional individual learning
group.
There was a significant linear regression of
demonstrator on observer foraging performance for all three
transmission groups (b=0.34, r=0.48, F(1190)=58.27, pc.Ol).
There were also significant correlations between the
performance of individual animals as observer and
demonstrator for the standard transmission group (r=0.59,
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t=5.37 df=54 , p < .01) and the innovator group (r=0.41, t=3.30
df=54, pc.Ol), but not for the additional individual
learning group (r=0.06).

The performance of animals as

observer and then as demonstrator is shown in figure 5.2.
Figure 5.2
Experiment 3s The number of carrots unearthed by subjects as
observer and then as demonstrator for each group.
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Animals in the standard transmission and innovator groups
were on average slightly worse as demonstrator than as
observer (XotMrv,r-Xdetlonttrttor- 0.31 and 0.45 respectively),
whereas animals in the group with additional individual
learning showed a much larger drop in their performance as
demonstrators when compared to that as observers (Xob8erver133

X demonstrator_ 1 •

09) .

Observers in all the transmission groups commenced
digging earlier (X=29, 36 and 39 secs for the standard
transmission, additional individual learning and innovator
groups respectively) than did the animals in the control
group (Xs*95 secs)

(Wilcoxon rank sum test W#=“ 2038.5 pc.001,

1997.5 pc.Ol, 1945 pc.Ol, respectively).
Observers also differed in their time of unearthing
first carrot (F(3 192)= 9 .9, pc.Ol), with all transmission
groups (X= 170, 236, 246 secs for the standard transmission,
additional individual learning and innovator groups
respectively) unearthing their first carrot faster than the
control (X=288 secs)

(Newman-Keuls q=.05

W2=59.5 W3=65.7

W4=95.7) .
There were significant differences in activity levels
exhibited by observers in the four groups (F(3 192)=23.35,
pc.Ol).

Although there was no difference between the

activity of observers in the standard transmission and
additional individual learning groups (X=16.4 and 15.5
respectively), there were significant differences between
these two groups and the innovator group (X=14.3)
(F(i i92)=11.29, pc.Ol), and also between the three
transmission groups and the control group (X=10.8)
(F<i,i92)“98.85 pc.Ol).

Linear trend analysis showed an

upward trend for the activity of both observers
(F(i#i92)=8.67, p c .05) and demonstrators (F(1 147)=10.73, pc.Ol)
in the innovator group.

It is of interest to note that when

the animals were demonstrators, those in the standard
transmission group (X=15.4) were more active than the
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demonstrators in the additional individual learning group
(X=12.4) and the innovator group (X=12.5)
pc.Ol

(F(2 147)=12.1

A-priori linear contrasts F(1147)=18.9 and 17.36

respectively).

A linear regression of demonstrators'

activity on that of the observers showed that 35% of the
variability in the observers' scores was directly
predictable from the variability in the activity of the
demonstrators (r=0.59, r2=*0.35, F=88.27, pc.Ol).

Also, the

activity of animals in both the standard transmission and
innovator groups was as demonstrators slightly less than as
observers (Xobservers-Xdemoreitrotors=0.98 and 1.77 respectively),
whereas animals in the additional individual learning group
showed a much larger drop in their activity as demonstrators
when compared with their activity as observers (XobserversX demonstrators~”^ * ^

) *

DISCUSSION
The results of this experiment are relatively consistent and
show that social transmission of a behaviour pattern can
occur amongst Norway rats.

The enhanced levels of digging

for buried food were maintained across eight transmission
episodes for all three transmission groups, a finding that
is supported by the significant linear regressions that
allow the prediction of observer performance from
demonstrator performance, with strong correlations between
them.
Animals in the standard transmission and additional
individual learning groups were more active, began digging
earlier and dug up more pieces of carrot more quickly than
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did the animals in either the innovator or control groups.
There was a decreasing trend in carrot digging efficiency
across the early stages of the transmission chain, but this
seemed to stabilize by the fifth transmission episode at a
level significantly above that of the control group.

This

pattern is consistent with the interpretation of an initial
loss of information at each transmission episode resulting
in each successive animal being a less effective
demonstrator to the next animal in the line of transmission;
this loss then seemed to be counterbalanced beyond a certain
point by some other factor that maintains the behaviour at
levels above those expected when transmission is absent.
The innovator group, so called because the transmission
chain began with an untrained demonstrator and whatever
information was being transmitted between animals was the
result of some form of cumulative innovation, also reached
performance levels of foraging efficiency that were
significantly better than the control group.

In the case of

this group, though, the trend was towards an improvement in
behaviour across the transmission episodes from the early
stages, where their behaviour was similar to that of the
controls, to the later stages where it was significantly
better than the controls and indistinguishable from the
other transmission groups.

Thus, for this group, there

seemed to be an accumulation of information within the
chain.

It is of some interest that the behaviour of this

group converges on that of the other two transmission
groups.

The results from the innovator group suggest that

the loss of information that occurs with each transmission
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episode can indeed be offset by the behaviour of the
observer being enhanced by the sum of the demonstrator's
social and individual learning.
The reason for running the group with additional
individual learning was the expectation that such additional
fleaning as might occur would buttress the social learning
and lead to the maintenance of higher performance levels
across the chain of transmission episodes.

Not only did

this not occur, but there is some indication in the data,
especially in the drop in activity levels between the
animals as observers and then subsequently as demonstrators,
that the additional experience detracted from their
effectiveness as demonstrators.

The reason for this is not

clear, but it may be connected to the timing of the
individual learning period.

The additional individual

experience followed immediately after the period where these
animals acted as observers, and immediately preceded the
period where they acted as demonstrators.

Fatigue,

habituation, thirst, or satiation could each account for
these subjects relatively poor performance as demonstrators.
An alternative design, that allowed sufficient time between
subjects acting as observer, the individual experience, and
their acting as demonstrator, is needed to further
investigate the prediction of an enhanced level of observer
performance.
It should also be noted that the motivational factors
discussed above cannot account either for the differences
found between the groups, or the trends shown across the
transmission chains.

These factors would have tended to
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reduce the differences between the groups, subjects in the
standard transmission and additional individual learning
groups being more active and unearthing more carrots than
those in the other groups.

Similarly, as subjects in the

standard transmission and additional individual learning
conditions show a downward trend both in the number of
carrot pieces unearthed and activity, the confounding
potential of such motivational factors decreases,
counteracting the trend.

As subjects in the innovator group

exhibit an upward trend in both the number of carrot pieces
unearthed and their activity, then the confounding potential
of fatigue or satiation increases, again counteracting the
trend.

Thus these motivational factors would tend to

obscure, rather than reinforce, the main findings of this
experiment.
This experiment provides strong evidence that rats are
capable of social transmission.

This transmission of

foraging information occurred despite the relatively short
time (10 minutes) available for social learning at each step
in the chain.

The subjects in this experiment were able to

acquire learned information from a demonstrator, incorporate
this information into their own behavioural repertoire, and
pass on learned foraging information to a conspecific.

To

the authors' knowledge this is the first clear laboratorybased demonstration of social transmission in a non-human
mammalian species.

A full discussion of the implications of

the experiments in this chapter for the animal social
learning literature is postponed until chapter 9.

Suffice

to say that this study fits in well with the growing
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literature suggesting that social learning and social
transmission play an important role in the foraging and
feeding behaviour of Norway rats (Galef, 1988)•

3. EXPERIMENT 4
Rats foraging in the wild might be expected to be
continuously buttressing any socially learned behaviour
patterns with their own experience, and this may make them
more effective demonstrators.

This hypothesis was

investigated in experiment 3, the prediction being that a
supplementary opportunity for individual foraging
immediately following the experience with a trained
demonstrator, would subsequently enhance their performance
as demonstrators to the next animals in the chain, and
result in transmission with a higher level of foraging
efficiency.

This prediction, however, was not supported,

these animals' subsequent performance as demonstrators being
significantly poorer than subjects in the standard
transmission group that did not have the additional
experience.

It was suggested that this finding may be a

consequence of the fact that the additional individual
experience followed immediately after the period where
subjects acted as observers, and immediately preceded the
period where they acted as demonstrators.

Hence

motivational factors such as fatigue, habituation, thirst or
satiation could each account for these subjects relatively
poor performance as demonstrators.

This experiment sets out

to replicate experiment 3, but with a different design that
allows 24 hours between subjects acting as observers, their
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individual experience, and their acting as demonstrator.
This is expected to reduce the likelihood of interference
from confounding variables.
In comparison with experiment 3, experiment 4 will also
generate data that allows an examination of the stability of
transmission chains in the face of any decay in subjects'
performance as demonstrators that may result from memory
loss following the 24 hour delay since their experience as
observers•

METHODS
Design.
Subjects were allocated at random to one of three
conditions.

There were two social transmission groups and a

control, analogous to the standard transmission, additional
individual learning and control groups in experiment 3.

The

principal design difference between this experiment and the
previous one is that here there is a delay of 24 hours
between each step in the transmission chain.

The dependent

and independent variables were the same as in experiment 3.
Subjects.
These were 160 rats of the type described in chapter 3.
There were 64 subjects in the transmission groups, in eight
transmission chains, and 32 in the control.

An additional

48 rats served as first demonstrators, there being 8 trained
demonstrators for each of the transmission groups and 32
untrained demonstrators for the controls.
Apparatus.
This was the same as in the previous experiments,
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described in chapter 3, and illustrated in figure 3.2.
Procedure.
As in experiment 3, for the first 14 days of the
experiment every subject was placed in an enclosure for 10
minutes.

For those animals that were subsequently to serve

as trained demonstrators for the standard transmission and
additional individual learning groups, the surface was
covered by 5 cms of lightly compressed peat beneath which
was buried 16 pieces of carrot.

All other animals were

placed in enclosures with a light scattering of peat and
without carrots.

These latter animals all received 6 pieces

of carrot on being returned to their home cages.
Testing took place on days 15-22, each step in the
transmission chain being 24 hours after the last.

For the

standard transmission group the first observer (O,) was
removed from its home cage and placed in the enclosure with
a previously trained demonstrator, each on either side of
the dividing partition, and their behaviour recorded.

The

floor surface for each animal was covered with 5 cms of
lightly compressed peat beneath which was buried 16 pieces
of carrot.

After 10 minutes the animals were removed and

returned to their home cages.

Twenty four hours later

animal 01 was then returned to a fresh enclosure, now with
the next animal, 02, with buried carrots present on each
side of the enclosure, and their behaviour was recorded for
10 minutes.

This was continued for animals 02 and 03 24

hours later, and so on to 07 and 08.

The entire

transmission chain procedure, with its eight transmission
episodes, was repeated eight times to give an n=8.
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The procedure for animals in the additional individual
learning group was the same as that for the standard
transmission group but for one difference.

Six hours after

acting as observers, subjects were placed alone in a fresh
enclosure, again containing 16 carrot pieces buried under 5
cms of peat, for a further 10 minute period, before being
returned to their home cages.

Thus these animals had the

opportunity to add to their foraging experience through
their own individual learning before acting as demonstrators
another 18 hours later.

In the control group there was no

transmission chain, and though the performance of successive
animals were independent of each other, the individual
testing was separated by the same 24 hour interval.

RESULTS
A 2-way (groups x stage in transmission chain) analysis
of variance on the number of carrot pieces dug up by
observers gave a significant main effect for groups
(F(2 136)=12.14, p<.01).
5.3.

This data is presented in figure

Observers in the additional individual learning group

unearthed significantly more carrot pieces than those in the
standard transmission group (F(1 136)~4.44 p<.05 1-tailed),
and these groups dug up more carrot pieces than did the
control group (F(1 136)=151.16, p<.01).

There was no

significant interaction between the groups and the stage of
transmission.

Linear trend analysis showed no significant

downward trends in carrot digging performance with
increasing stage of transmission for the standard
transmission group or the group with additional individual
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learning.

Figure 5.3
Experiment 4: Number of carrot pieces unearthed by observers
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This general picture for the observers was supported by
an analysis of variance conducted on the numbers of carrot
pieces dug up by the animals as demonstrators.
Demonstrators in the standard transmission group dug up less
carrots (X=3.5) than demonstrators in the additional
individual learning group (X-4.2) (F(1 98)=14.33, p<.01).
Linear trend analysis showed a downward trend for carrot
digging performance of demonstrators in the standard
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transmission group (F(1 98)=4.09, approaching p=.05
significance) and the additional individual learning group
C^*<1#98)=ss^ *86 p<. 05) .
During their 10 minute additional period of individual
foraging experience, subjects in the additional individual
learning group unearthed an average of 3.82 carrot pieces,
there being no decrement in foraging performance along the
chain.
There was a significant linear regression of
demonstrator on observer foraging performance for both
transmission groups (b=0.2, r=0.19, F(1 110)=4.32, p<.05).
The performance of animals as observer and then as
demonstrator is shown in figure 5.4.

Figure 5.4
Experiment 4: Number of carrots unearthed by subjects in the
transmission groups as observers and as demonstrators.
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The performances of subjects in the standard transmission
group were approximately the same as demonstrator and
observer, but those in the additional individual learning
group showed an improvement in their performance as
demonstrators (Xobserver-Xdanonstr>tor- 0.21 and 0.5 respectively).
There were no significant differences between the
groups in time of unearthing first carrot, for both
observers and demonstrators, and there was no effect due to
stage in the transmission chain for this variable.
There were, however, significant differences between the
groups in the time at which digging commenced
(F« 136>-10.3,

Observers in both transmission groups

commenced digging earlier (X=34 and 38 secs for the standard
transmission and additional individual learning
respectively) than did the animals in the control group
(X=58 secs) (F(1 136)=33.37, pc.Ol).

Again there is a similar

picture for demonstrators, there being significant
differences between the groups (F(2 119)“33.71, pc.Ol),
demonstrators in the two transmission groups commencing
digging earlier than the control (X=18, 21 and 50 secs
respectively)

(F(1 119)=110.85, pc.Ol).

There were significant differences in activity levels
exhibited by observers in the three groups (F(2 136)*b11. 59,
pc.Ol).

Although there was no difference between the

activity of observers in the standard transmission and
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additional individual learning groups (X=16.6 and 15.9
respectively), there were significant differences between
these two groups and the control group (X=*14.1)
(F(if136)=101.4, pc.Ol).

Similarly, for demonstrators there

were differences between the groups (F(2119)=23.7, pc.Ol),
the two transmission groups (X=16.3 and 16.6) being more
active than the control (X=13.1) (F(1 119)=77.03, pc.Ol).

DISCUSSION
The results confirm the finding of experiment 3 that social
transmission of foraging information can occur amongst
Norway rats.

Enhanced levels of digging for buried food, as

recorded by various parameters of foraging efficiency, were
maintained across the transmission chain for both
transmission groups relative to the control.

This suggests

that a 24 hour delay between acquisition of, and further
expression of, socially learned foraging information, is not
sufficient for this information to decay.

Unlike experiment

3, however, decreasing trends in foraging efficiency for the
transmission groups were not found, it remaining stable at
an elevated level throughout.

The prediction that allowing

demonstrators in the additional individual learning group to
buttress their socially learned experience with further
individual foraging, would enhance the performance of
observers in that group over and above that of observers in
the standard transmission group was upheld.

The superior

performance of demonstrators in this group, as reflected in
their higher levels of carrot digging and general activity,
suggests that the extra period of experience did indeed
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enhance their ability to act as effective demonstrators.
This finding suggests that the stability of social
transmission may, under some circumstances, be bolstered by
individual reinforcement of socially learned and enhanced
patterns of behaviour.

An additional period of foraging

longer than 10 minutes may further enhance subjects
subsequent performance as demonstrators.

4. EXPERIMENT 5
If a socially transmitted trait or preference spreads
through a population, initially their will be few
‘'demonstrator” animals to "observers”, but the ratio of
demonstrators to observers will gradually increase.

Given

the changes in the ratio of demonstrators to observers as
social transmission occurs, the effects of manipulating this
variable in laboratory studies is of interest.

In none of

the laboratory studies of social learning in animals
reported in chapter 2, however, was there any systematic
manipulation of the ratio of demonstrator to observer
animals, although this has been investigated in humans
(Jacobs & Campbell 1961).

In almost all animal social

learning studies, a single observer interacts with a single
demonstrator.

It might be expected that there will be

circumstances in which, as the ratio of demonstrators to
observers increases, the likelihood that any given observer
might adopt the socially transmitted trait will show a
corresponding increase.

This was found by Jacobs & Cambell

(1961) in humans where an inaccurate perceptual judgement of
distance was socially transmitted along a chain.
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According

to this line of reasoning, with more demonstrators around, a
conspecific performing the target behaviour is more likely
to be observed by a naive animal.

This corresponds to a

positive frequency-dependence in the transmission of memes.
Here, it is predicted that increasing the number of trained
demonstrators foraging for buried food, will result in a
further enhancement in the foraging efficiency of observers.
This prediction is based on the assumption that observers
are more likely to acquire socially transmitted foraging
information in the presence of many foraging conspecifics.
Further, it is predicted that increasing the number of naive
observers, while holding the number of demonstrators
constant, will make it less likely that any given observer
will experience a demonstrator performing the target
behaviour, and consequently social learning will be less
likely.

If this prediction is correct, then increasing the

number of observers will result in a reduction in the level
of foraging efficiency exhibited by observers.
This experiment also sets out to investigate the
consequences of allowing demonstrators and observers to
interact directly.

In all previous experiments demonstrator

and observer have been separated by a wire mesh, allowing
some communication but preventing direct interaction.

This

design clearly has some advantages, particularly in allowing
an investigation of the nature of the learning and
communication that takes place.

Restricting the interaction

between animals, however, necessarily involves a sacrifice
in the validity of the studies, and further broadens the gap
between laboratory experiment and field observation.
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This

may be important if animals behave differently when
interaction is restricted to when it is not.

It may be that

the demonstrators' behaviour will be less predictable under
circumstances where agonistic, playful or other encounters
with conspecifics are possible, resulting in poorer
demonstration and making social learning less likely.
Alternatively, the additional forms of social interaction
possible, and the closer proximity of the animals, may make
social learning more likely.

Social facilitation studies,

reported in chapter 2, suggest that there are circumstances
under which both these possibilities occur.
Scrounging behaviour is one form of social interaction
that may be of importance in studies of social learning and
transmission that involve the learning of food related
behaviours (Kawai 1965; Giraldeau & Lefebvre 1987).
"Scrounging" refers to patterns of behaviour that involve
the exploitation, or attempted exploitation, of food
reserves that other conspecifics have accumulated (Barnard &
Sibly 1981).

Barnard & Sibly (1981) have discussed

"producing" and "scrounging" as alternative behavioural
strategies that can be adopted by animals, and successfully
applied their model to describe patterns of feeding
behaviour in house sparrows.

Giraldeau & Lefebvre (1986

1987) found that a novel food-finding behaviour that is
readily learned by individually caged pigeon observers often
does not spread through a flock, because "scroungers"
exploit the discoveries of conspecifics and subsequently do
not learn to produce their own food.

Giraldeau & Lefebvre

(1987) have also shown experimentally that scrounging blocks
149

social learning; pigeons that passively obtain food from
their demonstrator's performance of a novel food-finding
behaviour (removal of a stopper to allow grain to fall into
a tray) are very poor at learning this behaviour relative to
birds that get no food during the demonstration.

There is

thus some evidence that scrounging can block the social
learning of food related behaviours (Kawai 1965; Giraldeau &
Lefebvre 1987; Lefebvre & Palameta 1988).

In circumstances

where scrounging occurs, whether an animal learns to perform
a behaviour that results in the production of food, or to
scrounge from others, may depend on the relative frequencies
of producers and scroungers within the group (Lefebvre &
Palameta 1988).

In a population of producers and

scroungers, a socially transmitted food related behaviour
would not be expected to spread through the population, but
to reach an equilibrium frequency where there are equal
benefits to producing and scrounging, these strategies being
analogous to evolutionary stable strategies (Harley 1981)•
If it is assumed, firstly, that demonstrators will be
producers of food, and secondly, that scrounging reduces the
likelihood of social learning in the scrounger, then it
follows that observers are more likely to become producers,
and will be more sensitive to socially transmitted foraging
information that may enhance this production, when the ratio
of demonstrators to observers is low.

This line of

reasoning thus raises the slightly counter-intuitive
possibility, that increasing the number of demonstrator
animals will here reduce the likelihood of socially learned
enhancement of foraging performance.
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To clarify, it is predicted that increasing the ratio
of demonstrators to observers will increase the foraging
efficiency of observers by making social learning more
likely.

If scrounging behaviour occurs amongst observers,

however, this prediction may not be upheld.

METHODS
Design.
Animals were randomly assigned to one of five
conditions, four experimental transmission groups and one
control.

In the case of the experimental conditions, there

was a two step transmission chain similar to those in
experiments 3 and 4.

As before, each animal first has the

role of "observer" of a "demonstrator" conspecific, that has
varying degrees of experience of foraging by digging, and
the observer then becomes demonstrator for the next animal
in the line of transmission.

Unlike the previous social

transmission experiments, in this experiment there were only
two steps in the transmission chain.

In the experimental

conditions, naive observers first interacted with trained
demonstrator animals, then 24 hours later they acted as
demonstrators to a second set of observers.
The experimental conditions had differing numbers of
demonstrators and observers, summarised in table 5.1.

In

two experimental conditions there was one demonstrator, and
in the other two there were three.

These conditions were

further sub-divided on the basis of number of observers, in
both cases there being either one or three.

Henceforth,

these groups will be described as the "Idem:lobs",
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"Idem:3obsM, "3dem:lobs", and the "3dem:3obs" groups, "dem"
and "obs" representing the number of demonstrators and
observers respectively.

Table 5.1
GROUP

NUMBER OF
DEMONSTRATORS

NUMBER OF
OBSERVERS

Idem:lobs

1

1

Idem:3obs

1

3

3dem:lobs

3

1

3dem:3obs

3

3

CONTROL

0

2

In the "Idem:lobs" group, the first demonstrators were
trained to dig for carrots beneath the peat surface of a box
inside a large "open space" enclosure.

The observer then

served as demonstrator for another animal, in the same test
situation 24 hours later.

In the ldem:3obs group, the first

demonstrators were again trained to dig for buried food, but
here these animals each demonstrated to 3 naive observers.
At the second step in the chain, one of the observers,
chosen at random, went on to act as demonstrator to a
further three naive animals.

In the 3dem:lobs group, three

trained demonstrator animals were initially placed with a
single naive observer.

In order to generate enough observer

animals with this experience to preserve the 3:1
demonstrator to observer ratio at the second step in the
chain, this first step had to be repeated three times for
this condition.

These animals then went on to act as
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triplets of demonstrators for a single observer at the
second step.

In the 3dem:3obs group, three trained animals

acted as demonstrators to 3 naive observers, and the
observers went on in the same triplets, to act as
demonstrators to other triplets of naive observers.
Finally, in the "control" group there was no transmission
chain, with each observer being paired with an untrained,
equally naive demonstrator.

Here each animal performed

primarily on the basis of its own individual learning.
Comparison of the foraging efficiency of subjects in the
experimental condition with the controls, constitutes a
gauge of the extent to which social learning and social
enhancement may elevate performance.
The dependent variables were the same as in experiments
3 and 4, with the exception that the "time spent digging"
was recorded as a replacement for the activity rating of the
previous studies.

This is because it was thought that,

under circumstances where the animals could interact
directly, it would no longer be appropriate to assume that
general activity level would necessarily correlate with
digging behaviour.

In addition, a measure of "time spent

scrounging" was recorded, scrounging being scored as any
attempt to steal other individuals* carrot pieces, or eat
carrot pieces that other animals had unearthed.

Where there

were three demonstrators or observers, one of these, chosen
at random, was singled out as the "target" animal.

The

performance of this animal alone, and not that of the two
others, was recorded.

This within-condition sampling thus

produces a design in which there is a measure of the
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foraging efficiency of the same number of animals in each
condition.
Subjects.
These were two hundred and eighty eight rats identical
to those described in chapter 3, with n-8 in each condition.
Apparatus.
The experimental enclosure was a stainless steel
cylinder of 74 cm diameter and 46 cm height designed for use
in "open field" experiments, with a clear perspex floor.

In

the centre of the enclosure was placed a white perspex box
measuring 25x40x13 cms which either contained 28 1cm2 pieces
of carrot buried under 5 cm of lightly compressed peat or a
light scattering of peat (figure 3.3).

Animal in the

enclosure were easily able to climb in and out of the box.
The behaviour of animals at test was video recorded with a
camera placed directly above the enclosure.
Procedure.
For the first 24 days of the experiment those animals
that were subsequently to serve as trained demonstrators in
the experimental conditions were each placed alone in the
"open field" enclosure for 10 minutes.

The centrally placed

perspex box contained 5 cms of lightly compressed peat
beneath which was buried 28 pieces of carrot.

These animals

took 24 days to train to level at which on average they
would unearth 6 carrot pieces in the 10 minute training
period.

[These animals thus took substantially longer to

train to a lower level of performance than demonstrators in
experiments 1-4, presumably due to the change in apparatus].
From day 20 - 24, all other animals were placed alone in the
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enclosure for 10 minutes, with the perspex box containing a
light scattering of peat but no carrots.

These latter

animals all received 6 pieces of carrot on being returned to
their home cages.

During this training period animals that

were subsequently to act as the only observer or
demonstrator in their condition were housed alone, and
animals that were subsequently to become one of three
observers or demonstrators were housed in their triplet.
This ensured that these animals were familiar with each
other at test.
Testing took place on days 25 and 26.

For the

Idem:lobs group the first observer (C^) was removed from its
home cage and placed in the enclosure with a previously
trained demonstrator.

The perspex box contained 5 cms of

lightly compressed peat beneath which was buried 28 pieces
of carrot.

After 10 minutes the animals were removed and

returned to their home cages.

Twenty four hours later

animal 01 was then returned to the enclosure, which
contained a fresh perspex box with buried carrot, now with
the next animal, 02, and their behaviour was recorded for 10
minutes.

The two step transmission chain was repeated eight

times to give an n=8.
The procedure for animals in the ldem:3obs group was
the same as that for the Idem:lobs group, except that here
three observers were first placed with the trained
demonstrator and their performance recorded.

One of the

observers, and the demonstrator were marked on their tails
with felt pens to facilitate identification during analysis.
24 hours later, the marked, or "target" observer, now
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demonstrator, was placed back in the enclosure, which
contained a fresh box of buried carrot, with three naive
conspecifics, and their performance recorded.

For animals

in the 3dem:lobs condition the procedure was the same as in
the Idem:lobs condition, except that three trained
demonstrators were initially placed in the test enclosure
with a single naive observer.

This stage in the procedure

had to be repeated three times, with different animals, to
generate 24 animals with this level of experience.

These

observers could then go on to act as 8 demonstrator triplets
to single naive observers on the second test day.

These

triplets were housed together for the 24 hours prior to the
second test day.

In the 3dem:3obs group the procedure was

the same as the Idem:lobs group, except that initially three
naive observers were placed in the enclosure with three
trained demonstrators, the observers going on to act as
demonstrators to a second triplet of observers 24 hours
later.

In the control group 2 naive animals, one

arbitrarily designated observer and one demonstrator, were
placed in the test enclosure, containing the box with buried
carrot.

As in experiment 4, here there was no transmission

chain, and though the performance of successive animals were
independent of each other, the individual testing was
separated by the same 24 hour interval.

RESULTS
A 2-way (groups x stage .in transmission chain) analysis
of variance on the number of carrot pieces dug up by
observers gave a significant main effect for groups
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*

Observers showed significant differences between the

groups

on

both

day

1

(F(1 70)=2.96

p=.05)

and

day

2

(F(1 70)=6.78 pc.Ol), in both cases the four experimental
conditions unearthing more carrots than the controls
(F(1 70)=7.28 p<.05 and F(1 70)=19.38 p<.01 for days 1 and
2 ).

(Fc4.to>-7.97,

p<.01).

Experimental group observers (X=2.03)

unearthed significantly more carrot pieces than the control
group observers (X=0.63) (F(1 70)-2O.41, p<.01). ^

Figure 5.5
Experiment 5: Number of carrots unearthed by observers in
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each group for both steps in the transmission chain.
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While there was no significant difference on test day 1
between the number of carrot pieces unearthed by observers
in the two experimental groups that had 1 demonstrator and
the two with 3 demonstrators, on day 2 observers in groups
with a single demonstrator (X=2.81) unearthed more carrot
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pieces than those in groups with 3 demonstrators (X^l.56)
(F<1#70)“l2-2, p<.01) •

There was no effect due to stage in

the transmission chain on this variable, and no significant
interaction between the groups and the stage of
transmission.

This data is presented in figure 5.5.

There were differences between the foraging performance
of the demonstrators on test day 1 (F(4 35)“5.27, p<.05), with
trained demonstrators unearthing significantly more carrots
(X-3.53) than the untrained demonstrators in the control
group (X=0.63) (F(1 35)=16.35, p<.01).

Although single

demonstrators in the Idem:lobs and Idem:3obs groups on
average unearthed more carrot pieces (X=4.13) than the
target demonstrators in the groups where demonstrators
foraged in threes (X-2.94), this difference did not approach
significance (F(135)=3.4, p=.14 2-tailed).
Demonstrators also differed in their foraging
performance on day 2 (F(4,35> 3 .87, p<•05), with demonstrators
in the experimental groups (X=2.84) on average unearthing
more carrot pieces than controls (X=1.13) (F(1 35)=9.00,
pc.01).

A posteriori analysis revealed that demonstrators

in the ldem:3obs group (X-3.88) unearthed significantly more
carrot pieces than those in the 3dem:lobs group (X-2.13)
(Newman-Keuls

q=.05 W4=1.95).

figure 5.6.
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This data is presented in

Figure 5.6
Experiment 5: Number of carrots unearthed by demonstrators
in each group for both steps in the transmission chain.
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Non-parametric analyses found that, on both day 1 and
day 2, observers and demonstrators in the experimental
groups unearthed their first carrot faster than did the
controls (Wilcoxon rank-sum test z=3.09 pc.001, z=3.57
pc.001, z-2.33 p<.01, and z=2.98 p<,01, for observers on day
1, demonstrators on day 1, observers on day 2 and
demonstrators on day 2 respectively).

On day 1, single

demonstrators in the experimental groups dug up their first
carrot faster (X=99 secs) than target demonstrators in
159

groups where there were three demonstrators (X=186 secs)
(Wilcoxon rank sum test Ws=222.5 nl=n2=16, approaching p*.05
significance, where W=219).

On day 2, observers in

experimental groups with a single demonstrator dug up their
first carrot faster (X=123 secs) than observers in groups
where there were three demonstrators (X*360 secs) (Wilcoxon
rank sum test Ws=184 nl=n2=16, pc.Ol).
On both day 1 and day 2 observers and demonstrators in
the experimental groups began digging earlier than controls
(Wilcoxon rank-sum test 2*2.57 pc.Ol, z=4.38 pc.001, z=4.4
pc.001, and z=3.79 pc.001, for observers on day 1,
demonstrators on day 1, observers on day 2 and demonstrators
on day 2 respectively).

On day 1, observers in experimental

groups with a single

observer commenced digging

later(X=166

secs) than observers

in groups where there were three

observers (X=58 secs) (Wilcoxon rank sum test Ws*173.5
nl=n2=16, pc.Ol).

On day 2, single demonstrators in

experimental groups started digging faster (X=43 secs) than
target demonstrators

in groups wherethere were three

demonstrators (X=105

secs) (Wilcoxon

rank sum test Ws=208

nl=n2=16, pc.05).
There were significant differences in the amount of
digging exhibited by observers on day 2 (F(4 35)=8.29, pc.Ol
after square root transformation), with observers in groups
with a single demonstrator (X=104 secs) digging more than
those with three demonstrators (X=69 secs) (F(1 35)*5.78,
pc.05), and all experimental groups digging more than the
controls (X=18 secs) (F(1 35)*26.78, pc.Ol).
There were no other differences in
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the amount of digging exhibited by either demonstrators or
observers, on either test day.
On day 1, observers differed in the amount of
scrounging behaviour they exhibited (F(4 35)s6.96, pc.Ol,
after loge(X+l) transformation), with experimental animals
(X=43 secs) scrounging more than controls (X=6 secs)
(^(1,35)=25.7, pC.Ol).

Figure 5.7
Experiment 5: Amount of time spent digging and scrounging by
observers on test day 1.
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Demonstrators also showed differences in scrounging levels
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(F(1 35)=5.36, p<.05 after square root transformation), with
single demonstrators in the experimental groups scrounging
less (X=22 secs) than the "target” (arbitrarily chosen)
demonstrators in groups where there were three demonstrators
(X-62 secs) (F(135)=12.35, pc.Ol), and demonstrators in
experimental groups scrounging more than controls (X=12
secs) (F(1 35)a*6.65, pc.05).

On day 2, observers again exhibited differences in their
levels of scrounging (F(1 35)=6.28, pc.Ol after square root
transformation), with experimental groups (X=35 secs)
scrounging more than controls (X=6 secs) (F(1 35)=16.75,
pc.Ol).

A posteriori analysis revealed that observers in

the ldem:3obs group (X-57 secs) scrounged more than
observers in the Idem:lobs group (X=15 secs) (Newman-Keuls
q=.05 W5=3.37, difference between transformed means=3.56).
Finally, on day 2 there were again differences in the level
of scrounging amongst demonstrators (F(1 35)=7.17, pc.Ol after
square root transformation), with demonstrators in
experimental groups (X-37 secs) scrounging more than
controls (X=3 secs).
The level of scrounging exhibited by observers in
experimental groups on day 1 was not a good predictor of the
number of carrot pieces unearthed by these animals as
demonstrators 24 hours later, the regression being nonsignificant (r=-.l b=-.06

F(1 30)=O.31) .

This measure was

also not a good predictor of the number of carrot pieces
unearthed by these animals as observers on day 1 (r=-.l b=.04

F ^ jqj^O•28) •
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DISCUSSION
The results reinforce the findings of experiments 3 and 4,
that social transmission of foraging information can occur
amongst Norway rats.

Enhanced levels of digging for buried

food were maintained in all transmission groups relative to
the control, for both steps in the chain.

In the

experimental conditions, observers, and demonstrators on day
2, unearthed more carrot pieces in total, started digging
earlier, dug up their first carrot faster, and spent more
time digging, than controls.

That these animals also

exhibited more scrounging behaviour than controls is
indicative of the fact that in these groups there was more
carrot in total brought to the surface.

As in experiment 4,

there was no evidence for decreasing trends in foraging
efficiency for the transmission groups.

This implies that

whatever social interactions occurred between animals in the
experimental groups did not prevent social transmission of
foraging information from occurring.
The prediction that increasing the ratio of relatively
experienced demonstrators to naive observers would enhance
foraging efficiency in observers by making social learning
more likely was not upheld.

On the contrary, the results

conflict starkly with the predictions made by this
hypothesis.

In general, subjects in the groups with a

single demonstrator foraged more efficiently than those with
three demonstrators.

Both demonstrators and observers in

the single demonstrator conditions dug up more carrot pieces
than those in the 3 demonstrator conditions, and this
pattern was reflected in the other dependent variables,
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particularly in their digging more and scrounging less.
Increasing the number of observers appeared to have little
impact on the pattern of results.

These results are

consistent with the predictions made by the "scrounging
hypothesis", which suggested that increasing the number of
demonstrator animals would reduce the likelihood of socially
learned enhancement of foraging performance.

Here the

results are not entirely consistent, however, for no
significant correlations were found between low levels of
scrounging and elevated performance at digging up carrot in
the same or subsequent test periods.
The scrounging hypothesis is based on the twin
assumptions that experienced demonstrators will be producers
of food, and that scrounging blocks social learning.

Both

of these assumptions may only be partially justified here.
Trained demonstrators in groups with 3 demonstrators
exhibited substantial levels of scrounging, significantly
more than their counterparts in groups where they were the
only demonstrator.

These animals were probably more likely

to scrounge because of the greater availability of food on
the surface of the enclosure in groups with 3 demonstrators,
where there are at least 3 potential "producers" to scrounge
from.

Under such circumstances there are relatively few

costs to scrounging.

Demonstrators in the company of naive

observers only, are less likely to easily find food on the
surface of the enclosure, and consequently may be forced to
"produce".

Secondly, the experiments in chapter 4 suggests

that processes such as local enhancement and social
facilitation may play a role in the passage of foraging
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information from demonstrator to observer.

If this is the

case, then scrounging may itself facilitate social learning,
if for example, it brings the presence of food in the
enclosure to the attention of the observer.

Types of social

transmission that demand relatively sophisticated cognitive
processing, such as imitation for example, may be more
vulnerable to interference from scrounging (Lefebvre &
Palameta 1988)•
One unfortunate consequence of investigating the impact
of changing the ratio of demonstrators to observers in a
social transmission rather than a standard social learning
experiment, is that it makes it difficult to interpret the
behaviour of demonstrator animals in the second step.

This

is because these animals differ not only in their experience
from step one, but also in the number and experience of
their fellow animals in step 2.

With the benefit of

hindsight, and at the cost of sacrificing any essence of
transmission, it might have been easier to interpret the
consequences of scrounging behaviour under circumstances
where observers in all groups were subsequently tested
alone, or at least under the same conditions.
It should be noted that the results are not consistent
with an interpretation purely in terms of social
facilitation or distraction from other animals.

These

interpretations would predict increasing and decreasing
trends respectively with increases in the total number of
animals in the test enclosure, a pattern of results that was
not found.
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5. SUMMARY
The experiments reported in this chapter provide strong
evidence for the social transmission of foraging information
along laboratory chains.

Experiments 3 and 4 have found

that enhanced levels of foraging for buried food could be
maintained across eight transmission steps for different
transmission groups relative to a no transmission control.
While eight is a relatively small number of transmission
steps compared with natural situations, in all three
transmission studies there is no indication of the level of
performance in the transmission groups deteriorating to that
exhibited by the controls.

The experiments also address the

issue of the relative roles of individual and social
learning in the spread of behaviours between conspecifics
(Boyd and Richerson, 1985? Plotkin, 1988).

Experiment 4

found that additional periods of individual experience could
reinforce socially learned behaviours, elevating subjects
performance as demonstrators and resulting in transmission
at a higher level of foraging efficiency.

Experiment 5

provides evidence that social interactions between freely
interacting rats may interfere with transmission, but not
block it completely.

It was found that increasing the

number of experienced demonstrators foraging in the test
situation resulted in a decrement in the extent to which
social learning elevated the performance of observers.
results are broadly consistent with a "producers'* and
"scroungers" interpretation (Barnard & Sibley 1981).
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1. INTRODUCTION
The food site marking studies are based upon Galef &
Beck's (1985) finding that Long-Evans rats mark feeding
sites, making them more attractive to weanling conspecifics
than unmarked sites.

Galef & Beck concluded that the

communication of food site preferences could be mediated by
olfactory cues surrounding particular feeding areas.
Communication via scent marking is common amongst mammals
(Brown & Macdonald 1985).

Chemical messages have the

advantage that they persist in the absence of the marker.
The literature on environmental marking in rats suggests an
important role for gonadal steroids (Birke 1978)
particularly testosterone (Price 1975? Gawienowksi, DiNicola
& Stacewicz-Sapuntzakis 1976).

As a result, it has been

suggested that environmental marking serves primarily an
aggressive or a sexual function (Brown 1985).

The Galef &

Beck study raises the possibility that scent marking amongst
rats may have an additional function, or consequence, the
communication and social learning of food preferences.

The

experiments reported in this chapter are designed to
investigate this possibility.

These experiments will then

form the basis of the experiments in chapter 7, which focus
on the social transmission of food preferences via excretory
marking.
Galef & Beck did not investigate whether the cues
mediating communication of site preference were contained in
faecal, urinal or other deposits.

Moreover, they employed a

'mixed-sex trio' of demonstrator (marker) animals,
presumably either two females and one male, or two males and
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one female.

This design makes it difficult to assess

whether this communication is a consequence of aggressive or
territorial marking, or of female/maternal pheromonal
deposits.

In an earlier study, Galef & Heiber (1976)

established that weanling Long-Evans rats of either sex
preferred to eat from a food site in a section of the
enclosure 'marked' by the excretory deposits of a mature
female conspecific to one in an unmarked section.

While

this study refutes the suggestion (Leon & Moltz 1971; Leon
1974) that a maternal pheromone is responsible for this
preference in weanlings by demonstrating that the deposits
of nulliparous females equally influence pups feeding
behaviour, Galef & Heiber did not go on to investigate
whether the chemical cues of adult males were also capable
of producing this effect.
Building on these studies, the experiments in this
chapter set out to investigate further the communication
between rats of food and food site marking via residual
marking.

Experiment 1 seeks to establish whether this

communication of food preferences by residual deposits can
occur between unrelated adult males.

Experiment 2

investigates whether this communication can result in a
learned food or food site preference.

It also tries to

establish whether the mechanism can facilitate the
communication of food type as well as food site preferences.
Experiments 3 and 4 investigate the process of communication
by which information about foods or food sites is
transmitted.

Finally experiment 5 focuses on the temporal

stability of the cues carrying communication.
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2. EXPERIMENT 1
METHODS
Design.
Subjects were allocated at random to one of three
conditions, two experimental and one control.

At test, all

subjects were placed in the experimental enclosure (figure
3.4) for 24 hours, with two available food sites each
containing a different novel food.

For subjects in the two

experimental conditions the enclosure had previously housed
4 conspecifics which had eaten one of the two novel foods
from one of the sites.

If these 'demonstrators' mark their

food site, then subsequently, subjects in these conditions
will face a choice between a novel food at a soiled site and
a. different novel food at a relatively unmarked site.
Subjects in the control condition were placed in a clean
enclosure containing two novel foods.

The dependent

variables were amount of food eaten from each site, and the
number of faeces and urine marks surrounding each site.

It

was predicted that subjects in the experimental conditions
would tend to consume more of the diet eaten by their
demonstrators than subjects in the control group.
Subjects.
Subjects were 88 rats of the type described in chapter
3.

There were 8 subjects in each group, with 32 animals

acting as demonstrators in each of the experimental
conditions.
Apparatus.
Subjects were tested in the large U-shaped enclosure,
measuring 170x154x36cm, with an aluminium frame and floor,
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clear perspex walls and wire mesh roof (figure 3.4).

A

white perspex tray, measuring 32x5Ocm, with a lip 3cm high,
was placed in both of the arms of the enclosure, upon which
were placed the food bowls.

During the 'demonstration* (or

marking) phase of the experiment, powdered standard rat
diet, flavoured either with 1% (Schwartz) ground cinnamon or
2% (Safeway) cocoa, was available from a single stainless
steel food bowl, of 10cm diameter and 4cm lip, placed
centrally on one of the trays.

At test, a food bowl

containing one diet was placed on one tray and an identical
bowl containing the alternative diet on the other.
Procedure.
In the control condition each subject was placed in a
clean enclosure, with a food bowl on each of the trays, each
bowl containing an equal amount of one of the two flavoured
diets, counterbalanced for position.

After 24 hours the

subject was removed, and the amount of food eaten from each
bowl recorded.

In the 'cinnamon demonstration' condition, 4

rats were placed in the enclosure for 48 hours, and allowed
to eat from a single bowl, counterbalanced for position,
containing the cinnamon flavoured diet.

The 'demonstrators'

were then removed, notes were taken on the distribution of
faeces and urine marks in the enclosure, and an equal amount
of the cocoa flavoured diet was placed in a bowl on the
other tray.

Subjects were then placed in the enclosure for

24 hours and their consumption of diet from each bowl
recorded.

The procedure was exactly the same for the 'cocoa

demonstration' condition, except that the demonstrator
animals were given a cocoa flavoured diet, and a bowl
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containing an equal amount of the cinnamon flavoured diet
was subsequently placed on the other tray prior to subjects'
24 hour test.

RESULTS
The results are illustrated in figure 6.1.

Figure 6.1
Experiment 1: Weight of cinnamon and cocoa flavoured diet
consumed by subjects in each group.
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The amount of cinnamon diet consumed by subjects varied
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significantly between the conditions (F(22d s 15.53 p<.01),
subjects in the 'cinnamon demonstration' group (X=16.89g)
consuming more of this diet than controls (10.91g)
(F(i 2i)=10«08 p<.01), and subjects in the 'cocoa
demonstration' group (X=6.44g) less (F(1<21)=5.66 p<.05).
There were also significant differences in cocoa diet
consumption (F(2 21)=21.35 p<.01 after square root
transformation), subjects in the 'cocoa demonstration' group
(X=11.08g) consuming more of this flavoured diet than
controls (X=4.44g) (F(1 21)=14.92 p<.01), and those in the
'cinnamon demonstration' group (X^l^Sg) less (F(1#21)=6.94
p<.025).
The results are illustrated most clearly by considering
the mean percent consumption of each diet in the three
conditions.

Subjects in the control condition exhibited a

preference for the cinnamon flavoured diet, consuming 71% by
weight of this diet and 29% of the cocoa flavoured
alternative.

For subjects in the 'cinnamon demonstration'

group the effect of demonstrator prior presence in the
enclosure was to increase their mean cinnamon diet
consumption to 93%.

Similarly, for subjects in the 'cocoa

demonstration' group, the effect of demonstration was to
increase mean cocoa consumption to 63%.
Subjects in the experimental groups also ate more in
total (X=17.81) than controls (X=15.35) (Independent t-test
t=1.59 df=22 approaching p=.05).
In the experimental conditions, observation of the
enclosures after the demonstration phase consistently
revealed (i) a cluster of faeces on the tray containing the
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food bowl, and (ii) urinal marking of the food bowl.
Demonstrators in the experimental conditions deposited
significantly more faeces on the tray containing the food
bowl (X—34.4) than on the other (X=18.4) (Related t-test
t=2.7 df=*15 pc.Ol), and left on average 5.7 urine marks on
their food bowl (X-4.25 and X=7.13 for cinnamon and cocoa
demonstration conditions respectively).

DISCUSSION
The results support Galef & Beck's (1985) finding that
residual cues left by Norway rats can mark a food site,
rendering it, or its contents, more attractive to naive
conspecifics than an unmarked site.

This experiment goes

beyond those of Galef & Beck (1985) to establish that this
process can result in the communication of food preferences.
Subjects in both experimental groups consumed significantly
more of the food at the site at which their demonstrators
had eaten than controls, and significantly less of the
alternative diet at the other site.

The cinnamon flavoured

diet, itself preferred by the controls, was eaten by
subjects in the 'cinnamon demonstration' group almost to the
total exclusion of the cocoa flavoured alternative at the
unmarked site.

The cocoa flavoured diet, much the lesser

preferred of the two diets by the controls, constituted
nearly two-thirds of the food consumed by subjects in the
'cocoa demonstration' group, whose demonstrators also ate at
that site.

As subjects in the experimental conditions did

not come into direct contact with their demonstrators, then
this communication must be mediated by cues that the

1Z1

demonstrators left in the enclosure.

The results thus

suggest that Norway rats may gain information about foods or
food sites from the urinal, faecal or glandular deposits of
conspecifics.

It is not yet clear which of these residual

substances mediates the communication, or which modalities
are stimulated.

Experiments 3 and 4 below investigate the

process of communication.

Further, as the rats were all

unrelated adult males, this phenomenon can not be peculiar
to mother-offspring, adult-young, or closely related pairs.
One difference in design between the present study and
Galef & Beck's was the use of two novel foods, rather than
one.

Where only one food is used, subjects, possibly having

picked up information about the safe or attractive qualities
of the novel food contained in the marked bowl, may
generalise this information to the same food in the unmarked
bowl, thus weakening the effect.

The present design

illustrates the powerful influence that food site marking
may have on the feeding behaviour of Norway rats.

The use

of two diets allows the distinction to be drawn between the
communication of information about foods and food sites,
this being investigated in the next experiment.

3. EXPERIMENT 2
This experiment set out to establish whether the
communication demonstrated in experiment 1 could result in
subjects developing a socially learned preference for
particular food sites or for specific diets.

If this is the

case then rats would be expected to exhibit food or food
site preferences if, on any subsequent occasion, they were
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returned to the enclosure.

A learned preference for

particular diets would be expected to affect the feeding
behaviour of experimental subjects, even if the chemical
cues of conspecifics are absent.

Experiment 2 replicated

experiment 1, but here subjects were placed back in a clean
enclosure for 24 hours, a further 24 hours after their first
experience there.

METHODS
Design.
This experiment was the same as experiment 1, except
that subjects in all three conditions were placed back in a
clean enclosure for 24 hours, a further 24 hours after their
first experience there.

For half of the subjects the

positions of the food bowls was reversed, and for half it
was the same as during their first period in the enclosure.
This was designed to establish the extent to which the
communication in experiment 1 was related to information
about foods or food sites.
Subjects and apparatus.
68 rats of the kind described in chapter 3, were tested
in the same apparatus.

There were 6 subjects in each

experimental condition, and 8 animals in the control
condition.
Procedure.
The first part of procedure was the same as in
experiment 1 for all three conditions.

Then, 24 hours after

having been removed from the test enclosure, all subjects
were replaced in a clean enclosure with two clean food bowls
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on trays, each containing one of the novel diets,
counterbalanced for position, for a further 24 hour period.
The dependent variables were the same as in experiment 1.

RESULTS
The results were analyzed adopting a 2-way ANOVA design, the
two independent variables being subjects' condition, and
whether or not the positions of the food bowls were reversed
during the second test period.

The pattern of diet

consumption for subjects in their second 24 hour test period
was essentially the same as that shown in their first 24
hour period, and that shown by subjects in experiment 1
(figure 6.2).
The amount of cinnamon diet consumed by subjects in the
second test period varied significantly between the
conditions (F(214)=5.52 p<.05), subjects in the 'cinnamon
demonstration' group (X=19.65g) consuming more of this diet
than controls (15.05g) (F(1 U)=4.39, p=.052, approaching
p=.05 significance), and subjects in the 'cocoa
demonstration' group (X=8.33g) less.

There were also

significant differences in cocoa diet consumption
(F<2 m>-4.38, p=.06, approaching p=.05 significance, after
log transformation), subjects in the 'cocoa demonstration'
group (X=8.18g) consuming significantly more of this
flavoured diet than controls (X=3.16g) (F(1j 4)=4.29, p=.055,
approaching p=.05 significance), and those in the 'cinnamon
demonstration' group (X=0.58g) less (although this
difference did not approach significance).

Changing the

positions of the food bowls had no significant affect on
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both cinnamon and cocoa diet consumption.

Figure 6.2
Experiment 2: Weight of cinnamon and cocoa flavoured diet
consumed by subjects in each group during the second test
period.
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During the first 24 hour period in the still soiled
enclosure, subjects in the 'cinnamon demonstration' group
consumed 96% by weight of the cinnamon diet (X=19.35g CIN,
X=0.92g CO), and subjects in the 'cocoa demonstration' group
consumed 42% by weight of the cinnamon diet (X=6.58g CIN,
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X=9.03g CO).

For the second 24 hour period subjects in the

control, cinnamon demonstration, and cocoa demonstration
conditions consumed 82.6%, 97.1% and 50.5% by weight of the
cinnamon diet respectively.

This means that for subjects in

all three conditions cinnamon diet consumption increased
slightly during their second period in the enclosure.

DISCUSSION
The results demonstrate that the communication that results
from residual marking of food sites can subsequently
strongly influence the feeding habits of Norway rats at a
later time when no markings are present.

They suggest that

communication by this process can result in the social
learning of food preferences, which significantly influence
rats choice of diet.

As predicted, when given a choice

between two unmarked food sites, subjects in the cinnamon
demonstration group developed a strong learned preference
for this diet, consuming it almost to the exclusion of the
alternative.

Similarly, when presented with the same

choice, subjects in the cocoa demonstration group exhibited
a much stronger preference for this diet than the controls,
again indicating social learning.
This preference that the subjects in the experimental
conditions exhibited for the diet consumed by their
demonstrators developed despite the fact that the position
of the two diets was counterbalanced for the second period
in the enclosure.

The results thus suggest that the

socially learned information is related to foods rather than
to food sites.

Subjects showed no indication of preferring
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to eat at the same site that they had previously eaten from,
24 hours earlier.

On the contrary, subjects tended to eat

the same diet that they had previous predominantly consumed,
irrespective of food site.

4. EXPERIMENT 3.
This experiment set out to investigate something of the
mechanism of communication that facilitated the transmission
of information about foods between rats in the previous
experiments.

In particular, this experiment is concerned

with which residual products are the mediators of the
communication.

The strategy adopted was to experimentally

eliminate specific potential cues contained in the
enclosures following the demonstration period.

If this

manipulation resulted in the blocking of communication then
it would suggest that such cues were necessary for
communication to take place.

Two alternative hypotheses

accounting for the communication were put forward.

The

first was that the pertinent information was contained in,
or on, the food bowl, perhaps mediated by the urine marks on
the bowl.

If this was the case then replacing the soiled

bowl with a clean bowl following demonstration, should block
information transmission.

The second hypothesis suggested

that the pertinent information was contained in the
peripheral deposits surrounding the food bowl, in which case
cleaning the enclosure after the demonstration phase, but
retaining the soiled food bowl, should block communication.
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METHODS
Design.
There were 4 experimental conditions, and one control,
which was the same as in experiment 1.

In two of the

experimental conditions the peripheral enclosure was cleaned
between demonstration and test phase, and in the other two
at the same point the soiled bowls were replaced with clean
ones.

For both experimental manipulations there was one

cinnamon demonstration condition and one cocoa demonstration
condition.

The dependent variables were the same as in

experiment 1.
Subjects and apparatus.
126 rats of the same type, tested in the same
apparatus.

There were 6 animals in each condition, with 96

animals acting as demonstrators.
Procedure.
For the control condition the procedure was exactly
the same as in experiment 1.

For subjects in the 'clean

bowl-cinnamon demonstration' condition the procedure was the
same as the cinnamon demonstration condition in experiment
1, except that, between demonstration and test, the soiled
food bowl was replaced with an identical bowl containing the
same type of diet.

The same procedure describes the 'clean

bowl-cocoa demonstration' condition, except that the
demonstrators' diet is cocoa flavoured.

Similarly, the

'clean enclosure-cinnamon demonstration' condition was the
same as the cinnamon demonstration condition in experiment
1, except that here the enclosure was thoroughly cleaned out
in between demonstration and test phase, but the
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demonstrators' soiled food bowl, containing the same food,
was replaced in the enclosure after cleaning.

Again the

same procedure describes the 'clean enclosure-cocoa
demonstration' condition, except that the demonstrators'
diet is cocoa flavoured.
RESULTS
The amount of each diet consumed by subjects in the five
conditions is shown in figure 6.3.

Ficrure 6.3
Experiment 3: Weight of cinnamon and cocoa flavoured diet
consumed by subjects in each group.
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The amount of diet did not vary significantly between the
groups, for either cinnamon (F(4 25)=0.46 p>.05) or cocoa
(F(4 25)=0.57 p>.05, after square root transformation)
flavoured diets.

Subjects in the control condition consumed

80% by weight of the cinnamon diet, exhibiting a slightly
stronger preference for this diet than those in experiment
1.

In the 'clean bowl' conditions, subjects with cinnamon

demonstration consumed 84% of the cinnamon flavoured diet,
and those with cocoa demonstration, 74%.

Communication of

diet or food site preference would be expected to increase
the % cinnamon diet consumption in the case of the former,
and reduce it in the case of the latter.

Although the

results do indeed exhibit this pattern, the values do not
approach significance, and must be contrasted with the
strong changes in preference demonstrated in experiments 1
and 2.

For the 'clean enclosure' conditions, subjects with

cinnamon demonstration consumed 84% of the cinnamon
flavoured diet, and those with cocoa demonstration, 86%.
The results of these conditions give no indication at all
that communication of diet or food preference has taken
place.
As in experiment 1, observation of the enclosures
consistently revealed a cluster of faeces surrounding the
food bowl, and urinal marking of the food bowl.

For

subjects in all experimental conditions except the 'cinnamon
demonstration-clean enclosure', there were on average more
faeces on the trays surrounding the food bowl than on the
alternative trays.

In addition, all of the demonstrators'

food bowls exhibited some urine marking, the mean number of

marks being 2.3, 4.1, 6.7, and 4.2 for the clean bowlcinnamon and -cocoa demonstration, and clean enclosurecinnamon and -cocoa demonstration conditions respectively.
It was noted that there were also concentrations of urine
marks on the trays containing the demonstrators food bowls.

DISCUSSION
The experiment found that eliminating any cues, either in or
on the food bowl, or in the rest of the enclosure, blocks
the communication of food preferences via residual deposits
amongst rats.

Given the strong evidence for communication

in the first two experiments, this result suggests that
neither local cues in or on the food bowl, nor peripheral
cues in the surrounding area, are sufficient to carry the
information necessary for communication to take place, and
that both are necessary.

The observation of concentrations

of urine marks on the bowls, and the fact that urine marks
are an established form of olfactory communication amongst
rats (Brown 1985), makes it likely that such marks are a
component of the communication complex.

Both wild and

domestic rats urine-mark novel objects in their environment
(Brown 1985), and some studies suggest that male rats are
attracted to the urine odours of male conspecifics (Brown
1975 1977).

The food bowl was both a prominent and novel

object in the demonstrators' environment.

It is not clear,

however, which deposits carry the cues necessary for
communication in the peripheral area surrounding the food
bowl.
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5. EXPERIMENT 4.
Experiment 4 set out to establish which of the deposits in
the peripheral area surrounding the food bowl were necessary
for communication to take place.

As in experiment 3, the

investigation proceeded by attempting to eliminate potential
cues in the enclosure, thus indicating whether or not such
cues were necessary for communication to take place.

Again

there were two likely mediators of communication: the urine
marks on the trays, floor and walls of the enclosure, and
the cluster of faeces surrounding the bowl.

If the

demonstrators' faeces are necessary for the communication of
food preferences, then cleaning the external enclosure of
faeces and soiled sawdust, but leaving peripheral urine
marks on the food bowl, tray and walls of the enclosure,
should block communication.

Similarly, if it is the

peripheral urine marks which are important then cleaning the
enclosure but replacing the demonstrators' faeces should
block communication.

METHODS
Design.
There were 4 experimental conditions, and one control,
which was the same as in experiment 1.

In two of the

experimental conditions sawdust and faeces were removed from
the peripheral enclosure between demonstration and test
phase, and in the other two at the same point the enclosure
was cleaned of all urine marks, except on the bowl, with the
faeces being replaced around the bowl.

For both

experimental manipulations there was one cinnamon

demonstration condition and one cocoa demonstration
condition.

The dependent variables were the same as in

experiment 1.
Subjects and apparatus.
126 rats of the same type tested in the same apparatus.
There were 6 animals in each condition, with 96 animals
acting as demonstrators.
Procedure.
For the control condition the procedure was exactly
the same as in experiment 1.

For subjects in the 'no

faeces-cinnamon demonstration' condition the procedure was
the same as the cinnamon demonstration condition in
experiment 1, with one exception.
test,

Between demonstration and

all sawdust and faeces were cleared out of the

enclosure and replaced with fresh sawdust, but the
enclosures' walls were not cleaned with detergent as before,
and the urine marked bowl and trays were retained.

The same

procedure describes the 'no faeces-cocoa demonstration'
condition, except that the demonstrators' diet is cocoa
flavoured.

Similarly, the 'no peripheral urine marks-

cinnamon demonstration' condition was the same as the
cinnamon demonstration condition in experiment 1, except
that here the enclosure was thoroughly cleaned out in
between demonstration and test phase, but the demonstrators'
soiled food bowl, containing the same food, was replaced in
the enclosure after cleaning.

In addition, the

demonstrators' faeces were replaced in the enclosure in a
similar pattern to their original distribution.

Again the

same procedure describes the 'no peripheral urine marks186

cocoa demonstration1 condition, except that the
demonstrators' diet is cocoa flavoured.

RESULTS
The amount of each diet consumed by subjects in the five
conditions is shown in figure 6.4.

Figure 6.4
Experiment 4s Weight of cinnamon and cocoa flavoured diet
consumed by subjects in each group.
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Levels of diet consumption did not vary significantly
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between the groups, for either cinnamon (F(425)=l.l p>.05) or
cocoa (F(4 25)=0-19) flavoured diets.

Subjects in the control

condition consumed 67% by weight of the cinnamon diet.

In

the 'no faeces' conditions, subjects with cinnamon
demonstration consumed 74% of the cinnamon flavoured diet,
and those with cocoa demonstration, 68% of the cinnamon
flavoured diet.

For the 'no peripheral urine marks'

conditions, subjects with cinnamon demonstration consumed
84% of the cinnamon flavoured diet, and those with cocoa
demonstration, 61% of the cinnamon flavoured diet.

The

results of the 'no faeces' conditions show no indication at
all that communication of diet or food preference has taken
place.

In the case of the 'no peripheral urine marks'

conditions, as might be predicted, the cinnamondemonstration group consumed more cinnamon diet, and the
cocoa-demonstration group less than the controls, but again
this difference does not approach significance.
Observation of the enclosures after demonstration again
revealed a cluster of faeces surrounding the food bowl and
urinal marking of the food bowl, as well as concentrated
urine marking of the tray surrounding the food bowl.

For

subjects in the 'no faeces' conditions there were on average
more faeces on the trays surrounding the food bowl than on
the alternative trays.

In addition, all food bowls

exhibited some urine marking, the mean number of marks being
7.1, 5.6, 2.0 and 3.2 for the no faeces-cinnamon and -cocoa
demonstration, and no urine marks-cinnamon and -cocoa
demonstration conditions respectively.

For the experimental

conditions, there were greater concentrations of urine marks
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on the trays containing the demonstrators' food bowls
(X=51.9) than the alternative trays (X=17.1) (Related t-test
t=3.23 df=23 p<.01).
DISCUSSION
The results demonstrate that the elimination of cues
contained in both urinal and faecal deposits surrounding the
food site blocks the communication of food preferences via
residual deposits.

In combination with the results of

experiment 3, they suggest that the information that
facilitates the transmission of food preferences is not
contained in any one residual product.

The stimulus that

renders 'marked' food sites preferred is a complex which
includes local and peripheral urine marking of the food
bowl, and peripheral faecal deposits.

This finding,

together with the sensitivity of this communication to
experimental manipulation, suggests a similar complexity to
rat olfactory communication as found in mice (Hurst 1989).
The fact that there were a significantly greater number of
the demonstrators' urine marks in the area surrounding the
food bowl again suggests the possibility that urine marking
in rats has, in addition to the established aggressive and
sexual functions, a food site marking function.

This

phenomenon may, however, simply reflect greater time spent
by the demonstrators in the section of the enclosure
containing the food bowl.

Whether the pertinent information

carried by the demonstrators' faeces is manifested in their
distribution or their content is not yet clear.

There were

clusters of faeces surrounding the demonstrators' food bowl
on most but not all occasions.
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It is quite conceivable that

the subjects could pick up information about their
demonstrators' diet by smelling and eating their faeces.
Both pups (Leon 1974) and adults (Barnett 1975) will ingest
the faeces of conspecifics.

The preference that pups

exhibit for foods near the faeces or body odours of other
rats (Bronstein & Crockett 1976? Galef 1981) may also be
characteristic of adults.

6. EXPERIMENT 5
The first 2 experiments illustrated the powerful
influence that food site marking may have on the feeding
behaviour of Norway rats.

It is possible that the social

transmission of food preferences may lead to the long term
fixation of particular items of food in the diet of natural
rat populations.

This hypothesis can be investigated in the

laboratory with social transmission experiments.

The next

chapter describes how, by extrapolating the design of the
previous experiments to one in which each subject functions
as the 'demonstrator' for the next subject, the stability of
chains of transmission can be investigated.

Before such a

study can be undertaken, however, it is necessary to
establish the temporal stability of the marking cues.

If

such cues can maintain their function over long periods of
time (relative to the duration of the transmission chain),
then the initial cues furnished by the first set of
demonstrators will still be active, rendering transmission
along the chain unproven.

The scent marking literature

contains little information on the stability of rat
pheromones.

In natural situations a population of rats will
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continuously be marking, and reinforcing previous marks
(Calhoun 1962; Brown 1985).

The markings of another species

in the Muridae family, house mice (Mus musculus), tend to
lose their marking efficacy after approximately 48 hours
(Jones & Nowell 1977; Brown 1985).

One might expect the

social odours of Norway rats to be equally transient in
their effect.
This experiment investigates whether the residual cues
laid down by demonstrators will lose their powers of
communication as 'markers1 of food sites over a 72 hour
period.

METHODS
Design.
This experiment was the same as experiment 1, except
that, in the experimental conditions, there was a delay of
72 hours between the demonstrators being removed from the
enclosure and the subjects being put in.

There were 8

subjects in the control group, and 4 in each experimental
group, with 32 demonstrators.
Subjects and apparatus.
48 rats of the kind described in chapter 3, were tested
in the same apparatus.
Procedure.
The procedure was the same as in experiment 1, except
for the delay after demonstration, when the enclosure was
simply left in state in which it was in when the
demonstrators were removed.

The dependent variables were

the same as in experiment 1.
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RESULTS
The results are illustrated in figure 6.5.

Figure 6.5
Experiment 5: Weight of cinnamon and cocoa flavoured diet
consumed by subjects in each group.
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The amount of cinnamon diet consumed by subjects did not
vary significantly between the conditions, subjects in the
'cinnamon demonstration' group (X=13.58g) consuming no more
of this diet than controls (12.23g), and subjects in the
'cocoa demonstration' group (X=14.18g) no less (Wilcoxon
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Rank Sum Test W(4,8)=15 at p=.05, Ws=30 and 31
respectively).

Although subjects in the 'cocoa

demonstration' group (X=3.43g) consumed slightly more of the
cocoa flavoured diet than controls (X=2.33g), and those in
the 'cinnamon demonstration' group (X=1.02g) slightly less,
these differences did not approach significance (Wilcoxon
Rank Sum Test W(4,8)=15 at p=.05, Ws=26.5 and 21.5
respectively).
There was no significant difference in the total amount
of food consumed by the experimental groups (X=16.4) and the
controls (X=14.55) (Wilcoxon Rank Sum Test W(8,8)=51 at
p=. 05

Ws—64) •

DISCUSSION
The results of this experiment provide no evidence that
communication of food preferences via excretory marking of
food sites occurred.

This finding lends support to the

prediction that the communication properties of rats
residual products are vulnerable to decay, and that these
cues become ineffective within a period of 72 hours
duration.

An alternative explanation is that rats will only

attend to olfactory cues that have been relatively recently
deposited.

This result suggests that the pertinent

information for communication to take place is contained in
olfactory, rather than visual or gustatory cues.

This is

because while visual cues would not be expected to decay
over time, olfactory cues would dissipate rapidly.
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SUMMARY
The experiments in this chapter demonstrate that the
excretory deposits of Norway rats that surround food sites
can render those sites more attractive to conspecifics than
unmarked sites.

The process of communication is carried by

a non-specific complex of local urinal marking of the food
sites and peripheral urinal and faecal deposits, probably
based on olfactory cues.

These residual deposits can act as

a stimulus which effectively marks food sites, and
facilitates the communication of food preferences.

Moreover

this communication can result in the social learning of food
preferences.

Residual deposits may act so as to direct

rats' attention to particular foods.

If this is the case

then local enhancement, followed by incidental learning, is
a good description of the social learning process.

The cues

which carry the communication of food preferences via
excretory marking will dissipate within 72 hours if not
reinforced.

CHAPTER 7

FOOD SITE MARKING STUDIES II. SOCIAL TRANSMISSION.
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1. INTRODUCTION
The experiments in chapter 6 demonstrate that food site
marking can be an effective mechanism for the passage of
food related information amongst Norway rats.

If this

process operates in natural populations of rats then it is
possible that the social transmission of food preferences
may occur by this means.

Rats that feed from a site marked

by the excretory deposits of conspecifics, may themselves
mark the site with their own products.

Observations of the

behaviour of Norway rats both in the laboratory and in the
wild suggest that they are continuously reinforcing their
own scent marks, and over-marking other individuals' marks
(Calhoun 1962; Brown 1985).

As described in chapter 3,

social transmission can be investigated in the laboratory,
by extrapolating the design of the previous experiments to
one in which each subject functions as the 'demonstrator'
for the next subject.

This allows a laboratory

investigation of the nature and stability of transmission
along chains of animals.

Experiment 5 established that the

residual cues deposited by rats will lose their powers of
communication as 'markers' of food sites over a 72 hour
period.

Thus if an enhanced preference for one diet can be

passed from one animal, to the next, to the next, along the
chain, and be preserved for longer than three days, then
social transmission of that preference must have occurred.
In other words, rats at intermediate links in the chain must
not only be acquiring diet related information from the
excretory deposits of earlier demonstrators, but must
themselves act as demonstrators by marking the food site
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with their own products.

If social transmission does not

occur, or is unstable, then the subjects which form the
later links in the chain would not be expected to exhibit
diet preferences different from animals with no social cues.

2. EXPERIMENT 6
METHODS
Design.
As with the social learning studies, there were 3
conditions: cinnamon- and cocoa-demonstration conditions and
a control.

For the experimental conditions the first stage

of the procedure was the same as that of experiment 1.
'Demonstrator' rats were placed in the enclosure and allowed
to eat from, and mark, a single food site, and then subjects
were placed in the enclosure for 24 hours with a choice of
different novel foods at the marked and at a clean site.
Here, however, when the subject was removed from the
enclosure, the experiment did not end, and another animal
was placed in the soiled enclosure for a 24 hour period.
This was repeated in an 8 subject chain, each being placed
in the enclosure for 24 hours immediately after its
predecessor had been removed.

The control conditions had no

initial demonstration, and the enclosures were thoroughly
cleaned before each animal was placed in, thus preventing
any communication.

There were 8 subjects at each step in

the experimental groups' chains, and 6 subjects in each
(independent) step for the controls.

The control condition

can thus be thought of as 6 independent, and therefore
simulated, chains of 8 animals.
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Subjects and apparatus.
240 rats of the kind described in chapter 3, tested in
the same apparatus.

There were 64 animals in each

experimental group and 48 controls.
Procedure.
In the control condition each subject was placed in a
clean enclosure, with a food bowl on each of the trays, each
bowl containing an equal amount of one of the two flavoured
diets, counterbalanced for position.

After 24 hours the

subject was removed, and the amount of food eaten from each
bowl recorded.

This was repeated for each of the 48

subjects in this group.

In the "cinnamon demonstration"

condition, 4 rats were placed in the enclosure for 48 hours,
and allowed to eat from a single bowl, counterbalanced for
position, containing the cinnamon flavoured diet.

The

"demonstrators" were then removed, notes were taken on the
distribution of faeces and urine marks in the enclosure, and
an equal amount of the cocoa flavoured diet was placed in a
bowl on the other tray.

The first subject was then placed

in the enclosure for 24 hours and its consumption of diet
from each bowl recorded.

This subject was then removed,

notes taken on the distribution of urine marks and faeces,
and another subject was placed in the soiled enclosure.
This process was repeated for each of the 8 animals in the
chain.

There were 8 such chains in each experimental

condition.

The procedure was exactly the same for the

"cocoa demonstration" condition, except that the
demonstrator animals were given a cocoa flavoured diet, and
a bowl containing an equal amount of the cinnamon flavoured
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diet was subsequently placed on the other tray prior to the
first subject's 24 hour test.

A sufficient amount of the

flavoured diets was produced initially to allow the levels
in the bowls to be "topped up" if necessary.

If the level

of diet in a given food bowl was low, then at the transition
point between animals when the food bowls were weighed,
additional diet was mixed in with that remaining.

This

spare diet was stored in open plastic bags.
RESULTS
The results are illustrated in figure 7.1.
Figure 7.1
Experiment 6: (a) Weight of cinnamon flavoured diet consumed
by subjects in each group across the transmission chain.
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Experiment 6: (b) weight of cocoa flavoured diet consumed by
subjects in each group across the transmission chain.
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The amount of cinnamon diet consumed by subjects (figure
7.1a) varied significantly between the conditions
(F«fiH,-15.22 p<.001), with both subjects in the 'cinnamon
demonstration' group (X=15.48g), and subjects in the 'cocoa
demonstration' group (X=13.09) consuming more of this diet
than controls (9.93g) (CIN: F(1 152)=30.4 p<.01, CO:
F<i#i52)=9 .86 pc.Ol).

Thus while subjects in the cocoa

demonstration group consumed less cinnamon flavoured diet
(X=6.39g) at the first transmission step than the controls,
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over the whole chain they consumed significantly more, and
exhibited an increasing trend in consumption (F(1 152)=3.81
approaching p=.05 significance).

There was no significant

effect due to stage in the transmission chain (transmission
step)

(F(7 152)*1.11 p » . 05) and no interaction between

condition and transmission step (F(14 152)-1.27 p».05).
There were also significant differences in cocoa diet
consumption amongst the groups (F(2 152)=14.32 pc.Ol),
subjects in the "cinnamon demonstration" group (X=0.54g)
consuming significantly less than subjects in the "cocoa
demonstration" group (X=3.14g) (F(1 152)=21.06 p<.01), and
controls (X=3.33g) (F(1 ^=2 0 . 7 9 pc.Ol), in contrast with no
difference between "cocoa demonstration" and control
conditions (F(1152)=0.1 p».05)

(figure 7.1b).

In addition,

there was a significant main effect for transmission step
(F(7 i52)=3 .71 pc.Ol), and some evidence for an interaction
(F(h(i52)-1-58 p=.09) .

Subjects in the "cocoa demonstration"

group exhibited a deceasing trend in cocoa diet consumption
A*
across the chain (F(1 152)=17.85 pc.Ol), but subjects in the
cinnamon demonstration group showed no increasing trend in
cocoa diet consumption (F(1152)=0.01 p».05).
In the control condition, observation of the enclosures
after the subject had been removed consistently revealed
clusters of faeces on the trays, and urinal marking of both
the food bowl and the surrounding areas.

Even in the

control condition it might be expected that the position of
the subjects' faeces and urine marks might bear some
relation to the site at which it eats.

Notes taken on the

number of faeces on each tray, the number of urine marks on
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each bowl, and the number of peripheral urine marks in the
half of the enclosure surrounding each bowl, allowed
correlations to be calculated between diet consumption at
each bowl, the position of the faeces, and concentrations of
urine marks.

TABLE 7.1

These correlations are presented in table 7.1.

CORRELATIONS BETWEEN EXCRETORY MARKING AND DIET

CONSUMPTION.
UCO
CO
Cl
UCO
UCI
UXCO
UXCI
FCO
FCI

UCI

+ .45 -.43
-.08 + .58
* + .34
*
*
*
*
*
*
*
*
*
*

UXCO UXCI

FCO

+ .38
-.15
+ .80
+ .22
*
*
*
*

+ .19
-.06
+ .05
-.26
-.05
-.24
*
*

-.40
+ .67
+ .36
+ .68
+ .33
*
*
*

FCI
+ .04
-.20
-.27
-.25
-.02
-.15
-.15
*

Where

CO — cocoa diet consumption
Cl = cinnamon diet consumption
UCO = urine marks of bowl containing cocoa diet
UCI = urine marks on bowl containing cinnamon diet
UXCO = urine marks in half of enclosure
surrounding cocoa diet bowl
UXCI « urine marks in half of enclosure
surrounding cinnamon diet bowl
FCO = faeces on tray containing cocoa diet bowl
FCI = faeces on tray containing cinnamon diet bowl

Figures in bold give a significant t at .05 level (r > .24)
with df=46.

Urine marks proved to be the best predicters of diet
consumption, the number of urine marks on a bowl, and the
number in the surrounding area of the enclosure, correlating
strongly with the amount of diet consumed from that bowl.
The number of faeces on the tray surrounding a bowl did not
correlate strongly with consumption of diet from that bowl.
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A similar analysis for the experimental conditions is
confounded by the inability to assess by observation which
faeces and urine marks are still active, and which have losst
their communication properties.

DISCUSSION
Figure 7.1 illustrates well the main findings of this
experiment.

Control subjects consumed on average 75% by

weight of the cinnamon diet (9.93g CIN and 3.33g CO).
Subjects in the cinnamon demonstration group consumed
significantly more of the cinnamon diet and significantly
less of the cocoa diet than both control and subjects in thie
cocoa demonstration group.

There was strong evidence for

social transmission along chains of animals in this group,
there being no decay in subjects' elevated cinnamon diet
consumption across transmission step.

Subjects in the co:o)a

demonstration group show little evidence for social
transmission.

Although at the first transmission step thayr

consumed more of the cocoa flavoured diet and less of the
cinnamon flavoured diet than controls, this preference
decayed rapidly along the chain.

These subjects exhibited .a

decreasing trend in cocoa diet consumption, and an
increasing trend in cinnamon diet consumption.

One

interpretation of this difference between experimental
groups is that social transmission may be more stable when
it reinforces a prior preference than when it conflicts wltlh
one.

Throughout the food site marking investigation naive

subjects in the control condition have consistently
exhibited a preference for the cinnamon flavoured diet.
203

This prior preference may differentially affect the
stability of the social transmission of diet preferences
amongst rats in experimental conditions.
The correlations between the different excretory
markings and diet consumption amongst the controls suggest
an important role for urine marking of the bowl, and the
peripheral area, confirming the findings of experiments 3
and 4.

The fact that there were not significant

correlations between number of faeces on the tray and diet
consumption from the bowl on that tray is a surprising
finding, which conflicts with the observations of earlier
experiments.

It may perhaps be interpreted as evidence that

the pertinent information carried by the faeces necessary
for communication to take place is related to their content
rather than their distribution.

This interpretation is

supported by the findings of experiment 5, in which
communication was blocked by a three day delay despite the
fact that the distribution of faeces was preserved.

3. EXPERIMENT 7
Studies of social learning and communication in Norway
rats have uncovered a number of processes which facilitate
the communication of food preferences amongst individuals,
including following conspecifics to food sites (Galef &
Clarke 1971), and picking up cues on the breath of
conspecifics that have recently eaten (Galef & Wigmore
1983).

If these processes operate in natural populations,

it is unlikely that each will act in isolation.

It is thus

conceivable that, in a more natural situation, different
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communication mechanisms may interact to reinforce the
social transmission of food preferences.
The goal of this experiment was to investigate whether
the unstable transmission of elevated levels of cocoa diet
consumption along the chain, exhibited by subjects in the
cocoa demonstration condition in experiment 6, could be
bolstered by the introduction of a second process for the
communication of diet preferences.

The additional process

introduced is the communication of food preferences via
olfactory cues studied by Galef and coworkers.

Galef (1990)

reports a series of studies which have investigated the
social learning of food preferences amongst rats via
olfactory cues on the breath of conspecifics.

The principal

finding is that a naive rat, allowed to interact with a
demonstrator conspecific that has recently eaten a novel
diet, will pick up gustatory cues on the breath of the
demonstrator.

When subsequently given a choice between the

novel diet that the demonstrator consumed and an alternative
novel diet, the subject tends to prefer the former.

It is

hypothesised that if this process were to act in parallel
with, or interact with, the social learning of food
preferences via excretory marking, then the social
transmission of food preferences amongst rats is likely to
be more stable.

METHODS
Design.
The design of this experiment was similar to that of
experiment 6, except that the initial demonstrators in all
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experimental conditions ate the cocoa flavoured diet.

[This

was because the goal of this experiment was to investigate
whether the transmission of food preferences could be
bolstered by the introduction of a second process.

Given

the stability of transmission of the diet preference in the
cinnamon demonstration condition in experiment 6, it would
be pointless to investigate whether the transmission of
preferences in this group could be bolstered].

There were 4

conditions, a control and 3 experimental conditions.

For

one of the experimental conditions, the "excretory marking"
condition, the procedure was the same as that of the cocoa
demonstration group in experiment 1.

For a second

experimental condition, the "gustatory cues" condition, the
procedure was slightly different.

Demonstrator rats were

placed in the enclosure and allowed to eat from a single
food site containing the cocoa diet.

After 48 hours the

demonstrators were removed, and one of them was placed in a
small holding box for 30 minutes, with the naive subject
that was about to be put in the enclosure.

The enclosure

was cleaned of any residual cues and, after having
interacted with the demonstrator, the naive subject was
placed in the enclosure for 24 hours with a choice of novel
foods at the two sites.

24 hours later the subject was

removed from the enclosure, it becoming the demonstrator for
the next animal in the chain, this procedure being repeated
for the 8 subject chain.

The third experimental group was a

combination of the first two, and hence is called the
"excretory marking and gustatory cues" condition.
name suggests, subjects in this condition had the
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As the

opportunity to acquire gustatory cues directly from their
demonstrators, as well as residual cues which previous
animals had left in the enclosure.

The control condition

was the same as in experiment 6.
Subjects and apparatus.
248 rats of the kind described in chapter 3, tested in
the same apparatus.

There were 6 subjects at each step in

the experimental groups' chains, and 4 subjects in each
(independent) step for the controls.

Thus there were 48

animals in each experimental group and 32 controls.
Procedure.
The procedure for the control condition was the same as
in experiment 6, and that for the "excretory marking"
condition the

same as the "cocoa demonstration" condition in

experiment 6.In the "gustatory

cues" condition 4 rats were

placed in the enclosure for 48 hours, and allowed to eat
from a single bowl, counterbalanced for position, containing
the cocoa flavoured diet.

The demonstrators were then

removed and one of them was placed in a small holding box
for 30 minutes with the first subject.

The enclosure was

cleaned thoroughly, and then the subject was placed in it
for 24 hours with a choice between the two flavoured diets.
This subject was then removed, and was placed in a holding
box with the next subject in the chain for a 30 minute
period.

This process was repeated for each of the 8 animals

in the chain.

The procedure was exactly the same for the

"excretory marking and gustatory cues" condition, except
that the enclosure was not cleaned out after each step in
the chain.

As in experiment 6, a sufficient amount of the
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in the bowls to be topped up if necessary, in the same
manner as before.
RESULTS
The results, analyzed adopting a 2-way ANOVA design, are
illustrated in figure 7.2.

Figure 7.2
Experiment 7: (a) Weight of cinnamon flavoured diet consumed
by subjects in each group across the transmission chain.
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The amount of cinnamon diet consumed by subjects (figure
7.2a) varied significantly between the conditions
(F(3 i44)=15.73 pc.Ol), with subjects in the "excretory
marking and gustatory cues" group (X=7.48g), consuming
significantly less of this diet than controls (11.69g)
(F(i 144>=23.1 pc.Ol).

Subjects in the "gustatory cues"

condition (X=10.70) consumed slightly less of this diet than
the controls, and subjects in the "excretory marking"
condition (X=12.59) slightly more, but these differences did
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not approach significance.

A significant increasing trend

in cinnamon consumption across the chain was found for the
"excretory marking and gustatory cues" condition
(F(i 144)~29.54 p<.01), the "excretory marking" condition
(F(1fi44)=l9*76 pc.Ol), and the "gustatory cues" condition
(F(1jU)=7.58 p<.05) •

While subjects in the ’excretory

marking’ and the "gustatory cues" conditions exhibit a
reduced consumption of the cinnamon flavoured diet at the
first step in the chain, this increases rapidly, and by the
third step in the chain these animals' cinnamon consumption
is no different from the controls.

Subjects in the

"excretory marking and gustatory cues" condition show a much
more gentle increase in cinnamon diet consumption, and it is
only after the seventh step in the chain that these subjects
consume similar levels of this diet as the controls.

There

were also significant differences in cocoa diet consumption
amongst the groups (F(3 U4)=14.54 pc.Ol), subjects in the
'excretory marking and gustatory cues' group (X=7.88g)
consuming significantly more than controls (X=3.06g)
(F(1fu4)“35.35 pc.Ol)

(figure 7.2b).

Although subjects in

the "excretory marking" (X=4.64g) and "gustatory cues"
(X®4.23g) conditions consumed more of this diet on average
than subjects in the control condition, these differences
did not approach significance.

A significant decreasing

trend in cocoa diet consumption across the chain was found
for the "excretory marking and gustatory cues" condition
(F(1 144)=18.36 p<.01), the "excretory marking" condition
(F(if144)“30.11 p<.01) , and the "gustatory cues" condition
(F(1 144)=3.56, approaching p=.05 significance).
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While

subjects in the "excretory marking" and the "gustatory cues"
conditions exhibit an enhanced consumption of the cocoa
flavoured diet at the first step in the chain, this
decreases rapidly, and by the third step in the chain these
animals' cocoa consumption is no different from the
controls.

Subjects in the "excretory marking and gustatory

cues" condition show a much more gentle decline in cocoa
diet consumption, and it is only after the seventh step in
the chain that these subjects consume similar levels of this
diet as the controls.

DISCUSSION
Figure 7.2 illustrates the main findings of this experiment.
Control subjects consumed on average 79% by weight of the
cinnamon diet (11.69g CIN and 3.06g CO).

Subjects in both

the "excretory marking" and "gustatory cues" groups consumed
more of the cocoa and less of the cinnamon diets at the
first step in the chain, but after 3 steps their feeding
behaviour is not significantly different from the controls.
While there was no evidence for social transmission along
chains of animals in these groups, there was strong evidence
for transmission in the "excretory marking and gustatory
cues" condition.

At the first transmission step these

subjects consumed more of the cocoa flavoured diet and less
of the cinnamon flavoured diet than controls, but here the
preference decayed much more slowly.

These subjects

exhibited a decreasing trend in cocoa diet consumption, and
an increasing trend in cinnamon diet consumption, but their
feeding behaviour only approaches that of the controls after
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7 transmission steps.

This experiment provides strong

evidence that the two social learning processes have
interacted in such a way as to reinforce the stability of
the transmission of food preferences along the chain.
Although subjects in this group exhibit a decline in their
levels of diet consumption to levels similar to the
controls, the introduction of a second social learning
process is sufficient to substantially delay this decline.
This finding suggests that where a socially transmitted
trait is mediated by more than one process it is likely to
be more stable.

4. SUMMARY
Experiment 6 found strong evidence for social
transmission along chains of animals in the cinnamon
demonstration group, there being no decay in subjects
elevated cinnamon diet consumption across transmission step,
but subjects in the cocoa demonstration group show little
evidence for social transmission.

One interpretation of

this result is that where social transmission acts in
concert with prior diet preferences transmission can occur
at a stable and elevated level, but where these factors
conflict, transmission is vulnerable to decay.

The

introduction of a second mechanism for the social learning
of food preferences in experiment 7 bolstered the stability
of the transmission of the cocoa diet preference.

While

there was no evidence for social transmission along chains
of animals in groups which relied solely on either gustatory
cues or excretory marking of food sites for social
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transmission, there was strong evidence for transmission in
the "excretory marking and gustatory cues" condition.

These

subjects exhibited a decreasing trend in cocoa diet
consumption, and an increasing trend in cinnamon diet
consumption, but their feeding behaviour only decayed to
that of the controls after 7 transmission steps, much more
slowly than the single mechanism transmission groups.

This

experiment provides strong evidence that two social learning
processes can interact

to reinforce the stability of the

transmission of food preferences.
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1. INTRODUCTION
The experiments described in the previous chapters have
shown that social learning and transmission processes do
exist in animal species such as the rat, and potentially
these processes provide a means by which novel behaviours
might become fixated in a population.

What this chapter

attempts is a theoretical investigation of the role of
social transmission in evolution using mathematical
modelling as a tool.

An empirical study of the consequences

of social transmission on the genetic structure of a
population would require a substantial investment of time
and resources.

The advantage of a modelling approach is

that it can address theoretical questions efficiently, and
can generate answers that would otherwise be inaccessible.
The models are not intended as descriptions of evolutionary
processes, but merely as an aid to investigation of those
processes.
Progress in our understanding of evolutionary biology
has been greatly aided by mathematical formulations which
have shed light on complex processes and stimulated
empirical research.

If the same cannot yet be said for the

relatively new field which has endeavoured to apply
evolutionary models to human cultural traits, it surely will
soon.

The dynamics of the changes within a population of

the relative frequencies of both alleles and socially
transmitted traits, under cultural and evolutionary forces,
215

is the subject of this chapter.

This interaction between

social transmission and natural selection is a rich and
complex one.

The theoretical work contained in this chapter

has been conducted in the belief that reducing the analysis
of this interaction to a few relevant parameters, and
formalizing the relationship between them, can greatly aid
our understanding of the phenomenon.
The mathematical models in this chapter are simple and
deterministic.

As a starting point, this is defensible.

It

is difficult to construct models of social and biological
phenomena that are general, realistic and predictive (Levins
1966 1968).

Complex models are often hard to understand,

difficult to analyze, and no more useful for prediction than
simple models (Boyd & Richerson 1985).

The use of

deterministic rather than stochastic models is justified
here purely by mathematical convenience.

Deterministic

models are easier to develop and handle than stochastic
ones.

It should be remembered, however, that if the

deterministic equations predict that the frequency of an
allele or meme will reach a stable state, an actual finite
system is likely to fluctuate irregularly about that state?
if the deterministic equations predict large amplitude
oscillations in frequency, then alleles or memes may be lost
from the population (Maynard-Smith 1974b).
The interaction between discrete-valued, and
quantitative, human cultural traits, and genes that
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influence their transmission has been the focus of a class
of dynamic models recently developed by Feldman & CavalliSforza (1976 1984 1986 1989) and Boyd & Richerson (1985).
In most of these models, although evolution is studied at
both genotypic and phenotypic levels, there are no direct
fitness effects attributed to the genotype, but a resulting
genotypic selection is induced by selection on the
phenotypes.

Feldman & Cavalli-Sforza (1976 1989) have

investigated models in which the probability of adopting a
cultural trait depends on an individuals' genotype, and on
its "cultural" parents' phenotype, and where fitnesses are
allocated independently to "pheno-genotypes" (genotypes with
a particular meme).

This allows them to investigate the

frequency trajectories of a particular cultural trait and
the alleles at a locus that affect the probability of
adoption of the trait.

Boyd & Richerson (1985) considered

the evolutionary properties of genetically biased cultural
transmission, in which individuals are predisposed to adopt
cultural traits.

BR concluded that genetic biases can

evolve if they are not too costly, and if such genetic
biases increase the chances of acquiring locally favoured
cultural variants.

Earlier, Lumsden & Wilson (1981), with

their model of gene-culture translation, investigated the
effects of innate differences in switching propensities
between culturgens (memes) and frequency-dependent social
transmission, on the pattern of culturgen use in the
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population.

In all cases the genes under consideration

affect the probability of adopting the cultural trait.
Models in which the probability of adopting a cultural
trait is independent of genotype, and where the alleles at
the locus under consideration are not directly related to
the cultural trait, have not been the focus of much
scientific attention.

This is probably not because the such

models describe a situation which is either uninteresting or
unrealistic, but on the contrary, because models focusing on
genetic biases to the adoption of cultural traits are often
contentious, and have been at the centre of the sociobiology
debate.
The models developed in this chapter are distinguished
from previous models of gene-culture co-evolution by the
finsL
following characteristics. Firstly, the^models assume that
the adoption of cultural traits is independent of the
genotypes under consideration.

Secondly, these models also

assume that the adoption of a particular meme changes the
selection pressures acting on alleles which are not directly
related to the cultural trait.

In other words, the alleles

at the loci under consideration do not affect the
probability of performing the behaviour that is socially
transmitted, but their fitness is none the less affected by
the adoption of socially transmitted traits.

Thirdly, as

the models in this chapter are primarily concerned with the
interaction between social transmission and natural
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selection in animal rather than human populations, they can
legitimately neglect complications such as the

of

colku/aj mating, mode of transmission (ie. vertical, horizontal,
oblique), and differential weighting for cultural parents
(some individuals more likely to pass on their trait than
others)•

These simplifications add considerably to the

simplicity and accessability of the models.
The concept of a cultural force in evolution which
interacts with natural selection (of genes) was discussed in
chapter 1.

It was argued that, while some of the

theoretical ideas related to this concept which have been
put forward over the last century do not stand up to
rigorous analysis, there are other arguments which deserve
further investigation.

More specifically, it was

conjectured that at least three hypotheses could be put
forward as at least theoretically feasible.

To

recapitulate, these were
HI: social transmission allows populations to change their
niche, exposing themselves to novel selection pressures,
which may result in the selection of heritable variation
that would not otherwise have been selected.

This argument

was first put forward by Baldwin (1896 1902) and has since
been resurrected by several other biologists (Hardy 1965?
Bonner 1983? Gottlieb 1987? Gray 1987 1988? Bateson 1988?
Odling-Smee 1988? Plotkin 1988).

A.C. Wilson's notion of

behavioural drive also rests on this hypothesis.
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H2: social transmission allows populations to respond
adaptively at the phenotypic level to a changing
environment, and may subsequently preserve genetic variation
by shielding it from selection.

Although not expressed in

these terms, similar arguments were put forward by both
Romanes (1895) and Baldwin (1902) nearly a century ago, and
more recently by Lumsden & Wilson (1981). The amount of
genetic polymorphism in natural populations has been the
focus of a lengthy and often heated debate amongst
population geneticists (Lewontin 1974).

Modern molecular

and biochemical techniques have revealed a mass of genetic
diversity (Lewontin 1974? Nei 1987), and attention has now
turned to the evolutionary processes maintaining it.
Mutation, heterosis, neutral variation, and frequencydependent selection are the processes most often advanced as
causes of high levels of polymorphism.

It was argued in

chapter 1 that many of the hypotheses put forward under the
banner of "the role of behaviour in evolution", could be
described in more conventional terms as a complex form of
frequency dependent selection.

Here, the fitnesses of

particular alleles or genotypes are dependent upon the
frequency in the population of specific socially transmitted
traits.
H 3 : social transmission may change the rate of evolution,
either (a) speeding it up, by fostering the fixation of
mutations at an accelerated rate, or (b) slowing it down, by
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shielding genetic variants from selection.

In Genes. Mind

and Culture Lumsden & Wilson (1981) address both
possibilities, although both claims were subjected to
vigorous criticism (Maynard-Smith & Warren 1982: Kitcher
1985)•

A.C. Wilson and colleagues (1983 1984 1985) have

based their version of the "behaviour as an evolutionarypacemaker hypothesis" on the accelerated fixation of
mutations that results in populations capable of social
transmission.

It can be seen that (a) depends in part on

the verification of hypothesis 1, and (b) on hypothesis 2.
The mathematical models developed in this chapter are
designed to ask questions about the feasibility of these
three hypotheses.

Hypothesis 1 will only hold water if

social transmission is sufficiently robust to set up stable
selection pressures over the periods of time necessary to
result in a significant genetic response.

The models in

this chapter simulate gene-culture coevolution, manipulating
various parameters such as strength of selection, to ask how
long a socially transmitted trait would have to remain
stable in the population to result in the fixation of an
initially rare allele.
The evolutionary scenario envisaged by hypothesis 2
could only occur if social transmission is sufficiently
rapid to change the selection pressures before genetic
variation is lost.

Consequently, some of the models in this

chapter consider how strong social transmission would have
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to be to preserve genetic variability.

This can then be

compared with experimental and field data on the spread of
socially transmitted traits.
The two sets of models developed to analyze hypotheses
1 and 2 allow an investigation of the feasibility of parts
(a) and (b) of hypothesis 3.

Other models focus on the

consequences of frequency-dependence at the memetic level,
non-random associations between particular genotypes and
particular memes, and scrounging behaviour for food related
socially transmitted traits.

These factors were

incorporated into the analysis because it was conjectured
that they were the most likely variables to affect the
viability of the hypotheses.

2. THE MODELS
The models consider the change in frequency of genes
and memes under the influence of both social transmission
and natural selection.

The socially transmitted trait is

here modelled as a discrete learned unit of information,
which can potentially be acquired by any individual in the
population.

An alternative approach would be to develop

equivalent models for continuous cultural traits (CavalliSforza & Feldman 1981; Boyd & Richerson 1985).

A simple

model of social transmission is first developed, based on
the logistic model of population growth.

There is very

little data documenting the spread of innovative traits
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through animal populations, but amongst humans the diffusion
of an innovation through a population almost always follows
an S-shaped curve (Rogers & Shoemaker 1971; Cavalli-Sforza &
Feldman 1981).

There is thus some justification for the

assumption adopted here, that the quantitative dynamics of
the spread of innovative memes can be formally modelled with
a logistic expression, which exhibits the same functional
behaviour (Cavalli-Sforza & Feldman 1981)•

The fitnesses of

two alleles at a single locus are defined as being affected
by the spread of the socially transmitted trait through the
population.

Expressions for the fitness of the three

genotypes can then be defined as a function of meme
frequency.

The approach adopted here, based on Feldman &

Cavalli-Sforza (1976 1989), is to allocate fitness functions
to "pheno-genotypes", or genotypes with a particular meme.
The models investigate whether changes in meme frequency in
an animal population could (i) lead to the fixation of
different alleles, and (ii) mask genetic variation from
selection, for both discrete and quantitative genetic
traits.

2.1

Population growth model of social transmission
Let us consider a randomly mixing, randomly mating,

spatially homogeneous population of Ne organisms, with no
migration.

Let us further assume that the organisms are

capable of social transmission, that the social learning of
223

a trait is a one-step process, and that the socially
transmitted trait does not spread by any other means.
Let an innovative individual adopt the novel trait M at
time t-0.

This individual can now be considered a

"demonstrator", and the rest of the population, "observers".
If each demonstrator passes on M to 2 other individuals each
day, then after one day the number of demonstrators, Nj, is
3, after 2 days ^=9, and after t days Nj =3*.
be seen to increase exponentially.

The trait can

More generally, if JTq

individuals adopt meme M at t=0, and each individual
effectively demonstrates to a other individuals per unit
time, then the number of individuals with meme M at time t
is given by

Nd

= Nq (1+a) *

For clarity, the arbitrary time unit will be called a
"cultural generation".

It will be assumed that there are

several cultural generations per biological generation,
although this may not always be the case.

The fact that a

cultural generation is a completely artificial abstraction
is not important here.

It is simply a device that allows us

to describe the trajectory of the frequency of the meme over
time, and the trajectory is unaffected by the unit of time.
Initially the more demonstrators there are present, the
more rapidly the trait will spread.
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Thus we can write

d(Nd) / dt - k*Nd

where K is a constant of proportionality,

k can be

evaluated by differentiation, to give

d(Nd) / dt = ln(l+a)*Nd

A basic assumption of a logistic model is that the
probability of adopting a particular meme is proportional to
the fraction of demonstrators, and to the residual fraction
of the population that have not yet adopted it.

As there

are not an infinite number of observers, then as Nj
increases the number of observers, N^, where
will become limiting.

^

Each demonstrator's contribution to

the spreading of the meme is not constant but decreases as a
function of the number of demonstrators.

The simplest model

for density-dependent population growth (the population
being Nj ) is the logistic equation

Demonstrator's contribution = ln(l + a)[1- Nd /Ne ]
to population growth

Thus the expression for the rate of spread of the innovative
meme M is
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d(Nd ) / dt = ln(l + a)Nd [1- Nd /Ne ]

The solution to this (Bernoulli) first-order differential
equation is

Nd(°

= Ne / t1 + (Ne /N0

" 1) *exp(-ln(l+a) *t) ]

(1)

This expression gives the number of demonstrators at each
point in time as the meme spreads to fixation in the
population.

The logistic spread of the innovative meme is

illustrated in figure 8.1.

It can be seen that the spread

of the meme has the same dynamics as simple models of
population growth and the spread of a gene in a population
with no age structure.

2.2

Incorporating natural selection into the model
As the meme spreads through the population, replacing

an alternative meme, it changes the selective environment
for genes.

For example, the meme might represent a switch

in diet, affecting the selection pressures acting on the
digestive physiology or handling skills of the organisms.
For alleles at any locus affected by this change in the
selective environment, there will be changes in fitness.
For instance, in the novel selective environment brought
about by the new feeding habit, a longer gut or greater
physical dexterity might be more advantageous.
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When the

meme is spreading through the population, the pool of
alleles at this locus can be considered to be divided into
two selective environments, corresponding to the two
patterns of behaviour adopted by their carriers.

At this

stage it is assumed that the rate of spread of the meme is
independent of genotype, and there are no non-random
associations between particular alleles and particular
memes.

[Although this assumption is unrealistic, as unequal

death rates amongst individuals with the same genotype but
different memes, will generate some disequilibrium, in
practice this makes little difference to the trajectories of
the alleles and memes].

The effects of relaxing these

assumptions is investigated in section 2.5.
Natural selection can now be incorporated into the
model by allocating fitnesses to the six pheno-genotypes.
These are given by

GG

Gg

gg

M

1+sl

•
•

l+h*sl

•
•

i

m

1

•
•

l+h*s2

•
•

1+S2

where si and s2 are selection coefficients.

Thus the fitness of each genotype is dependent upon the
frequency of the memes, a fitness distinction being made
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* where rl and r2 are the frequency of memes M and m
respectively

between the two pheno-genotypes of each genotype.

In the

original memetic environment (m), allele g had a selective
advantage, whereas in the new memetic environment created by
the spread of M through the population, allele G has the
advantage.

The value of the parameter h determines the

dominance relations of the alleles.

The contribution of

each pheno-genotype to the next generation is given by

GG
M

m

: rl*p2 (1+sl)

Gg
: rl*2pq(l+h*sl) :

rl*q2

r2*p2 : r2*2pq(l+h*s2) : r2*q2 (l+s2)

After selection, the frequency of p, p*

p*

gg

is given by

= p[l + p*rl*sl + q*h(rl*sl + r2*s2)]

[1+ p*rl*sl(p + 2qh) + q*r2*s2(q + 2ph)]

(2 )

and the frequency of rl, rl* is given by

rl

= rl[l + p*sl(p + 2qh)]

[1+ p*rl*sl(p + 2qh) + q*r2*s2(q + 2ph)]
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(3)

2.3

A simple model of gene-culture co-evolution
The dynamics of the system expressed by equations 1-3,

describe a simple two step recursive model of "gene-culture
coevolution".

Social transmission occurs first.

If there

are j. cultural generations per natural generation, then

V

= Nd(,> = N, / [1 + (Ne /N0

- 1) *exp(-ln(l+a) *i) ]

This is followed by natural selection, where rl = Nd'/Ne

p*

= p[l + p*rl*sl + q*h(rl*sl + r2*s2)]

[1+ p*rl*sl(p + 2qh) + q*r2*s2(q + 2ph)]

which also affects the frequency of the meme

rl*

= rl[l + p*sl(p + 2qh)]

[1+ p*rl*sl(p + 2qh) + q*r2*s2(q + 2ph)]

These three expressions describe the simplest possible geneculture scenario, in which a meme spreads through a
population, dragging an allele to fixation.
illustrated in figure 8.1.
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This is

Figure 8.1
Gene-culture coevolution: A novel meme spreads through a
population changing the selection pressures acting on a
particular locus, and dragging an allele to fixation.

FREQUENCY

MEME

0.90.8 h=0.5
sl=0.2
s2=0.01

0.70.6 GENE

0.5-

Ne=200
a=0.2

0.40.30 .2

-

30

40

50

60

70

80

90

100

GENERATIONS

2.3.1 Quantitative genetic traits
This model can easily be converted to one which
describes the change in mean and variance of a quantitative
character, by allocating genotypic values to the genotypes.
The genotypic value is the average phenotypic value of a
particular genotype in a typical environment.
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The standard

approach in theoretical work is to assign arbitrary values
to the genotypes (Falconer 1981).

The convention in a

single locus two allele model is to call the genotypic value
of one homozygote +a, that of the other homozygote ^ a , and
that of the heterozygote d.

The value <i of the heterozygote

depends on the degree of dominance.

If there is no

dominance, d=0; where £ is dominant over g, d is positive,
and if g is dominant over G, d is negative.

GG

Gg

gg

M

1+sl

•
•

l+h*sl

•
•

i

m

1

•

l+h*s2

•
•

1+S2

Value

a

.

d

•
•

-a

If p is the frequency of £ and g of g, then the mean value
of the trait is given by
M = a(p-q) + 2dpq
and the genotypic variance by
v g

=

v*

+

v d

= 2P<i[a + d («I-P)]2 + [2pqd]2

Hence, after gene-meme co-evolution

A m = 2aAp + 2dA(pq)

(4)

Avg = 2a2A(pq) + 4dA[pq(q-p)] + 2d2A [pq(q-p)2 ]
+ 4d2A ( p q ) 2

(5)

With no dominance, d=0, then

Am

- 2a Ap

and

A va

“ 2a2 A

(pq)

(6)

This system is described by the same three recursive
equations as above, with the change of mean and variance of
the quantitative character given by the above two
expressions.

2.3.2 Investigation of hypothesis 1
The discrete trait model has been subjected to
simulations in order to investigate its behaviour.

[All

simulations were conducted with a population of rats in
mind, using ethological data to generate estimates of the
parameters involved.

The simulations were run using

computer programs written in turbo-pascal.

Program 1 in

appendix 3 is the program used for this model.]

Of

particular interest is the number of generations which meme
M would have to remain stable in the population to bring
allele G to fixation.

If longer periods of time are

necessary for the allele to reach fixation than is credible
for a socially transmitted trait, then hypothesis 1 may be
considered to have been weakened.
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Table 8.1 presents this

data for different values of the selection coefficients,
dominance, and initial frequency of £.
The qualitative message which emerges from the figures
in table 8.1 is that social transmission would have to be
particularly stable, and have to be associated with very
strong selection acting on G, if it is to result in a
significant genetic response.

There is relatively little

data from the field documenting the incidence of socially
transmitted traits over long periods of time in animal
populations.

Table 8.1
Number of generations of gene-meme co-evolution required for
an alleles to reach fixation, under selection (s), with
dominance (h), and initial frequency (p0) .
•
•
•
•
:h - 0.8

Po - .01

:

0.5

0.2

:

0.2

•
•

177

119

136

0.1

•
•

330

225

0.05

•
•

635

436

s

0.01 •

Po = .1

:

0.8

0.5

0.2

:

0.8

0.5 0.2

:

160

93

81

:

141

70

48

264

:

298

175

155

:

261

130

89

518

:

572

339

301

:

501

250

173

3077 2131 2554 :

2766 1650 1476 :

Po “

2417 1209 839

[s = si, S2 = 0.01, Ne = 200, a = 1, i = 5, NO = 1]

In 1949 Fisher & Hinde reported the spread of a milk bottle
top opening habit in British tits, a trait which is still
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widespread in areas that have milk bottles.

This time-span represents at least 50, and possibly many
more generations.

Other types of social transmission may

result in a directional change in selection pressures over
longer periods.

The traditional use of migratory routes and

return to specific locations for breeding, the traditional
use of territories, pathways and water-holes, social
transmission leading to migration, and the social
transmission of birdsong, are examples in which a change in
habit at one point in time may generate novel selection
pressures which are preserved for an indefinitely long
period.

While it would appear at least plausible that some

socially transmitted traits might be maintained in animal
populations for orders of tens, possibly even hundreds of
rr\axj bi
generations, it jr stretching credibility to conceive of
such traits existing for thousands.

It is often helpful to

adopt a stochastic view of evolutionary processes, given the
lengths of time over which evolution occurs.

While the

probability of any given socially transmitted trait
remaining stable for hundreds of generations may be small,
there may be many such traits in many populations of
organisms, and some may drive a genetic response.
Nonetheless, many of the factors left out of this very
simple model, such as migration, partial transmission of the
meme, negative frequency-dependence at the memetic level,
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and others, would be expected to increase the period of time
necessary for the allele to reach fixation.

For these

reasons, it is argued below that the evolutionary process
outlined in hypothesis 1 is probably less important than
those represented by hypotheses 2 and 3.

The effects of

frequency-dependence at the memetic level, non-random
associations between particular memes and alleles, and
scrounging behaviour in the transmission of food related
traits is considered below.

2.3.3 Investigation of hypothesis 2
Changing the fitness parameters allocated to the phenogenotypes allows the above model to investigate hypothesis
2.

Envisage the same population as before subjected to

strong selection against one allele, G.

Generally a genetic

response would be expected, with allele G declining in
frequency, perhaps becoming lost from the population.

Here,

the alleles at the locus under consideration might affect
fleetness of foot, or strength, in a prey population, in the
face of selection from a novel predator.

If a socially

transmitted pattern of behaviour that allowed individuals in
the population to counteract the selection force
phenotypically spreads through the population, the selective
disadvantage of allele G is reduced.

For example,

individuals in the population might learn to avoid the
predator by changing their feeding habits.
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Social

transmission may thus render a genetic response to selection
unnecessary, or only partially necessary, and in the
process, preserve genetic variation.

The fitness functions

for each pheno-genotype of a model describing how change at
the memetic level can preserve genetic variation are given
below.

GG

Gg

gg

M

1

•
•

1

•
•

i

m

1—s

•
•

l-h*s

•
•

i

The model assumes that the spread of M though the population
will eliminate selection again allele G completely.

In

reality, of course, there may still be some, relatively weak
selection again G, and the fitnesses of the genotypes are
unlikely to be exactly equal.

p*

= p[l - r2*s(p + q*h)]

[1 - p*r2*s(p + 2qh)]

rl*

(2a)

= rl

[1 - p*r2*s(p + 2qh)]

(3a)

Initially genotypes GG and Gg suffer a selective
disadvantage relative to genotype gg.

The population

responds phenotypically by adopting a novel learned pattern
of behaviour, If.

Innovative meme

spreads through a

population as a consequence of its fitness advantage
relative to meme m.

The fitnesses of the three genotypes

are a function of the frequency of the memes and the
selection coefficient, s, but the fitnesses of the phenogenotypes are constant.

As M spreads, the selective

disadvantage of genotypes GG and Gg decreases, and
eventually selection stops.

This is shown in figure 8.2.

It is only feasible for social transmission to act so
as to preserve genetic variation in this way if it can
spread sufficiently quickly to reduce the selective
advantage of allele G before it is lost.

The validity of

hypothesis 2 thus hangs on the speed at which an adaptive,
socially transmitted response to selection can spread.
Table 8.2 presents the minimum strengths of social
transmission, as measured by parameter a, required to
preserve genetic variation.

[Simulations were run using

program 2 in appendix 3].
It would not be considered unusual if a socially
transmitted trait spread through a population within a
single biological generation, and certainly this is possible
in less than ten generations (Mainardi 1980; Lefebvre &
Palameta 1988).

Thus it would be quite feasible for social
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transmission rates to exceed all of the figures for minimum
rates required given in table 8.2,

Figure 8.2
The spread of meme M changes selection pressures, reducing
and eventually stopping, the selection against allele G.
The dotted line represents the fall in frequency of the
allele with no social transmission.
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The conclusion suggested by the data in table 8.2 is
that, irrespective of the initial frequency of the allele,
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the strength of selection against it, or the level of
dominance, social transmission rates are sufficiently quick,
relative to rates of gene frequency change, to allow a
phenotypic trait that spreads through a (rat-like)
population to result in the preservation of genetic
variation.

Given the assumptions of this model, it is would

appear theoretically feasible for genetic variation to be
preserved in populations as a consequence of socially

Table 8.2
(i) minimum strength of social transmission required to
preserve an allele under selection (s), with dominance (h),
and initial frequency

(p0) .

.5
.125
.125
<.01

h=. 5
0.2
0.1
0.05
0.01

:
:
:
:

1
.5
.25
<.01

:
:
:
:

.25
.125
<.01
<.01

:
:
:
:

.06
.03
<.01
<.01

h=. 2
0.2
0.1
0.05
0.01

:
:
s
:

.25
.125
<.01
<.01

:
:
:
:

.125
<.01
<.01
<.01

:
:
:
:

.03
<.01
<.01
<.01

.06
.03
<.01
<.01

:
:
:
:

.03
<.01
<.01
A

:
:
:
:

••

1
.5
.25
<.01

.5

:
:
:
:

.06
.03
<.01
<.01

:
:
:
:

.03
<.01
<.01
<.01

:
:
:
:

:
:
:
:

<.01
<.01
<.01
<.01

:
:
:
:

<.01
<.01
<.01
<.01

:
:
:
:

•
•

[s = si, s2 = 0.01, Ne = 200, i = 5, NO = 1]
[Allele considered lost if p<0 .005]
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o
H

.125
.06
.03
<.01

•

i

•
•

•

:
:
:
:

•

h=. 8
0.2
0.1
0.05
0.01

H

i
o
Ul

•
•

•

.006

••

PO :
s
:

o
H

■

(i)

(ii) number of generations to fixation of meme for different
values of the rate parameter a.
Strength of transmission
(a)

Number of generations to
meme fixation.

2.000
1.000
0.500
0.250
0.125
0.062
0.031
0.010

2
4
6
10
18
37
72
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transmitted responses to environmental pressures that
generate selective forces.

Of course, to conclude that a

hypothesis is feasible does not mean that the evolutionary
scenario it describes ever occurs; it may not.

Further, any

judgement as to the validity of hypothesis 2 must be
reserved until other factors, such as frequency-dependent
effects and non-random associations between memes and
alleles, are taken into consideration.

2.4

Freauencv-deoendence at the memetic level
A model in which the rate of spread of the meme is

dependent on its own frequency can also be developed.
Suppose, for example, that when Nj is large, some of the
individuals with meme M revert back to meme m.
constitutes negative frequency-dependence.

This

For example, a

socially transmitted trait for eating a novel diet may
spread partially through a population, but then individuals
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may revert back to the original diet in the face of
competition for the novel foods.

If this is the case then a

memetic polymorphism will result.

The reversion rate can be

modelled as being proportional to the number of animals with
meme If.

d(Rev ) / dt = b*Nd

Thus the rate of increase in meme M is

given by

d(Nd ) / dt = ln(l + a)Nd [1- Nd /Ne ]- b*Nd

or

d(Nd ) / dt = [ln(l + a) - b]Nd - [ln(l + a) /Ne ]Nd2

The solution to this differential equation is

Nd(t> = (l-g)Ne / [1 + (Ne /N0 + gNe

- 1) *exp(-ln(l+a)
*(l-g)*t)]

where g = b / ln(l + a)

(la)

If the reversion rate b is positive then there results a
stable memetic polymorphism.

If, however, b is negative,

then the more demonstrators there are the greater the rate
of spread of the meme, and Nj approximates exponential
growth.

This is illustrated in figure 8.3.
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[It should be

noted that there are many types of frequency-dependence, and
many other ways to formally incorporate its effects into the
models, some of which may give qualitively different results
to this model].

Figure 8.3
The effect of negative and positive frequency dependence at
the memetic level on the spread of an innovative meme
through a population.
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Although the negative frequency-dependence model is
based on the assumption of reversion from one memetic
population to another, it can crudely represent any
situation in which a socially transmitted meme spreads only
partially through a population.

Figure 8.4
The effect of negative frequency-dependence at the memetic
level on gene-culture coevolution.

The novel meme spreads

only partially through the population, resulting in a longer
period of time before the allele is fixed.
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If the evolutionary scenario described by hypothesis 1
occurs, then negative frequency-dependence at the memetic
level is likely to slow down the rate of change in allele
frequency.

This is illustrated in figure 8.4, which for the

same parameter values as in figure 8.1, and with a reversion
rate of b-0.1, shows an approximate 50% increase in the
period of time to the fixation of the allele.
Table 8.3 presents the number of generations of gene-meme
coevolution required for the fixation of an allele, when
there is negative frequency dependence at the memetic level
(b=0.1).

[Simulations were conducted using turbo-pascal

program 3, presented in appendix 3]•

Table 8.3
Number of generations of gene-meme co-evolution required to
fix an allele, with negative frequency-dependence at the
memetic level, under selection (s), with dominance (h), and
initial frequency (p0) .
•
•

Po - . 0 1

:

:h = 0 . 8

0.5

0.2

:

Po = . 5

Po “ . 1

:

0.8

0.5

0.2

:

0.8

0.5

•
•

s

0.2

0.2

•

208

138

161

:

188

108

95

:

166

81

55

0.1

•
•

3 99

265

318

:

362

207

1 83

:

319

15 3

104

0.05

•
♦

812

526

6 53

:

738

408

365

:

653

300

204

0.01

•
•

7499 2994 5330

:

7118 2318 2199

:

6663 1698 1056

[s = sl, s2 = 0 . 0 1 , Ne = 2 0 0 , a = 1, i = 5 , NO = 1, b=0.1]
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These figures are between 10 and 300 percent larger than the
corresponding figures in table 8.1.

A higher reversion rate

would increase the figures further.

The sane conclusion is

suggested: social transmission would have to be associated
with very strong selection pressures, and would have to be
even more stable, if it is to result in the fixation of an
allele by this means.

It should be noted that positive-

frequency dependence at the memetic level, while increasing
the rate at which the meme is fixed, will not increase the
rate of fixation of the allele to any great degree.

This is

because unless there is negative frequency-dependence at the
memetic level, or other complications, the meme is fixed in
the population within very few generations anyway [typically
1 to 5 percent of the time it takes to fix the allele for
values of the parameters assumed in the simulations].
Negative frequency-dependent effects are likely to
affect the validity of hypothesis 2, but investigation of
this matter is reserved until another complication has been
considered.

2.5

Gene-meme linkage disequilibrium
The correlation between genotype and meme within a

population depends on a quantity formally similar to linkage
disequilibrium (Feldman & Cavalli-Sforza 1984).

Gene-meme

linkage disequilibrium refers to non-random associations
between particular alleles and particular memes.
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In other

words, the frequency of a pheno-genotype will not be given
by the product of the frequency of the genotype and the
frequency of the meme, if individuals with a particular
genotype are more or less likely to adopt a particular
socially transmitted trait.

Moreover, gene-meme linkage

disequilibrium will be generated by differential death rates
amongst individuals with the same genotype but different
memes.

Most dual-inheritance models have made simplifying

assumptions that result in the absence of gene-meme linkage
disequilibrium (Feldman & Cavalli-Sforza 1989).

This is

taken into account, here, by developing separate expressions
for the diffusion of the socially transmitted trait through
the three genotype populations, and monitoring the frequency
of the pheno-genotypes independently.

Genotype
Number
Rate of
transmission (w)

GG
1

Gg
2

a

gg
3

a-hz

a-z

The trait spreads through the population of organisms with
genotype GG with a transmission rate (w) of a, as in the
previous models.

In the case of individuals with genotype

gg, however, the trait spreads more slowly, and its rate is
given by a - z . where z. represents the decrement in
transmission rate.

Adopting the standard approach employed
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in the allocation of fitnesses to heterozygote genotypes,
the rate of transmission in the heterozygote population is
given by a - h z .

If z is zero then the trait spreads

equally rapidly in each genotype population, and the model
below reduces to the simpler version outlined above.

If z.

is equal to a then the trait will not be adopted at all by
individuals with genotype gg.
Z

More plausibly, the value of

may be between 0 and a, in which case the trait will

spread most rapidly in GG individuals, most slowly in gg
individuals, and at an intermediate rate in the
heterozygotes.
1-3

These three genotypes are given the numbers

for convenience.
At time t=0, let N01, N02, and N03 individuals with

genotypes 1, 2, and 3 respectively adopt the novel meme M.
Initially there will be N0T demonstrators in total, where

N0t = N01 + N02 + N03
If each demonstrator passes on the meme at rate w for each
genotype (ie. a, a - hz, and a - z ,

for genotypes 1, 2, and

3) each cultural generation, then when t=l the number of
demonstrators amongst each genotype population is given by

Ndl(1) = NOT*a*p2 + N01
Nd2(1) = N0T* (a - hz) *2pq + N02
Nd3(1) = N0T*(a - Z)*q2 + N03
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with the total number of demonstrators given by

NdT<„ - N0t*(1 + a - z(2pq-q2))

And at time t

Ndl<«> = NdT(t.1}*a*p + Ndl,,.,,

Nd2<t> = Ndm-i>*(a " hz)*2pq + Nd2(t.1}
Nd3(t> “ Ndi<t-i>*<a " z)
and

+

Nd3<t-n

NdT(t) = Nd{t.1)*(l + a - z (2pq-q2))

If A = (1 + a - z(2pq-q2)) then, with backward recursion

Ndm> “ a'*NOt

Similarly, for genotypes i = 1, 2, 3, the number of
demonstrators at time t can be written as

Ndi(t) = f*w*NOT*[At_1 + At2 + ... + At_t] + NOi

where £ is the frequency of that genotype.

This is

simplified to

Ndi(t) = f*w*NOT*[At - 1] + NOi
[A - 1]

for i = 1, 2, 3

Differentiating this expression gives three functions
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describing the unlimited growth rate of the meme in the
three genotype populations.

d(Ndl-)/dt - lnA*f*w *NOt*a V (A - 1)

or

d(Ndi)/dt = InA* [Ndi(t) + Cf3
where Cf - f*w*NOT/(A-l) + NOi,

for i = 1, 2, 3

It can be seen that this expression describes exponential
growth of the novel meme.

As in the first model developed,

however, as the number of demonstrators increases, the
number of observers becomes limiting.

Again the logistic

model of population growth is adopted, to give

d(Ndl.)/dt = InA*[Ndi(t) + Cf]*[l - Ndi(t)/Ni]

(lb)

where Ni is the number of individuals with genotype i, for
i= 1 to 3.

This set of three (Riccati) first order differential
equations describes the rate of spread of an innovative meme
in the three genotype populations.

They are combined with

expressions for the change in frequency of the six phenogenotypes, monitored separately, to develop another gene249

meme coevolution model.

For an investigation of hypothesis

1, these are

GG

Gg

gg

M

1+sl
pgl

l+h*sl
pg2

1
pg3

m

1
pg4

l+h*s2
pgs

l+s2
pge

where pgi represents pheno-genotype i.
Figure 8.5 illustrates the change in frequency of the
six pheno-genotypes as the novel meme M, and the allele G,
spread to fixation.

In figure 8.5(a), z = a/2, giving

partial gene-meme linkage disequilibrium.

With G and M

rare, most individuals initially are of pheno-genotypes 5
and 6.

The frequencies of these two pheno-genotypes fall

rapidly within the first few generations, as individual with
these genotypes adopt meme M, resulting in a correspondingly
dramatic rise in frequency of pheno-genotypes 2 and 3.

In

this novel selective environment, the fittest genotype GG
gradually increases in frequency with selection, all
individuals rapidly adopting meme M.

Thus pheno-genotype 1

exhibits the classic logistic spread, mirroring the increase
in frequency of the allele G.

Because the meme frequency

change is generally much more rapid than allele frequency
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Figure 8.5
(a) Change in pheno-genotype frequencies with time following
gene-meme coevolution with partial gene-meme linkage
disequilibrium.

(b) full gene-meme linkage disequilibrium,
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(c) and (d), illustrate the increase in frequency of meme M
and allele G for (a) and (b) respectively.
(c)
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change, there is very little difference between this pattern
of frequency change and that where there is no gene-meme
linkage disequilibrium.

In contrast, in figure 8.5 (b) £ =

a, and there is maximum gene-meme linkage disequilibrium.
This means that the innovative meme does not spread through
the population of gg individuals, and there is a
corresponding gradual decline in pheno-genotype 6 with
selection.

As before, there is a gradual increase in

frequency of pheno-genotype 1.

Under these circumstances,

there is memetic polymorphism for most of the period of time
that it takes for allele G to reach fixation.

Figure 8.5

(c) and (d) illustrate the spread of allele G and meme M in
both cases.

It can be seen that despite the different rates

at which the memes reach fixation, there is relatively
little effect on the time it takes for the allele to reach
fixation.

With a single innovative individual, as above, it

makes very little difference to the trajectories of the
pheno-genotypes what genotype the innovator has.

Although

with large numbers of initial innovators this does have some
effect, such circumstances are considered relatively
unlikely.
Although gene-meme linkage disequilibrium slows down
the rate of fixation of an allele under gene-meme
coevolution, it does so by a relatively small amount
compared to negative frequency-dependence at the memetic
level.

Equating the rate parameters for the three genotypes
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(ie. z.=0) results in this model generating almost exactly
the same values for the number of generations required for
an allele to reach fixation under gene-meme coevolution as
found in table 8.1.

This suggests that any gene-meme

linkage disequilibrium resulting from differential death
rates amongst individuals with the same genotypes but
different memes, is probably negligible.
Gene-meme linkage disequilibrium might also be expected
to affect the viability of hypothesis 2.

In some

circumstances, the different genotype populations may adopt
a socially transmitted trait at different rates, and
consequently the populations will respond differently to the
changing environment.

For example, individuals with a

genotype that suffers no, or a weak, selective disadvantage
may not respond phenotypically to the threat.

With some

genotypes adopting the trait at a slower rate, represented
here by the rate decrement parameter z, then it is more
likely that the allele G with the selective disadvantage
will be lost.
Table 8.4 presents the minimum strengths of social
transmission, as measured by the parameter a, required to
preserve genetic variation by shielding it from selection,
when there is partial gene-meme linkage disequilibrium, z
being equal to a/2.

Although these values are typically

larger than those in table 8.2, where gene-meme linkage
disequilibrium is absent, they are still below, or well
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within the range of rates of social transmission that we
find amongst animal populations.

[Simulations conducted

using turbo-pascal program 4 in appendix 3].

Table 8.4
(i) Minimum strength of social transmission required to
preserve an allele, with partial gene-meme linkage
disequilibrium, under selection (s), with dominance (h), and
initial frequency (P0) •

s

po •
•

.006

:

.01

h=. 8
0.2
0.1
0.05
0.01

2
1
.5
.125

1
.25
.125
<.01

h=. 5
0.2
0.1
0.05
0.01

1
1
.5
.062

.5
.25
<.01
<.01

h=. 2
0.2
0.1
0.05
0.01

.5
.25
.125
<.01

.125
.016
<.01
<.01

:

:

.1

.5

:

.125
.062
.031
<.01

.06
.03
<.01
<.01

.06
<.01
<.01
<.01

:
:
:
:

.06
.03
<.01
<.01

.06
.03
<.01
<.01

<.01
<.01
<.01
<.01

:
:
:
:

.03
<.01
<.01
<.01

.016
<.01
<.01
<.01

<.01
<.01
<.01
<.01

:
:
:
:

.05

[s = si, s2 = 0.01, Ne = 200, i = 5, NO = 1]
[Allele considered lost if p<0.005]

3.

DISCUSSION OF THE ROLE OF SOCIAL TRANSMISSION IN

EVOLUTION
A series of simulations have been conducted in an
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investigation of the feasibility of the three hypotheses
outlined at the beginning of this chapter.

The simulations

do not rule out either hypothesis 1 or 2 as totally
infeasible, although they do suggest that hypothesis 2 is
the more likely of the two to be important, for the types of
population considered.

They also have implications for

hypothesis 3.
For hypothesis 1 to be viable, socially transmitted
traits would have to be associated with strong selection
pressures.

In addition, either these socially transmitted

traits would have to be stable over the tens or hundreds of
generations necessary for the fixation of an allele, or they
would have to set up selection pressures that were stable
for this length of time.

Other factors, such as frequency

dependence at the memetic level, gene-meme linkage
disequilibrium, migration and gene flow will increase
further the period of time necessary for the allele to
become fixed.

At the moment there is relatively little

evidence that socially transmitted traits can exhibit this
long term stability outside of human populations.

This

paucity of evidence, however, reflects a more general lack
of knowledge about animal cultures.

The rising trend in

scientific interest in animal social learning and
transmission should shed light upon this issue.

Although

hypothesis 1 is likely to be of importance in our
understanding of human evolution, it is difficult to assess
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whether it is feasible for animal evolution until more is
known about animal cultures.
Laboratory, aviary and field data suggests that
socially transmitted traits can spread rapidly through
animal populations, in periods of time much less than 10 or
20 biological generations (Mainardi 1980; Lefebvre &
Palameta 1988).

In fact, socially transmitted traits taking

longer than this period of time to spread through animal
populations appear to be rare.

Socially transmitted traits

thus appear to spread sufficiently rapidly, relative to
changes in gene frequency, that it would be quite feasible
for a socially transmitted response to an environmental
change to occur, preempting a genetic response.

If the

spread of the trait reduced the selective disadvantage of a
particular genotype, then genetic variation may be prevented
from being lost from the population by these means.

Even

when there is partial gene-meme linkage disequilibrium the
rates of social transmission required to prevent the
disadvantageous allele from being lost appear to be well
within the range of rates feasible for cultural animals.
Given the high levels of genetic variability found in
natural populations, this hypothesis may be worthy of
further investigation.
Hypothesis 3 is concerned with the effects that social
transmission may have on evolutionary rates.

Arguments that

social transmission will speed up evolution typically rely
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on the same processes as those described by hypothesis 1.
It is conjectured that organisms capable of social
transmission are thereby capable of changing their selection
pressures, and this increment in the rate of change of
selection pressures results in a corresponding increase in
the rate at which mutations are fixed (Wilson 1985).
Arguments that social transmission will slow down
evolutionary rates, on the other hand, tend to rely on the
processes described by hypothesis 2.

Social transmission,

it is conjectured, allows populations of organisms to
respond to novelty in their environment phenotypically,
rendering a genetic response unnecessary, or only partially
necessary, and resulting in a slowing down in the rate at
which alleles are fixed.

Given the implications of the

above simulations, a natural interpretation would be that
the processes envisaged by hypothesis 2 are probably more
likely to occur than those envisaged by hypothesis 1.

If

this is the case, then it follows that social transmission
is probably likely to slow down evolutionary processes more
often than speed them up.
All of the above conclusions are proffered with some
caution, given the simplicity of the models, the assumptions
made, and the hypothetical processes they investigate.
circumstances described by each of the hypotheses are
subject to complications, some of which are worthy of
discussion.
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The

In the case of hypothesis 1, a socially transmitted
trait is assumed to spread through a population, changing
the selection pressures acting at a particular locus, and
changing the frequency trajectories of the alleles at that
locus.

The example given was that of a socially transmitted

switch in diet affecting the fitnesses of alleles that
influence the digestive system.

In this case, while the

fitnesses of the alleles under consideration are dependent
on the frequency of the meme, the alleles do not affect the
probability of individuals adopting the meme.
convenient shorthand

As a

this relationship will be described as

a "one-way” causal relationship between the particular memes
and genes considered.

This is because the fitnesses of the

alleles depend on the frequency of the meme but not viceversa.

Taking the same example of a socially transmitted

trait that affects diet choice, consider the effects of its
diffusion on the fitnesses of alleles that themselves
influence diet choice.

Here there is a "two-way" causal

relationship between the particular memes and genes
considered: the fitnesses of the alleles depend on the
frequency of the meme, and also the fitnesses of the memes
depend on the frequency of the alleles.

A distinction

should be made between (i) the effects of a 'social
transmission generated' change in selection pressures acting
on a locus at which alleles simply influence the nature of a
biological or behavioural trait subsequently subjected to
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changed selection pressures, and (ii) the effects on a locus
at which alleles directly influence the probability of
developing the pattern of behaviour exhibited by individuals
that adopt the socially transmitted trait.
example,

For a clarifying

(originally discussed by Maynard-Smith & Warren

1982), consider the hypothetical case of a population of
human beings in which the probability of smoking is
influenced by a pair of alleles, & and a, such that A& never
smoke, &a sometimes do, and aa always do.

If smoking can be

assumed to be associated with a fitness disadvantage, then
in a population not capable of social transmission, allele A
would be expected to replace allele a.

Where smoking

behaviour spreads completely through the population by
social transmission, there will be no fitness disadvantage
for allele a, and it will be shielded from selection by the
social transmission (assuming no gene-meme linkage
disequilibrium).

Thus in the circumstances envisaged by

hypothesis 1, the spread of a meme will usually slow down
the change in frequency of alleles that directly influence
the probability of exhibiting the same pattern of behaviour
as that which results from adoption of the meme.
This distinction between one-way and two-way causal
relationships has important implications for our
understanding of gene-culture co-evolutionary models.

The

scientific community dismissed the "Baldwin Effect" (organic
selection) on the grounds that a learned and socially
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transmitted change in habit would not be subsequently
reinforced, or replaced, by an inherited disposition for the
same behaviour, as social transmission would shield genetic
variation for the disposition from selection.

While this

argument is completely correct, it only rules out arguments
based on two-way causal relationships, and not the other
arguments put forward by Baldwin for an important role for
learning in evolution, which are essentially the same as
those represented by hypotheses 1 and 2 (based on one-way
causal relationships).

[If smoking spreads through the

population as a result of social transmission, it may result
in selection for different kinds of lungs].
Lumsden & Wilson (1981) argued from their "Coevolutionary circuit" model that "sensitivity to usage
patterns increases the rate of genetic assimilation".
Maynard-Smith & Warren (1981) criticize this conclusion,
using the smoking example described above, this criticism
being entirely justifiable because, for Lumsden & Wilson, it
is genes coding for epigenetic rules affecting the
probability of adoption of cultural traits, that are
selected.

Lumsden & Wilson's argument, which is based on a

two-way causal relationship can, however, be salvaged, by
changing it to a similar argument based on a one-way causal
relationship.

For example, were a cultural trait affecting

diet preference to set up strong selection pressures on
alleles coding for the digestive physiology, metabolism,
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handling skills, perceptual and sensory systems, and so on,
for a sufficiently long period of time, the end result of
this selection might be a population predisposed towards
certain diets.

Thus it is conceivable that "sensitivity to

usage patterns", (in this case the social transmission of
diet preferences), may effectively result in the
canalization of initially learned behaviours, (in this case
predispositions towards the social transmitted diet
preference).
Hypothesis 3 conjectures that social transmission may
under some circumstances act so as to speed up evolution,
and under others slow it down.

In fact, a given socially

transmitted behaviour may change the selection pressures
acting on alleles that influence a host of traits, speeding
up the rates at which some are fixed, and slowing down the
rates for others.

The processes described by hypotheses 1

and 2, themselves interactions between natural selection and
social transmission, are likely to interact in complex ways.
For example, if a socially transmitted trait spreads through
a population as a phenotypic response to environmental
change, stunting a genetic response (hypothesis 2), it may
set up novel selection pressures at different loci which
result in a genetic response (hypothesis 1).

Moreover, if

the initial environmental change is sufficiently stable, the
socially transmitted response may be maintained for long
periods, perhaps long enough to result in the fixation of
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alleles at the second set of loci.
It is theoretically possible for a learned trait to
spread through a population without social transmission,
changing selection pressures, or compensating for
environmental novelty.

For a significant genetic response

to generated, or blocked, respectively, the learned
behavioural responses of the individuals must "sum up" at
the population level, in order for the changed selection
pressures to be mutually consistent.

If different

individuals in the populations exhibit different learned
behaviours, then the selection pressures acting on the
population will be inconsistent, and the genetic response
may be best considered as "noise".

Social transmission may

be important in (biological) evolution because it acts to
homogenize the learned behavioural responses of individuals,
setting up consistent selection pressures, and rendering the
subsequent genetic response directional.

It may even be the

case that the internal consistency in the selection
pressures acting on populations of "cultural organisms", is
atypical for animal populations, and the statistical
consequence of this behavioural homogeneity may be higher
selection pressures.

It may also be the case that gene-meme

linkage disequilibrium (or, more precisely, gene-"learned
pattern of behaviour" linkage disequilibrium) will be higher
in populations of individual learners, where each individual
may learn to perform the pattern of behaviour most
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appropriate for its genotype, than in populations of social
learners, where the learned behaviours adopted by
individuals may be influenced by those exhibited by other
individuals with different genotypes.

Such arguments are

highly speculative, but, if these processes occur, they lend
conceptual weight to Wilson's "behavioural drive"
hypothesis.

4.

ON THE USE OF DUAL-INHERITANCE MODELS
Dual inheritance models, which investigate the

interaction between natural selection and social
transmission over an evolutionary timescale, have a great
deal to offer many scientific communities (Boyd & Richerson
1985? Feldman & Cavalli-Sforza 1989).

Their potential in

the fields of human evolution, human culture and human
sociobiology is increasingly acknowledged.

When it comes to

our understanding of animal evolution, animal proto
cultures, animal sociobiology, and population ecology, their
potential is as yet unrealized.

With the growing

recognition that many species may have some capacity for
cultural inheritance, such models might have something to
offer disciplines concerned with the dynamics of animal
populations.

Although the term "dual inheritance" implies

that these models apply to cultural organisms, in principle
similar models can be developed for learners incapable of
social transmission.

Moreover, the memes and genes under
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consideration need not be in the same species.

For example,

many cases of frequency dependent selection appear to result
from predator-prey interactions in which the predator
develops a "search image" for common prey items by learning
(Poulton 1884; Haldane 1955; Allen 1974 1984; Allen &
Anderson 1984)•

Similar models might aid our understanding

of the evolution of Batesian and Mullerian mimicry amongst
insect species that suffer predation from learning
predators.

In many cases of habitat selection, adult

experience can significantly affect resource, habitat and
oviposition/nest sites (Taylor & Powell 1978; Jaenike 1983
1986; Cody 1985).

These models have the potential to shed

light on the dynamics of the population numbers, morphs, and
allele frequencies, and their coevolution.

5.

MODELLING SOCIAL TRANSMISSION IN ANIMAL POPULATIONS
The main differences between the models described in

this thesis and those developed by both Cavalli-Sforza &
Feldman, and Boyd & Richerson, are a consequence of the
former focusing on animal populations over evolutionary
timescales.

For the models in this thesis, an analysis of

the mode of transmission (horizontal, vertical, oblique),
and consideration of mating patterns, would be an
inappropriate complication.

A simple logistic model of

animal social transmission may serve as a useful predictive
device on which to base a much needed theory.
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The model

developed for the analysis of gene-meme linkage
disequilibrium can potentially be employed for any
population in which there are differential rates of social
transmission amongst sub-groups, for example, sex, or age
differences.

Frequency-dependent models can be applied to

the dynamics of the interaction between a socially
transmitted food related trait and scrounging behaviour.
Moreover, the rate parameter, a, can be broken down into
sub-parameters, to investigate the factors affecting
diffusion.

5.1

This analysis is begun below.

The rate of spread of a socially transmitted trait
The parameter a, which determines the intrinsic growth

rate of the transmission model, can be subjected to further
analysis.

This allows the theoretical models to be tied in

more closely with empirical work.
Consider the simple logistic model of social
transmission developed at the beginning of the chapter.

The

rate at which the meme spreads through the population
depends on the number of effective contacts each
demonstrator makes with an observer, a, every cultural
generation.

It may be possible to predict the rate of

spread of a socially transmitted pattern of behaviour if an
estimate of a can be generated.
The effective contact rate, a, is determined by the
number of contacts each demonstrator makes with a
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conspecific each cultural generation, and the proportion of
these which result in the transmission of the meme.

a = [Total number of contacts each animal makes per cultural
generation, nc ] * [The proportion of contacts that result
in transmission, Pt ]

The number of contacts per cultural generation,

will be

assumed to be constant, and a measure of the "sociability"
of the species.

In reality, while

may be constant for

any given socially transmitted trait, it is likely to vary
according to the visibility of the trait.
The proportion of contacts that result in transmission,
in turn, depends on the probability that a demonstrator
demonstrates the trait effectively, and the probability that
the observer observes the demonstration.

Pt = [Probability that the demonstrator effectively
demonstrates, Pd ] * [Probability that the observer
effectively observes, P0 ]

Let

be proportional to the amount of "information", X,

that is transmitted.

The amount of information transmitted

from demonstrator to observer has been found to affect the
slope of the diffusion curves for socially transmitted
traits (Lefebvre & Palameta 1988).
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I/Iq

represents the

proportion of the initial amount of socially transmitted
information that is transmitted.
calculation is given below.

Pj

A simple method for its
also depends on the value

of the trait to the demonstrator, and the amount of social
interaction.

This is represented by the constant h, the

proportion of contacts where the demonstrator actually
performs the transmitted behaviour.

For simplicity, ^

is also assumed to be constant, although

in reality it might be expected to vary with various
motivational factors.

It can crudely be estimated by taking

the reciprocal of the average number of times an observer
must contact a demonstrator that is performing the target
behaviour before it exhibits the trait.

Here it is

represented by the constant i.

This gives the expression

a = nc *h*j*I / I0

(7)

It should be possible to use this to make predictions about
the rate of spread of a socially transmitted trait.
Estimates of

can be generated by direct observation of

the population concerned.

The constants h and ± could be

estimated with straight forward pilot studies.
Theoretically, deriving an estimate of the ratio I / 1^
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is

more complex, as for each socially transmitted trait a
function would have to be derived.

In practice, a simple

pilot study should allow a crude estimate to be made.

Here

an example is given using the data generated by experiment 3
of the carrot digging studies.

The decay in the mean number

of items of food unearthed over the transmission chain is
illustrated in figure 5.1.

An estimate of the ratio

X / Xo

is given by dividing the value of X when it has levelled off
by the initial value of
observers.
0.686.

X

amongst the first set of

In the below example

X

/

Xo

is 3.00/4.375 *

Alternatively, the rate of change of

X

can here be

represented a function, here

d(I) / dt = R - D (1 + a*exp(-bt))

where E represents the rate of increase in I due to
individual reinforcement, following individual learning, and
the function D(1 + a*exp(-bt)) represents the rate of decay
of information lost in transmission.

Integrating this

expression gives

I — I0

- [1- exp(-bt)]*a / b - (D - R)t

For simplicity it is assumed that, after an initial period
of decay, the ratio X / Xo

is constant, and given by the

function
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I / I0^

1 - a / b*I0

For illustration, estimates of the some of the parameters
employed in expression 7 are derived from thecarrot digging
experiments.

I / I0 ^

Thus

a

These estimates are in theregion

0.7, h ^

0.2, j ^

of

0.1

0.014*nc

The value of

(number of contacts per individual per unit

time) depends on the species and its density, but can be
measured prior to any innovative meme being introduced.

The

estimate of «£ would allow a predictive logistic curve for
the spread of the meme to be generated.

Recordings of the

change in frequency of the trait can then be used to
generate a curve which can be compared with the predictive
curve for goodness of fit.

5.2

Social transmission and scrounging behaviour
If the socially transmitted behaviour involves the

production of food then empirical studies have suggested
that scrounging behaviour can become common (Lefebvre &
Palameta 1988).

Experiment 5 of the carrot digging studies

found that scrounging could interfere with the social
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transmission of a trait.

Although some attention has been

given to ESS models of producing and scrounging (Barnard &
Sibley 1981), these models are designed to investigate which
phenotypes will evolve, and say little about the
trajectories of the change in frequency of a trait over
time.

A simple model of the spread of a socially

transmitted trait with scrounging behaviour can be developed
from the logistic model.

Here, it is hypothesised that the

more demonstrators there are producing food, the more
scroungers can be supported.

Thus the number of scroungers

is expected to be proportional to the number of
demonstrators.

NScr

“ *>*Nd

where b is a constant of proportionality, and Nd + N0
N scr

“

Ne

•

+

scrounging interferes with social

transmission by removing potential converts to the trait M,
then

d(Nd ) / dt = ln(l + a) *Nd *N0 / Ne

d(Nd ) / dt - ln(l + a) *Nd [1 - (1 + b)Nd / Ne ]

The solution to this differential equation is
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Nd(t> = N, / [1 + b + [Ne /N q

- (1 + b) ]*exp (-In(1+a) *t) ]

(8 )

As t approaches infinity then
[Ne /N0

- (1 + b)]*exp(-ln(l+a)*t) tends to 0.

Thus scrounging reduces the maximal value of ^

Nd«x

- ». / [1 + b]

to

(9)

In other words, scrounging will prevent the socially
transmitted trait from spreading through the population to
fixation, and will result in the number of demonstrators
fluctuating around the level given by Nd mx in expression
(9).
Scrounging is likely to also affect the effective
contact rate, a.

Both

(number of contacts per cultural

generation) and h (proportion of contacts where the
demonstrator performs the target behaviour) might be
expected to be affected by scrounging.
may reduce
it.

Fighting and chasing

, but they may also draw attention, increasing

The value of h is likely to be reduced by scrounging,

as demonstrators will be expected to engage in more chasing
and fighting behaviour.

A reduction in the value of a with

scrounging would intuitively be predicted.
More sophisticated models of the interaction between
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social transmission and scrounging could be developed with
the use of dynamic predator-prey, or host-parasite
analogues, or extensions of ESS producer-scrounger models.
The effects of migration between populations is also of
interest here.

For instance, Lefebvre & Palameta (1988)

report that the diffusion of a socially transmitted foodfinding behaviour amongst flocks of urban pigeons is more
rapid than in captive flocks, and speculate that this is
because the turnover in resident individuals destabilizes
the frequency-dependent equilibrium between producer
(learners) and scroungers.

6. SUMMARY
Simple models of social transmission and gene-meme
coevolution were developed to facilitate the investigation
of three hypotheses related to the role of social
transmission in animal evolution.

Simulations using the

models suggest the following tentative conclusions.

Social

transmission would have to be particularly stable and be
associated with extremely strong selection, if it is to
result in the fixation of alleles (hypothesis 1).

A more

likely hypothesis is that social transmission might allow
animals to respond adaptively to novelty in their
environment, rendering a genetic response unnecessary, or
only partially necessary (hypothesis 2).

Socially

transmitted traits appear to spread sufficiently rapidly,
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relative to changes in gene frequency, that it would be
quite feasible for a socially transmitted response to an
environmental change to occur, preempting a genetic
response.

Social transmission is probably more likely to

slow down evolutionary rates than speed them up (hypothesis
3).

In addition, it was argued that simple models of social

transmission would be a useful theoretical tool for the
analysis of animal cultures.
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1, RESTATEMENT OF THE GOAL OF THE THESIS
This thesis set out to investigate the interaction
between "cultural" processes in animals, generated by social
learning, and the processes of biological evolution.

It

addresses the question of whether mechanisms of social
learning and transmission could play an evolutionary role by
allowing learned patterns of behaviour to spread through
animal populations, in the process changing the selection
pressures acting on them.

The answer to this question

depends critically on the nature and stability of animal
social transmission.

Over the last two decades there has

been a significant accumulation of knowledge, from both
field and laboratory studies, about the ability of animals
to transmit learned information or patterns of behaviour
from one individual to another.

The Norway rat's natural

history, particularly its colonial existence and its complex
communication network, together with reports of social
transmission from the field, make it an excellent subject
for laboratory studies of social learning.

For these

reasons the empirical work focused on laboratory studies of
social transmission in rats.

In a second, theoretical,

component to the thesis, simple mathematical models were
developed and subjected to simulations, to investigate the
interaction between learned behaviours and genes over an
evolutionary timescale.

This allowed a feasibility study on

the merits of three hypotheses about the role of cultural
processes in animal evolution.
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2. SUMMARY OF THE MAIN EMPIRICAL FINDINGS
This section is a detailed recapitulation of the aims
and findings of the experimental chapters of this thesis.
If the reader feels thoroughly conversant with these, (s)he
may proceed directly to section 3.

Two sets of laboratory experiments, carrot digging and
food site marking studies, were conducted in parallel.

The

carrot digging studies focused on the social learning and
transmission of foraging information amongst adult rats
digging for buried carrot.

The food site marking studies

focused on the communication, social learning and social
transmission of food preferences by excretory marking of
food sites.

In both cases social learning experiments were

conducted first, to establish experimental paradigms where
it could be reasonably certain that social learning
occurred.

Further experiments went on to investigate the

nature of the social learning processes that facilitate the
passage of information between animals.

Finally,

transmission experiments extrapolated the design of the
social learning experiments, to investigate the passage of
socially learned information along a chain of animals.

2.1 Carrot digging experiments.
In recent years, laboratory studies of social learning
in the rat have tended to focus on feeding behaviours.
Social learning has been demonstrated to improve foraging
efficiency, facilitate the location of food sites and diets,
and avoid potentially noxious diets.
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The carrot digging

experiments followed on from these findings to investigate
whether naive "observer" rats could acquire and then act on
foraging information gained from the activities of
"demonstrator" conspecifics.
Experiment 1 set out to establish whether "observer"
rats could learn of the presence of buried food, and take
appropriate action to access it, as a consequence of the
activities of "demonstrator conspecifics.

The design was

such that there were four conditions, observers having a
trained, or untrained, demonstrator, which had, or did not
have, buried carrot in its section of the enclosure.

The

pattern of results strongly supported a social learning
interpretation, observers in the trained-carrots available
condition unearthing more carrot pieces, faster, and being
generally more active, than those in other conditions.
Neither motivational factors nor social facilitation could
account for the elevated foraging efficiency of observers in
this group.

This finding was interpreted as suggesting that

foraging efficiency had been enhanced as a consequence of
the operation of social learning, probably via local
enhancement.
The results of experiment 1 suggested that what was
being transmitted from demonstrator to observer, was not
solely related to digging behaviour, but included
information about the food buried in the enclosure.
Experiment 1 did not establish whether it was the observers'
perception of the food, of the demonstrator eating the food,
of the demonstrator foraging for and accessing food, ofthe
demonstrator foraging for, accessing and eating thefood,
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or

of a combination of these in concert with perception of a
digging or active demonstrator, which facilitated the social
learning.

Experiment 2 was designed to attempt to clarify

some of these issues by introducing additional conditions,
and by recording subjects' foraging efficiency both in the
observation phase and 24 hours later.

The results suggested

an elevated foraging efficiency at test in three
experimental conditions over and above that exhibited by
subjects in an individual foraging group.

The successful

foragers were in the trained-carrots available condition,
(where observers had watched a trained demonstrator unearth
buried carrot), the trained-observe only condition,

(as

before, but unable to forage during the observation phase),
and demonstrator-eating condition,
does not forage, but eats carrot).

(where the demonstrator
Observers in these three

conditions unearthed more carrots, were more active, and
started digging earlier than those in the individual
foraging group.

Observers in the trained-carrots available

and trained-observe only groups also dug up their first
carrot faster than subjects in the individual foraging
condition.

The simplest interpretation of this finding was

that perception of a demonstrator conspecific eating carrot
allowed observers to acquire sufficient foraging information
to subsequently enhance their own foraging efficiency when
tested alone 24 hours later.

The fact that observers in the

trained-observe only condition exhibited this elevation in
performance, suggested that the opportunity to forage
simultaneously with the demonstrator was not critical for
this learning to occur.

It also implied that successful
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foraging by the observer during the observation phase was
not necessary for elevated foraging performance at test.
Foraging efficiency could be elevated by a variety of
processes which result in learning, however, and the same
processes of information transmission may not have taken
place in these three conditions.

There was some evidence

that both the perception of food, and the perception of a
digging or active conspecific, might be additional
components of any communication complex.

Together, the

results of experiments 1 and 2 suggest that the elevated
foraging performance of animals that perceived trained
demonstrator conspecifics foraging successfully for food,
probably results from a complex combination of motivational
and learning processes.

This complex may include local

enhancement (perception of an eating conspecific directs
observers attention to the presence of food in the
enclosure)? social facilitation and motivational factors
(perception of a digging or active conspecific enhances
foraging activity in the observer); and possibly
observational learning (the observers may form an
association between foraging behaviour and food, or between
some aspect of the context in which successful foraging
occurs and food, by observation of the demonstrator).
The experiments in chapter 5 studied multiple
transmission steps by allowing each observer to act as a
demonstrator for the next observer, to investigate whether
foraging information could be transmitted along chains of
animals.

Experiment 3 addressed the questions of whether

foraging information could accumulate as well as dissipate
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during transmission from one animal to another, and whether
additional periods of individual foraging could bolster
socially acquired foraging skills and elevate the level of
information transmission.

The results demonstrated that

social transmission of foraging information can occur
amongst Norway rats.

Enhanced levels of digging for buried

food were maintained across eight transmission episodes for
three transmission groups, relative to a no-transmission
control.

Animals in the standard transmission and

additional individual learning groups were more active,
began digging earlier and dug up more pieces of carrot more
quickly than did the animals in either the innovator or
control groups.

There was a decreasing trend in carrot

digging efficiency for these two groups across the early
stages of the transmission chain, interpreted as a loss of
information with transmission, but this seemed to stabilize
by the fifth transmission episode at a level significantly
above that of the control group.

The innovator group, for

which the transmission chain began with an untrained
demonstrator, also foraged more efficiently than the control
group, and exhibited increasing trend in performance along
the chain, interpreted as an accumulation of information.
The three transmission groups exhibited trends that
converged at a level significantly above that of the
controls.

This level of performance may reflect a balance

reached between the loss of information that occurs with
each transmission episode, and the enhancement in the
observers' performance by the sum of the demonstrator's
social and individual learning.
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Rats foraging in the wild might be expected to be
continuously buttressing any socially learned behaviour
patterns with their own experience, and this may make them
more effective demonstrators.

This hypothesis was

investigated in experiment 3, the prediction being that a
supplementary opportunity for individual foraging
immediately following the experience with a trained
demonstrator, would subsequently enhance their performance
as demonstrators to the next animals in the chain, and
result in transmission with a higher level of foraging
efficiency.

This prediction, however, was not supported,

these animals' subsequent performance as demonstrators being
significantly poorer than subjects in the standard
transmission group that did not have the additional
experience.

This finding may be a consequence of the fact

that the additional individual experience followed
immediately after the period where subjects acted as
observers, and immediately preceded the period where they
acted as demonstrators.

Motivational factors such as

fatigue, habituation, thirst or satiation could each account
for these subjects relatively poor performance as
demonstrators.

Experiment 4 set out to replicate experiment

3, but with a different design that allowed 24 hours between
subjects acting as observers, their individual experience,
and their acting as demonstrator.

Here the prediction was

upheld, subjects in the additional individual experience
condition exhibiting higher levels of carrot digging and
general activity.

This confirmed that an extra period of

experience can indeed enhance subjects' ability to act as
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effective demonstrators.

This finding suggests that the

stability of social transmission may, under some
circumstances, be bolstered by individual reinforcement of
socially learned and enhanced patterns of behaviour.

The

results also confirmed the finding of experiment 3, that
social transmission of foraging information could occur
amongst Norway rats, with enhanced levels of digging for
buried food maintained across the chain for transmission
groups.

This suggests that a 24 hour delay between

acquisition of, and further expression of, socially learned
foraging information, is not sufficient for this information
to decay.
Experiment 5 went on to look at the effects of allowing
observer and demonstrator to interact directly, not
separated by a wire mesh barrier as in previous experiments.
This experiment also manipulated the ratio of numbers of
trained demonstrators to naive observer animals, it being
predicted that social learning would be more likely in
observers when the ratio of demonstrators to observers is
high.

There were four experimental conditions, with one or

three demonstrators, and one or three observers.

To keep

down costs and numbers of animals, the transmission chain
was cut to two links.

Enhanced levels of digging for buried

food were maintained in all transmission groups relative to
the control, for both steps in the chain.

In the

experimental conditions, observers, and demonstrators on day
2, unearthed more carrot pieces in total, started digging
earlier, dug up their first carrot faster, and spent more
time digging, than controls.

This implies that whatever
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social interactions occurred between animals in the
experimental groups, this did not prevent social
transmission of foraging information from occurring.

The

prediction that increasing the ratio of demonstrators to
observers would enhance foraging efficiency in observers was
not upheld.

On the contrary, subjects in the groups with a

single demonstrator foraged more efficiently than those with
three demonstrators.

Both demonstrators and observers in

the single demonstrator conditions dug up more carrot pieces
than those in the 3 demonstrator conditions, and this
pattern was reflected in the other dependent variables,
particularly in their digging more and scrounging less.
Increasing the number of observers appeared to have little
impact on the pattern of results.

The results are

interpreted in terms of a "scrounging hypothesis", which
predicts that increasing the number of demonstrator animals
producing food encourages scrounging, reducing the
likelihood of socially learned enhancement of foraging
performance.

The results were not entirely consistent,

however, for no significant correlations were found between
low levels of scrounging and elevated performance at digging
up carrot in the same or subsequent test periods.

This

inconsistency may result from complications such as
demonstrators exhibiting scrounging behaviour, and
scrounging itself facilitating social learning.
As a whole, the carrot digging experiments provide
strong evidence for the social transmission of foraging
information along chains under laboratory conditions.
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2.2 Food site marking experiments
The food site marking studies are based upon Galef &
Beck's (1985) finding that rats can mark feeding sites,
making them more attractive to weanling conspecifics than
unmarked sites.

Galef & Beck concluded that the

communication of food site preferences could be mediated by
olfactory cues surrounding particular feeding areas.

The

experiments in chapter 6 and 7 set out to investigate
further the communication between rats of food and food site
marking via residual marking.

"Demonstrator" rats ate from

a food site containing a flavoured diet, and observers were
subsequently given a choice between the food at the same
food site, and an alternative diet at a clean site.
Experiment 1 sought to establish whether the
communication of food preferences by residual deposits could
occur between unrelated adult males.

The results supported

this hypothesis, subjects in both experimental groups
consuming significantly more of the food at the site at
which their demonstrators had eaten than controls, and
significantly less of the alternative diet at the other
site.

As subjects in the experimental conditions did not

come into direct contact with their demonstrators, then this
communication must have been mediated by cues that the
demonstrators left in the enclosure, possibly urinal, faecal
or glandular deposits.
Experiment 2 set out to establish whether the
communication demonstrated in experiment 1 could result in
subjects developing a socially learned preference for
particular food sites or diets.
285

It was argued that a

learned preference for particular diets would affect the
feeding behaviour of experimental subjects if placed back
into the experimental enclosure in the absence of the
chemical cues of conspecifics.

The results supported this

hypothesis, subjects in the two experimental groups
exhibiting a strong learned preference for the diet consumed
by their demonstrators, when subsequently tested in a clean
enclosure.

This preference developed despite the fact that

the position of the two diets was counterbalanced for
subjects* second period in the enclosure, suggesting that
the socially learned information is related to foods rather
than to food sites.
Experiments 3 and 4 set out to investigate something of
the mechanism of communication.

In particular, these

experiment were concerned with which products are the
mediators of the communication.

The strategy adopted was

experimentally to eliminate potential cues contained in the
enclosures following the demonstration period.

If this

manipulation resulted in the blocking of communication then
it would suggest that such cues were necessary for
communication to take place.
Experiment 3 found that eliminating cues either in or
on the food bowl, or in the rest of the enclosure, blocked
the communication of food preferences.

This suggested that

neither local cues in or on the food bowl, nor peripheral
cues in the surrounding area, are sufficient to carry the
information necessary for communication to take place, and
that both are necessary.

The observation of concentrations

of urine marks on the bowls, and the fact that urine marks
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are an established form of olfactory communication amongst
rats (Brown 1985), makes it likely that such marks are a
component of the communication complex.
Experiment 4 dealt with which of the deposits in the
peripheral area surrounding the food bowl were necessary for
communication to take place.

Elimination of cues contained

in both urinal and faecal deposits surrounding the food site
blocked the communication of food preferences via residual
deposits.

In combination with the results of experiment 3,

the results suggested that the information that facilitates
the transmission of food preferences is not contained in any
one residual product, but is a complex which includes local
and peripheral urine marking of the food bowl, and
peripheral faecal deposits.
Experiment 5 found that the residual cues laid down by
demonstrators lost their powers of communication as
'markers' of food sites over a 72 hour period.

This result

indicates that the pertinent information for communication
to take place is contained in olfactory, rather than visual
or gustatory cues.
Rats that feed from a site marked by the excretory
deposits of conspecifics may themselves mark the site with
their own products, and this process may result in the
social transmission of food preferences.

This hypothesis

was investigated in chapter 7, again studying social
transmission along chains of animals.

If an enhanced

preference for one diet could be passed along a chain of
animals, and be preserved for longer than 72 hours, then
social transmission must have occurred.
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In experiment 6,

subjects with demonstrators that ate cinnamon consumed
significantly more of the cinnamon diet and significantly
less of the cocoa diet than those in other groups.

There

was strong evidence for social transmission along chains of
animals in this group, there being no decay in subjects
elevated cinnamon diet consumption across transmission step.
Subjects in the cocoa demonstration group showed little
evidence for social transmission, however, although they did
consume more cocoa flavoured diet at the first transmission
step.

One interpretation of this difference between the

experimental groups is that social transmission may be more
stable when it reinforces a prior preference than when it
conflicts with one.

Correlations between the different

excretory markings and diet consumption amongst the controls
suggest an important role for urine marking of the bowl, and
the peripheral area, confirming the findings of experiments
3 and 4.
The goal of experiment 7 was to investigate whether the
unstable transmission of elevated levels of cocoa diet
consumption along the chain, exhibited by subjects in the
cocoa demonstration condition in experiment 6, could be
bolstered by the introduction of a second process for the
communication of diet preferences.

The additional process

introduced was the communication of food preferences via
gustatory cues (Galef & Wigmore 1983).

Social transmission

was investigated in three experimental conditions, a group
where excretory marking mediated transmission, a gustatory
cues group, and a group with both of these processes in
operation.

While subjects in both the single process
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experimental groups exhibited a rapid decay in cocoa diet
consumption to a level similar to the controls, subjects in
the twin process group showed a much more gentle decay, this
being interpreted as evidence for social transmission.

This

experiment provides strong evidence that the two social
learning processes have interacted in such a way as to
reinforce the stability of the transmission of food
preferences along the chain.

If such interaction between

social learning processes occurs in natural populations of
rats, then this might be expected to buttress social
transmission processes.
In summary, each of the food site marking transmission
studies provides strong evidence that food preferences can
be transmitted along laboratory chains of animals.

3.

CRITICAL DISCUSSION OF THE EMPIRICAL FINDINGS AND THEIR

SIGNIFICANCE TO THE ANIMAL SOCIAL LEARNING LITERATURE.

3■1 Carrot digging experiments
The principal finding of the experiments in chapter 4
is that foraging efficiency amongst 'observer' rats digging
for buried food can be enhanced by social learning from
'demonstrator' conspecifics.

Chapter 2 described the

findings of other studies of social learning in rats in
which foraging efficiency in the observer is enhanced by
social learning.

Social learning has been demonstrated to

facilitate the location of foods at distant sites (Galef &
Wigmore 1983; Galef 1988b).

It can also facilitate the

location of food sites, when observers follow conspecifics
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(Galef & Clarke 1971) or pick up residual cues left by
conspecifics (Galef & Heiber 1976; Galef & Beck 1985).
Olfactory cues carried on the breath of conspecifics have
been shown to strongly influence choice of diet amongst rats
(Galef 1988b).

In addition, other studies have demonstrated

that social learning can allow rats to identify potentially
noxious diets (Coombs, Revusky & Lett 1980; Galef 1986)•

A

picture is emerging, from laboratory studies of social
learning, of social learning processes strongly influencing
the foraging behaviour of rats.

In this context, the

experiments in chapter 4 were a further demonstration that
naive observer rats can acquire and then act on foraging
information gained from the activities of demonstrator
conspecifics.
Most studies of social learning in rats are designed to
investigate whether a specific social learning mechanism can
result in the passage of information from demonstrator to
observer.

The carrot digging experiments are slightly

unusual in that they investigate whether a particular
context, perception of a foraging conspecific, can result in
social learning.

While such an approach has a greater

ecological validity than designs investigating whether
social learning can occur via a specific mechanism (and
typically using arbitrary behavioural tasks), it introduces
two further complications.

Firstly, if social learning

occurs it is not immediately apparent which mechanism is
responsible for the passage of information from demonstrator
to observer.

Secondly, this approach raises the possibility

that more than one social learning mechanism may be in
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operation.

The complex designs of experiments 1 and 2

reflected these complications, together with the need to
distinguish the consequences of social learning from those
of motivational and social facilitation effects.

That these

two experiments were not sufficient to identify the precise
mechanisms of information transmission from demonstrator to
observer is perhaps not surprising.

Where social learning

occurs in a natural context it is likely to result from a
complex interaction of different processes, and any
experimental design that investigates such a context
inherits these complications.
Investigating whether a particular context, rather than
a specific mechanism, can result in social learning, has the
added complication that it is not always immediately
apparent which dependent variable is the most appropriate
measure of performance in order to establish whether or not
social learning is taking place.

The principal dependent

variable in all the carrot digging studies was the number of
carrot pieces dug up by observers.

It was felt, however,

that additional measures of foraging performance would
present a broader perspective on the extent to which
foraging behaviour was altered as a result of social
interaction.

There were some difficulties associated with

two of the dependent variables, the number of carrot pieces
unearthed and the activity measure.

Animals would sometimes

shift so much surface soil as to bury carrot pieces that
they had previously unearthed.
then be dug up a second time.

These carrot pieces could
Under these circumstances,

where the experimenter could be absolutely certain that a
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carrot piece had already been scored as unearthed it was not
counted a second time, but where there was some degree of
uncertainty, the carrot piece was scored.

The activity

measure involved the experimenter rating the animals for
overall activity for each quarter of the ten minute foraging
period.

As it was not always possible to conduct the

experiments completely blind (for example, in experiment 2
there were obvious differences at test between the groups),
both of these measures involved some subjective judgement
which may be vulnerable experimenter bias.

The reliability

data in appendix 2 nonetheless suggests good intra- and
inter- experimenter reliability for all of the dependent
variables.
In retrospect, the choice of control groups and
experimental design of experiment 1 are vulnerable to
criticism.

The principal weaknesses follow from the

decision to test the observers' foraging performance during
the observational phase of the experiment.

Given this

decision, and the fact that the behaviour patterns exhibited
by both demonstrators and observers (digging, foraging,
eating) were neither novel nor arbitrary, the principal goal
of the experimental design was to rule out non-learning
explanations for any enhancement in performance exhibited by
observers in the trained-carrots available condition.
Consequently control conditions were chosen to investigate
the extent to which motivational factors and social
facilitation could elevate foraging performance.

In this

experiment, social learning was not so much directly
demonstrated as deduced, by the elimination of alternative
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explanations for the enhancement in the observers' foraging
performance.

The design of experiment 2, which allowed the

observers' performance to be monitored both during the
observational phase and 24 hours later when they were tested
alone, is clearly a more efficient and informative approach
to dissecting the causal variables involved.

Where

observers exhibited an elevation in performance at the test
phase, 24 hours after their observational experience, this
provides strong evidence for learning.

It seems reasonable

to assume that motivational factors are highly unlikely to
have a prolonged influence on performance over a 24 hour
period given the nature of the initial observational
experience.

Any elevation in performance exhibited by

observers after this period of time is likely to be a
manifestation of information acquired and stored during the
observation phase.
The experiments in chapter 4 are unsatisfactory in the
sense that they fail to get much of a grasp of the processes
involved in the passage of foraging information from
demonstrator to observer.

Given the practical and

theoretical difficulties of experiments with large numbers
of control conditions, it is simply not possible to gain a
thorough understanding of such processes as may be occurring
in the carrot digging studies without conducting a series of
experiments.

If the goal of the carrot digging experiments

in chapter 4 had been to establish exactly how social
learning was occurring, then these experiments would only be
a first step, and a series of further studies would be
required.

The principal focus of the experimental work in
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this thesis was social transmission, rather than social
learning, however, and consequently the goal of these social
learning experiments was less ambitious.

Firstly these

experiments set out to establish whether or not in this
foraging context social learning could occur.

The first

goal of the experiments in chapter 4 then, is to identify an
appropriate experimental paradigm with which to investigate
social transmission.

Secondly, these experiments set out to

gain a sufficient grasp of the mechanism by which social
learning occurred to prevent the social transmission
investigation from being severely hampered by the lack of
this information.

Clearly, given the aims of this thesis, a

balance had to be reached between the amount of time and
effort invested in social learning and social transmission
studies respectively.

The balance was struck in the hope

that what would be gained from investing time in the
transmission studies would, in the context of this thesis,
out-weigh what was lost by not gaining a more thorough
understanding of the social learning mechanisms.

It is

recognised, however, that other experimenters may well have
struck a different balance.

(The same applies to the food

site marking studies)•
The experiments in chapter 5, which studied multiple
transmission steps, found that foraging information could be
transmitted along chains of animals.

There are many

differences between the social transmission of information
along an artificial laboratory chain, and diffusion through
a population.

Under natural circumstances the ratio of

demonstrator to observer animals changes, each animal may
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demonstrate to many animals, and many types of social
interaction may influence transmission.

It would hence be

premature to extrapolate from these transmission experiments
to natural populations of animals.

Nonetheless the

experiments do demonstrate that rats, of the kind used in
the study, are capable of social transmission.

The subjects

in the experiment were able to acquire learned information
from a demonstrator, incorporate this information into their
own behavioural repertoire, and pass on learned foraging
information to a conspecific.

To the authors knowledge no

previous laboratory studies have demonstrated this finding
in a non-human mammalian species, although there is some
laboratory evidence for this amongst blackbirds (Curio,
Ernst & Vieth 1978) and pigeons (Lefebvre & Palmeta 1988).
One interesting finding from experiment 3 was that
subjects in the innovator group exhibited an increasing
trend in foraging performance along the chain, from an
initial level equivalent to that of the control subjects to
the same stable level of performance as the other
transmission groups.

This was interpreted as reflecting an

accumulation of learned foraging information, as observers
built on the social transmitted information from their
demonstrator through their own experience, and became more
effective demonstrators than their demonstrators were.
Social transmission is typically conceived as being
initiated by a single innovative individual, and
subsequently spreading through a population.

This finding

suggests the alternative possibility that the 'innovation*
may itself be the consequence of the gradual accumulation of
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socially learned information throughout transmission.

It

was argued in the previous section that the stable level of
performance reached by the three transmission groups in
experiment 3 reflects a balance reached between the loss of
information that occurs with transmission and the
enhancement in the observers' performance by the sum of the
demonstrator's social and individual learning.

If this

finding proves to be a common feature of socially
transmitted traits then it may be of some importance, for
socially transmitted traits are likely to be more persistent
if processes act to bolster their stability.

Similarly, if

the interpretation of the findings of experiment 4 proves to
be correct, then additional periods of individual experience
can reinforce the stability of social transmission.

These

two factors are both likely to act so as to prolong the
period of time that a socially transmitted trait remains in
a population.
One weakness of the design of experiment 3 was that in
the experimental groups there was only a 10 minute period
between each animal acting as observer and demonstrator.
This means that it is difficult to dissect the influences of
social facilitation and social learning between each pair of
demonstrator and observer.

The comparison between the

results of experiments 3 and 4 may however be revealing
here.

In experiment 3 the two transmission groups that

started off with a trained demonstrator exhibited decreasing
trends in foraging performance along the chain, but this
finding was not replicated in the equivalent groups of
experiment 4.

The only difference in procedure between the
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two experiments was the length of the interval between each
subject acting as observer and then as demonstrator.

In

experiment 3 this interval was 10 minutes long, but it was
lengthened to 24 hours in experiment 4.

One explanation for

this finding is suggested by the fact that the stable level
of performance exhibited by subjects in the standard
transmission group in experiment 4 is roughly equivalent to
the stable section of the curve for the same group in
experiment 3.

In the case of experiment 3, the enhancement

in foraging performance may have been composed of (i) a
transient non-learned component, such as social facilitation
or motivational factors, that decayed within the first few
steps, and (ii) a more persistent learned component.

Only

the learned component would be expected to be socially
transmitted along the chain in experiment 4, social
facilitation and all socially stimulated changes in the
motivational state of the demonstrator having decayed over
the previous 24 hours.
The results of experiment 5 are less conclusive than
the other studies, and its design is vulnerable to
criticism.

It has proved difficult to interpret the

behaviour of demonstrator animals on the second day, as
these animals differ in both previous experience on day 1
and the number and experience of their fellow animals on day
2.

As suggested previously, it might be easier to interpret

the consequences of changing the ratio of demonstrator to
observer on day 1 under circumstances where observers in all
groups are tested under the same conditions on day 2.
transmission experiments all required large numbers of
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The

animals, but this was particularly the case with experiment
5.

To prevent the procedure from becoming unmanageable the

number of transmission steps was cut to two, limiting the
conclusions that could be drawn from the study further.

The

findings of this experiment are, nonetheless, of sufficient
interest to warrant further investigation with simpler
experimental designs.

Contrary to the a priori prediction,

the results suggested that increasing the number of
demonstrator animals actually decreased the extent to which
observers acquired foraging information from their
demonstrators.

This conflicts with the finding of Jacobs &

Campbell (1961) that the transmission of an arbitrary trait
amongst humans was enhanced by increasing the number of
demonstrators.

Although the results are not entirely

consistent, a scrounging hypothesis best accounts for the
data.

This finding was not entirely unexpected.

Giraldeau

& Lefebvre (1987) have shown experimentally that scrounging
can block observational learning in pigeons.

Moreover,

Lefebvre (1986) and Giraldeau & Lefebvre (1987) found that
scrounging developed as an alternative behavioural strategy
to the social learning of a novel food-finding behaviour in
both captive and urban pigeon flocks.

Scrounging behaviour

may prove to be a characteristic confounding variable in
most cases where food related behaviours are socially
transmitted, under conditions where observers and
demonstrators have unrestricted contact with each other.

If

this is the case, then the assumption of chapter 8, and
typical of most previous models of cultural transmission
(Cavalli-Sforza & Feldman 1981; Lumsden & Wilson 1981), that
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the diffusion of a cultural trait through a population will
resemble a sigmoid function, may not always be appropriate
(Lefebvre & Palameta 1988).

3.1 Food site marking experiments
Steiniger (1950) observed that wild Norway rats will
urine mark and deposit faeces on food baits, and suggested
that these deposits may facilitate the learned avoidance of
noxious foods.

While this speculation has not been

confirmed, the experiments in chapters 6 and 7 suggests that
excretory marking of food sites may be characteristic of
natural populations of rats.

Galef & Beck (1985) have found

that rats will deposit olfactory cues around feeding areas,
and that these can subsequently affect weanlings' choice of
food site.

Similarly, in an earlier study, Galef & Heiber

(1976) established that weanlings preferred to eat from a
food site in a section of an enclosure that had previously
housed a mature female rat to a site in a clean section.
The food site marking studies build on these findings and
narrow down the mechanism of communication.

Like Galef &

Beck's study, experiment 1 found that adult male rats will
deposit urine and faeces in the vicinity of a food site in
such a way as to render that site more attractive to a naive
conspecific than an equivalent unmarked site.

The novel

finding of this experiment was that this process could
result in the communication of food preferences.

This is an

interesting finding in itself, for although communication
via excretory products is common in muridae, there are no
references in the olfactory communication literature to the
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communication of food preferences in this family by this
means (eg. Brown & Macdonald 1985).

This finding formed the

basis of all subsequent food site marking experiments.
Experiments 3, 4, 5 and 6 suggest that the
communication appears to be based on a complex of olfactory
and gustatory cues carried by local and peripheral urine
marks and faecal deposits.

As was the case for the carrot

digging studies, clearly further studies are required to
develop a thorough understanding of the mechanism of
communication.

The apparatus was designed so that

manipulations of the diets, bowls, material on the trays,
and other factors could be easily undertaken.

Suggestions

of worthwhile experiments which would further understanding
of this communication are presented in section 6.1.

One

innovative approach which has been successfully employed to
investigate urine marking in mice (Hurst 1989) would be to
use interchangeable perspex floor tiles to explore the role
of rat urine marking in the communication of food
preferences.
Experiment 2 established that the communication of food
preferences via excretory deposits could result in the
social learning of food preferences.

There are a number of

processes reported in the rat social learning literature
which can result in the social learning of food preferences
(Galef & Clarke 1971; Galef & Wigmore 1983; Galef 1988b),
and this finding establishes a further one.
Experiment 5 in chapter 6 established that a three day
delay after the demonstration period was a sufficient period
of time to block the communication of food preferences via
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excretory deposits.

It was subsequently argued in chapter 7

that were an experimental group to exhibit an enhanced
preference for a particular diet for a period longer than
three days then social transmission of food preferences must
have occurred.

Strictly, a further control study would be

useful in which the deposits of several animals in the chain
were allowed to accumulate over a period of time, before the
three day delay was introduced, and then the animals tested.
This is because it is possible communication cues could
accumulate in the enclosure, and this accumulated package
may take longer to decay than 72 hours.
The main result of the experiments in chapter 7 is that
enhanced preferences for particular flavoured diets can be
transmitted along a laboratory chain of eight animals.

Like

the experiments in chapter 5, these studies provide strong
laboratory based evidence that rats are capable of social
transmission.

In experiment 6, differences were found in

the stability of transmission chains that started off with
demonstrators eating cinnamon and cocoa flavoured diet.

It

was suggested that, in the case of the cinnamon
demonstration group, social transmission may be more stable
because it reinforces a prior preference that these rats
exhibit for the cinnamon diet; and in the case of the cocoa
demonstration group, social transmission may be vulnerable
to decay because it counteracts the prior preference.

If

this interpretation is correct then previously learned,
experiential, or "innate” predispositions may significantly
affect the stability of socially transmitted traits.
Anecdotally, co-workers in the animal laboratory in which
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these experiments were conducted have found that different
strains of rat exhibit different patterns of preference for
the two diets.

Long-Evans and Hooded-Lister strains appear

to exhibit a preference for the cocoa flavoured diet, while
albino and DA strains prefer the cinnamon flavoured diet.
The conclusions that can be drawn from such evidence are
limited, given that other experimenters have used different
brands of diet flavourings, and received their animals from
different suppliers.

Nonetheless, the possibility that

there may be strain-specific differences in diet preference
in rats, and such predispositions may underlie the stability
of the social transmission of food preferences in this
species, is of sufficient interest to warrant further
investigation.

If such predispositions do have a genetic

basis, then they are comparable to Lumsden & Wilson's (1981)
'epigenetic rules', which influence the probability of
individuals adopting a cultural variant.
Experiment 7 illustrated how different social learning
processes in rats can interact to reinforce the stability of
socially transmitted food preferences.

This finding

suggests that where a particular socially transmitted trait
is mediated by more than one process it is likely to be more
stable.

4. SUMMARY OF THE MAIN THEORETICAL FINDINGS
The idea of a "cultural" force in evolution, discussed
in chapter 1, is not new, in fact its roots can be traced
back to Darwin's writings.

Orthodox neo-Darwinism has not

adopted such ideas, partly because until recently very
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little has been know about animal social transmission.

The

Synthetic theory has developed a number of theoretical
models to accommodate the feedback effects that behaviour
can have on the selective environment, including co
evolution, habitat selection, and frequency- and densitydependent selection.

In each case, however, the relevant

outputs of organisms are assumed to be determined by
previously selected genes.

This approach has proved to be

extremely fruitful, but must be adapted if it is to
accommodate learned behavioural modifications of niche.
The interaction between cultural forces and natural
selection has been the focus of much recent attention,
particular in the Sociobiology debate, and in the modelling
of human culture (eg. Lumsden & Wilson 1981; Feldman &
Cavalli-Sforza 1976 1989; Boyd & Richerson 1985).

Where the

dynamics of this relationship have been modelled, the genes
under consideration affect the probability of adopting the
cultural trait.

Models in which the probability of adopting

a cultural trait is independent of genotype, and where the
alleles at the locus under consideration are not directly
related to the cultural trait, have not been the focus of
much scientific attention.

Such models were developed in

chapter 8.
Three hypotheses were put forward as theoretically
feasible descriptions of processes by which social
transmission might play an evolutionary role.

The first

argued that social transmission allows populations to change
their niche, exposing themselves to novel selection
pressures, which may result in a genetic response.
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The

second suggested that social transmission allows populations
to respond adaptively at the phenotypic level to a changing
environment, and it may consequently preserve genetic
variation by shielding it from selection.

It was argued

that this process is a complex form of frequency-dependent
selection where the fitnesses of particular alleles or
genotypes are dependent upon the frequency in the population
of specific socially transmitted traits.

The third

hypothesis conjectured that social transmission may change
the rate of evolution, either speeding it up, or slowing it
down.

The mathematical models developed in chapter 8 were

designed to ask questions about the feasibility of these
three hypotheses.
The models focused on the change in frequency of both
genes and memes under the influence of social transmission
and natural selection.

The socially transmitted trait was

modelled as a discrete learned unit of information.

The

social transmission model developed was based on the
logistic model of population growth, which exhibits the same
functional behaviour as reports on the spread of human
innovations.

The spread of the trait through the population

was defined as affecting the fitnesses of two alleles at a
single locus, with fitness functions being allocated to
pheno-genotypes.

The models described how changes in meme

frequency in an animal population could theoretically lead
to the fixation of different alleles, or mask genetic
variation from selection, for both discrete and quantitative
genetic traits.
Simulations suggested the following conclusions,
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proposed with a caution appropriate to the simplicity of the
models, and the assumptions upon which they are based.
For hypothesis 1 to be viable, socially transmitted
traits would have to be associated with strong selection
pressures, and either be stable themselves over the tens or
hundreds of generations necessary for the fixation of an
allele, or set up selection pressures that were stable for
this length of time.

Other factors, such as frequency

dependence at the memetic level, gene-meme linkage
disequilibrium, and some forms of social interaction such as
scrounging behaviour, will increase further the period of
time necessary for the allele to become fixed.

At the

moment there is relatively little evidence that socially
transmitted traits can exhibit this long term stability
outside of human populations.
Socially transmitted traits appear to spread
sufficiently rapidly, relative to changes in gene frequency,
that it would be quite feasible for a socially transmitted
response to an environmental change to occur, preempting a
genetic response.

If the spread of the trait reduced the

selective disadvantage of a particular genotype, then
genetic variation may be prevented from being lost from the
population by these means.

Even when there is partial gene-

meme linkage disequilibrium the rates of social transmission
required to prevent the disadvantageous allele from being
lost appear to be well within the range of rates feasible
for cultural animals.

Given the high levels of genetic

variability found in natural populations, hypothesis 2 may
be worthy of further investigation.
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Hypothesis 3 is concerned with the effects that social
transmission may have on evolutionary rates.

The

simulations suggest that the processes envisaged by
hypothesis 2 are probably more likely to occur than those
envisaged by hypothesis 1.

If this is the case, then it

follows that social transmission is probably likely to slow
down biological evolutionary processes more often than speed
them up.

In reality, a socially transmitted behaviour may

change the selection pressures acting on alleles that
influence a host of traits, speeding up the rates at which
some are fixed, and slowing down the rates for others.

The

processes described by hypotheses 1 and 2 are likely to
interact in complex ways.
Social transmission may be important in biological
evolution because it acts to homogenize the learned
behavioural responses of individuals, setting up consistent
selection pressures, and rendering the subsequent genetic
response directional.

It was speculated that the internal

consistency in the selection pressures acting on populations
of "cultural organisms" may set up atypically high selection
pressures.

It may also be the case that gene-"meme" linkage

disequilibrium will be higher in populations of learners
incapable of social transmission, where each individual may
learn to perform the pattern of behaviour most appropriate
for its1 genotype, than in populations of social learners,
where the learned behaviours adopted by individuals may be
influenced by those exhibited by other individuals with
different genotypes.

Although these speculations add

conceptual weight to AC Wilson's "behavioral drive"
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hypothesis, a "behavioural brake" is perhaps more plausible.
A distinction was made between the effects of a change
in selection pressures acting on a locus at which alleles
simply influence the nature of a trait subject to selection,
and the effects on a locus at which alleles directly
influence the probability of developing the pattern of
behaviour exhibited by individuals that adopt the socially
transmitted trait.

In the latter case, social transmission

is likely to slow down, or stop, selection.

It was

suggested that the "Baldwin Effect", as popularly conceived,
was unlikely.

This was based on the argument that a learned

and socially transmitted change in habit would not be
replaced by an inherited disposition for the same behaviour,
as social transmission would shield genetic variation for
the disposition from selection.

This does not rule out the

other arguments put forward by Baldwin for an important role
for learning in evolution, which are essentially the same as
those represented by hypotheses 1 and 2.
It was argued that a simple logistic model of animal
social transmission could serve as a useful predictive
device on which to base animal social transmission theory.
This was begun by developing a model of the effective
contact rate parameter, which was broken down into sub
parameters, and applying frequency-dependent models to the
interaction between a socially transmitted food related
trait and scrounging behaviour.

5. RELEVANCE OF EMPIRICAL FINDINGS TO THEORETICAL WORK
Whether or not social transmission is likely to play a
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causal role in evolution depends critically on the extent to
which it occurs in animal populations.

The experiments in

this thesis were designed to investigate first and foremost
whether Norway rats are capable of social transmission.

The

principal finding of the empirical work was that adult male
rats are capable of the social transmission of foraging
information and food preferences along laboratory chains.
While it would be premature, on the basis of this finding,
to conclude that natural populations of rats will exhibit
socially transmitted traits, the finding at least
demonstrates that rats are capable of this.

While the

laboratory chains were highly structured, and only eight
links long, in most cases the socially transmitted trait
reached some stable asymptotic level after which it showed
no inclination of decline.

Together with the many other

experiments which report social learning in Norway rats, and
the field reports of social transmission, the experiments
suggest that natural populations of this species are likely
to exhibit some social transmission.

Further field and

laboratory studies would be required, however, to confirm
this speculation.
The empirical investigation also identified a number of
factors which are likely affect the stability of a socially
transmitted trait.

Factors likely to increase stability

include (i) the accumulation of information that can occur
during transmission; (ii) the bolstering of social
transmission by periods of individual experience; (iii) a
prior preference for the trait; and (iv) the interaction
between different social learning processes.
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Factors likely

to decrease stability include (i) the loss of socially
transmitted information with transmission; (ii) types of
social interaction, such as scrounging behaviour, which
block social learning; (iii) a prior preference that
conflicts with the socially transmitted trait.
The finding that socially transmitted information can
gradually accumulate without any initial demonstration,
suggests the possibility that 'innovation' may itself be the
consequence of the gradual accumulation of socially learned
information with transmission.

6. SUGGESTIONS FOR FURTHER RESEARCH

6.1 social learning and transmission experiments
The carrot digging and food site marking studies are
useful experimental paradigms within which to study the
relationships between motivational factors, social
enhancement, social learning and social transmission.

In

both cases further studies would greatly clarify the
mechanism of communication between demonstrator and
observer.

In the case of the carrot digging experiments, it

would be useful to attempt to restrict experimentally
specific types of sensory communication between demonstrator
and observer.

This would provide a means of investigating

which sensory modalities play important roles when the
communication of information takes place.

For example,

using a perpex, rather than a wire mesh, divider between the
animals would help to determine to what extent gustatory
contact between the animals was important.
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Moreover, it

would be possible to further investigate the impact of
motivational factors such as hunger by food depriving the
animals prior to the observational phase.

In the case of

the food site marking experiments, it would be interesting
to change over the diets in the marked and clean bowls after
the demonstration phase as a means to establishing whether
it is food related, or general "eat-here" cues which mediate
communication.

Replacing the demonstrators' faeces with the

faeces of other animals would also provide a means of
examining whether they contain diet-related cues.

The use

of interchangeable perspex tiles to investigate the pattern
of urine marking has already been suggested.

It would also

be interesting to introduce further food bowls into the
enclosure at test, for example a clean bowl containing the
same diet as the soiled bowl, to investigate the extent to
which the rats will generalise their socially learned
preferences from one bowl, or diet, to another.
Very little is known about the extent to which the
relatedness of demonstrator and observer affects social
learning.

In all of the experiments in this thesis

demonstrator and observer are unrelated adult males.
Parent-offspring or sibling relationships may be more likely
to manifest social learning.

The dominance relationship

between the animals may also affect the likelihood of social
learning.

It may be that the passage of socially learned

information more readily goes from dominant to subservient
than vice-versa.

In free interaction dominance

relationships may also effect which animals scrounge and
which learn to produce.

The effects of relatedness and

dominance could be investigated with similar social learning
and transmission studies to those in the thesis.
The transmission studies could also be built upon in
several ways.

In the case of the carrot digging studies,

further chain experiments in which demonstrator and observer
interact freely would help to establish the extent to which
scrounging behaviour can result in a decay in transmission.
Moreover, other experiments manipulating the ratio of
demonstrator to observer would help to clarify the
suggestive results of experiment 5.

In the case of the food

site marking experiments, a comparative study which
investigated the effects of strain differences in
predisposition towards diets on the social transmission of
diet preferences would be a particularly exciting prospect.
Moreover, the demonstrators1 and observers' sex might prove
worthy of study as a variable that affects transmission, as
sexual information is known to be communicated with rat
urine marking (Brown 1985).

Rat social odours can also

carry information about dominance relations and relatedness
of individuals (Brown 1985), which may affect the
transmission of food preferences.
Further transmission studies which investigate the
diffusion of foraging information or food preferences
through a freely interacting population would complement the
transmission chain experiments of the thesis.

Such

experiments would also generate data with which to test a
theoretical model of social transmission.
Relatively few controlled laboratory studies of social
transmission in animals have been undertaken.
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It is hoped

that the experiments in this thesis demonstrate that such
studies are a worthwhile extension to social learning
experiments, with a great deal of potential to further our
understanding of animal "cultures".

6.2

social learning and transmission theory
One of the principal problems facing students of animal

social learning and transmission is the lack of a coherent
theoretical framework.

There is no formal theory of animal

social learning, and no formal links have been developed
with contemporary animal learning theory (Rescorla & Wagner
1972? Mackintosh 1975).

This is manifest in the failure to

develop a non-arbitrary classification scheme of social
learning processes, and the resultant terminological
confusion.

There is a real need to develop a theoretical

framework, within which the relationships between individual
learning, social learning, social transmission can be
explored? and which can accommodate species learning
differences.
A simple logistic model of animal social transmission
may serve as a useful predictive device on which to base a
theory of animal social transmission.

The model developed

for the analysis of gene-meme linkage disequilibrium could
potentially be employed for any population in which there
are differential rates of social transmission amongst sub
groups, for example, sex, or age differences.

Frequency-

dependent models can be applied to the dynamics of the
interaction between a socially transmitted food related
trait and scrounging behaviour (Lefebvre 1988).
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One

advantage of the models developed in chapter 8 is that the
rate parameter (a) can be broken down into sub-parameters,
to investigate the factors affecting diffusion.

6.3

foraging theory
The experimental work in this thesis, and other studies

of social learning in rats (Galef & Wigmore 1983; Galef
1988b), suggest that the foraging behaviour of rats may be
strongly influenced by social learning and transmission.
Foraging theory in animals has been fruitfully studied by
behavioural ecologists using formal optimisation models (eg.
Stevens & Krebs 1986).

These models are based on the

assumption that animals will act so as to maximize their
rate of energy intake while foraging.

Some of the knowledge

required for animals to maximize their energy intake may be
learned, for example, details of food availability in the
local environment.

Social learning may affect the foraging

behaviour of many species of animals, and an empirical and
theoretical investigation of how this might occur might
prove useful.
Foraging models typically relate to prey choice or
patch exploitation by a predator.

In order to select prey

items optimally, animals should rank prey types according to
profitability (energy yield per unit handling time, or E/h)
and should be sensitive to the overall abundance of all but
the worst prey items.

While the experiments in this thesis

suggest that social learning typically enhances foraging
efficiency, other studies (eg. Galef 1986) have found that
social learning can induce learners to choose diets with low
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energy yields and high handling times.

In cultural

organisms, diet choice may not just depend on prey
profitabilities but also on the diet choices of
conspecifics.

Relatively few models have been developed to

deal with how animals acquire information about prey
profitabilities (Shettleworth 1984), and it is possible that
this information may be socially transmitted.

There are a

number of social learning mechanisms by which rats acquire
food preferences (Galef & Wigmore 1983; Galef & Clarke 1971;
Galef 1988b), and these suggest that social transmission may
exert a powerful influence on prey identification and
selection in natural populations.

Foraging theory models

have been developed to deal with optimal ways of learning or
of using information available to assess prey and patch
quality (eg. Krebs, Kacelnik and Taylor 1978).

Typically

such models assume that this information is acquired through
sampling between prey or patch types, but social
transmission may play a role.

For example, (demonstrator)

foragers may direct (observer) individuals attention to
quality patches by a local enhancement mechanism, cutting
down sampling time.

The food site marking behaviour studied

in this thesis may constitute one means by which natural
populations effectively mark patches of food.

Social

learning processes may also affect individuals' allocation
of time to patches, the decision as to when to leave a
patch, and the rate at which foragers encounter items of
food.

Taking social learning and transmission into

consideration is likely to lead to different predictions to
those made by most models of foraging behaviour, and this
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can be readily investigated with appropriate
experimentation.
Similarly, formal models of social transmission and
cultural inheritance may have something to say about
foraging behaviour.

For instance, Boyd & Richerson (1985)

have considered the dynamics of a population in which
phenotypes modified by learning were culturally transmitted.
The cultural transmission of this "guided variation" creates
a force which increases the frequency of the variants
favoured by learning, moving the mean value of the trait
towards its optimal value.

Social transmission of diet

choice, in the form of guided variation, might be expected
to optimize the diet selection of cultural populations.

It

would be a useful exercise to develop formal models of
"cultural foragers", and investigate their behaviour.

6.4

duel inheritance models
Dual inheritance models, and models of the interaction

between learning and natural selection, have a great deal to
offer many scientific communities, particularly the fields
of animal evolution, animal proto-cultures, animal
sociobiology, and population ecology.

For example, these

models have the potential to shed light on the dynamics of
population numbers, morphs, and allele frequencies, and
their coevolution in cases of frequency-dependent and
habitat selection.

Although the term "dual inheritance"

implies that these models apply to cultural organisms,
similar models can be developed for learners incapable of
social transmission.
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The models developed in chapter 8 have only begun to
investigate the relationship between animal learning and the
processes of population genetics.

In theory, models which

consider more than one genetic and memetic locus could be
developed.

Dual inheritance models of this type may prove a

fruitful means by which to investigate the evolution of
learning and social learning abilities (Boyd & Richerson
1985 1989).

Several other variables not yet considered will

affect the relationship between genes and memes, including
gene and meme flow, migration, linkage disequilibrium,
inbreeding, genetic and cultural drift, and continuous
memetic variation.

More sophisticated models should take

these factors into account.

One way to explore these

relationships further would be to build on theoretical
models of habitat selection (Levine 1953), frequencydependent selection (Wright 1969; Slatkin 1979a b? Clarke,
Shelton & Mani 1988), and maternal inheritance (Kirkpatrick
& Lande 1989).

6.5

measuring the genetic response to learning and social

transmission
There is very little empirical data to date which
promotes an understanding of the feedback effects that a
capacity for learning may have on genetic inheritance.

The

logical next step for an empirical investigation of the

of

role^social transmission in evolution would be to conduct
experiments which attempt to measure the genetic response of
a population to changed selection pressures brought about b^
social transmission.

One approach would be to compare the
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change in frequency of a specific allele in populations with
and without their natural capacity for social transmission.
An alternative approach would be to broaden the study to an
investigation of the causal role that a capacity for
learning might play in evolution.

As was argued above, in

theory learned behaviours could spread through a population
through natural shaping (Galef 1980), without any capability
for social transmission.

It would then be possible to

conduct experimental work using Drosophila, which have the
advantage of a short generation time, and for which the
genetics are well understood.

Although there is no evidence

that Drosophila are capable of social learning their
learning capabilities are now well documented (Tully 1987?
Dudai 1988) and learning mutants have been isolated (Dudai
1988)•

It may be possible to monitor the change in

frequency of target alleles, such as those which control eye
colour or alcohol tolerance, in populations of learners and
non-learners, situated in heterogeneous environments in
which learning may change the selection pressures acting on
these alleles.

7. SUMMARY
This chapter commenced with a recapitulation of the
goals of the thesis.

A summary was then given of the main

empirical findings for both the carrot digging and food site
marking studies.

In both cases strong evidence was found

for social transmission, and several parameters which affect
its stability were identified.

The relevance of the

experimental work to the animal social learning literature
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was discussed.

A precis was then given of the conclusions

drawn from the theoretical work in chapter 8, which were
discussed in the light of the empirical findings.

It was

concluded that social transmission may indeed play an
evolutionary role, although some hypotheses are more likely
than others.

Finally, some suggestions were made for

further research.

These include (i) further social learning

and social transmission experiments, (ii) ideas for the
development of animal social learning and transmission
theory, (iii) potential implications of social learning and
transmission to foraging theory, (iv) the potential of dual
inheritance models in population biology (v) and experiments
designed to measure the genetic response of a population
when social transmission has changed selection pressures.
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8.

Appendix la
(LW Genes, mind and Culture (1981)

chapter 4 Gene-Culture

Translation).

LW consider an egalitarian society with N members, in which
two culturgens, cl and c2, compete for use in the group, nl
individuals using cl and n2 , c2.

Each individual

repeatedly reevaluates culturgen usage, and may switch
culturgens, depending on his/her epigenetic rules.

They

define ufJ. to be the likelihood that, at any decision point,
a ci individual will adopt cj, and vice versa.

The rates at

which decision points arise are not assumed to be equal for
cl and c2 users, but given by rl and r2.

The rates at which

individuals change culturgens is then given by v fj where
rl(un -l)

rlu12

r2u21 r2 (u22-l) #

(4-5 pll2)

At any time t, the society can be described by the number of
individuals with cl and c2 with the vector n = (nl, n2).
P(n,t) is then the likelihood that at time t the group has
nl persons with culturgen cl, and n2 with c2, such that
(4-14 pll8)
r\
LW distinguish one particular state n of the society from
all other possible states n*.

The probability flux into the

state (increase in P(n,t) due to individuals from other
states changing to n) is then
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(4-15 pll8)
'n
^ f ( n 't)Rn
where
is the probability per unit time of transition
from state n' to n for the system as a whole, and P(n',t) is
the probability of being in n*.

Similarly the probability

flux out of state n is
(4-16 p!18)
and the rate of change of P(n,t) is given by the "balance
equation"
A. P(n,t)
dt

P(n»,t)Rn,n - T p j n , ^ ^ ,
r\fr\

LW then assume that if dt is small then the probability of
more than one individual facing a decision in dt is small
enough to be ignored.

If the society moves from state

(nll,n2') at time t to state (nl,n2) at time t+dt, and only
one person changed culturgen, then
either

(nl',n2l) = (nl+l,n2-l)

or

(nl*,n21) = (nl-l,n2+l)

(4-18 pll9)

Similarly, if the society shifts from state (nl,n2) to state
(nl,,n2l) in dt, then either one person switched from c2 to
cl,
(nl',n2') = (nl+l,n2-l)
or one person switched from cl to c2
(nl',n2») = (nl-l,n2+l)

(4-19 pll9)

It follows that the whole group transition rate to or from
state n = (nl,n2) is equal to the transition rate v,j(nl,n2)
for single individuals multiplied by the number of
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individuals in the culturgen usage group from which the
transition took place
R <nU1,n2-1> -> C n 1.n 2)
R (n1-1#n2+1> -> (n1,n2>
R (n1f n2) -> <n1+1,n2-1>
R (n1f n2) -> <n1-1#n2*1>

= (nl+1) V , 2 (nl+1,n2-l)
” (n2+l) V21(nl-1,n2+l)
“ n2v21(nl,n2)
*
nlV12(nl,n2)
(4-20 pll9)

Putting these terms in (4-17) gives the "master equation"

d P(nl,n2,t) = (nl+1)v12(nl+l,n2-l)P(nl+l,n2-l,t)
dt
+ (n2+l) v21(nl-l,n2+l) P(nl-l,n2+l, t)
- [nlv12(nl/n2) + n2v21(nl,n2) ]P(nl,n2,t)
(4-21 p!20)
LW convert this to the diffusion equation
^ tP(£»t) = -d[X(£)P(£,t)] + _l_c?[Q(£.)P(£,t)]
2
where

(4-26 pl23)

X(£) - (1-E.)v12(£) - (l+£.)v21(£)
Q(£)

= 2_(1-£)v12( &

+

N

2 J 1 + 0 v 21 ( 0

N

where £ = n2-nl , a scaling variable such that -1 < £ < 1
N
This transformation allows LW to deal with populations of
varying N.

Instead of making predictions about nl/n2 they

predict £.

With the conversion to a diffusion equation, £-

can be assumed to have a continuous range of values.

This

has solution
P(£) =

C expf2f*X(£*)
I
d£*
Q(t)
1*1 Q(£')

where C is a constant.

(4-28 pl23)

LW analyze the effect of innate

biases and frequency-dependent social learning by
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manipulation of v r} (£) , and plotting the resultant
ethnographic curve.

If v^.(£) is constant then the spread

of the culturgen is independent of general use, and
controlled by innate biases.

If V|j(£) is a function of (£)

then the likelihood of adopting a culturgen is a function of
its frequency.

The "assimilation function"

is given by

Vfjte) - V-f^ela)
where v^.0 is the "raw" (innate) bias, and fjj(£|a) the
"updating function" (social learning function).

LW place

most weight on the "exponential trend watcher" model
v12(&) ■ a2exp(al ) v21(£.) « a3exp(-al )
where a2 and a3 represent innate biases.

As more and more

individuals adopt one culturgen, the probability of the rest
switching to it increases exponentially.

Innate biases are

amplified at the societal level (see Figure 1.2).
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Appendix lb
(LW Genes, mind and Culture (1981)

chapter 6

The

Coevolutionary Circuit)

As with gene-culture translation, the epigenetic rules are
genetically determined, and, together with the pattern of
culturgen use in the population, they determine the
probabilities of individuals of each genotype switching from
one culturgen to another (v^) .

(see appendix la)

The next step is to calculate the mean frequency of cl
users in the population (v).

LW begin by arguing that the

probability distribution G(nlAA,nlAa,nlaa), which takes
account of the frequency distribution of culturgen use
within the three genotype classes, is the product of three
independent distributions, each binomial.

This means that

they assume that the decisions of individuals are
independent, or
G(nlAA,nlAa,nlaa) = G(nlAA)G(nlAa)G(nlaa)
(6-14 p278)
Thus the mean frequency of cl use amongst the AA is simply
the probability that an AA person will choose cl.

This

allows LW to derive their "coevolutionary equation" for the
culture pattern of cl
V = P^v^fv)
— — — — — — — — — — — — — — — — — — —

V,“ (V) + V21**(v)

2ptqtv21Aa(v)
+

— — — — — — — — — — — — — — — — — — —

v12Aa(v) + v21Aa(v)
<3t2v21a*(v)
+ ----------------------324

V128<I(V) + V21aa(v)
(6-21)
Thus the mean frequency of cl users, v, is given by the
probability that a person of a given genotype will choose
cl, multiplied by the frequency of the genotype, and summed
over all genotypes,
LW bring genotype fitness into the models by defining
fertility in terms of the resources ("rewards") gathered.
An individual of genotype GjGj using culturgen ck obtains the
resource at rate Jk units per unit time.

The rewards are

offset by the costs of building and maintaining a nervous
system ("bearing costs", Lij) and using it at decision
points ("transition costs", C ijT/tC) , where

is the mean

time between decisions (assumed equal for each culturgen).
This gives the reward equation

(6-25 p282)
where

= the probability that an organism of genotype ij

is using culturgen k at time t.
[It is not clear why the sign of the last term is not
negative, given that this is a cost.

Most reviewers assume

this is a small error and, for subsequent analysis, change
the sign (Maynard-Smith & Warren 1982? Kitcher 1985).]
LW then define the "fertility map" (F1J), a function
that allocates gametes to genotypes depending on the rewards
harvested and the costs.

If the number of gametes emitted
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by each genotype is 2F1J, then with random mating, the
frequency of allele A in the zygotes is given by

Pt.1 - (F**Pt2 + F^q,)
(F^p*2 + 2FAaptqt + Faaqt2)

(6-31 p283)

LW go on to define the fertility function
Fij = F1jmax[1-exp(-bijRij)]

(6-45 p289)

As more resources are gathered exp(-biJR ij) -> 0, thus
F1j -> Fijmax .
Expression 6-31 is the recursive expression for allele
frequencies that LW use in their simulations.
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Appendix lc
(BR Culture and the Evolutionary Process

Chapter 3. The

cultural inheritance system)
Individuals acquire variant c or d from n models.
the value 1 to c and 0 to d.

BR assign

Let Xf be the numerical value

of the cultural variant of the ith model, in a particular
set of cultural parents.

Let A { be the importance of the

ith parent in transmission.

Then in the case of n models,

the probability that a naive individual acquires c given
that n cultural parents have traits that take on the
particular values X,...Xn is
(3.13 p66)
A

To predict the frequency of c after transmission, p', BR
weight the probability that the naive individual acquires
variant c given that he or she is exposed to a given set of
models, by the probability that the set of models is formed,
summed over all sets of models.

This gives
(3.14 p66)

If the formation of sets of models is random then p'=p.
This model is easily modified for horizontal
transmission.

BR consider a population at time t.

During

an interval dt each individual contacts n-1 individuals
(models).

At t+dt each individual either retains his/her

preexisting cultural variant with probability A1# or adopts
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the variant of the ith individual encountered with
probability A,.

Then

A
P (c|X,,...X„) = 2 . A,X,

(3-19 p69)

This has the same form as 3-13.

The only difference is

conceptual: to model horizontal transmission BR allow an
individual to be one of its own cultural parents.

328

APPENDIX 2

RELIABILITY DATA FOR CARROT DIGGING EXPERIMENTS

An attempt was made to assess the intra- and inter
experimenter reliability of the measures which constituted
the dependent variables in the carrot digging studies.

A

video recording of 4 foraging animals was observed by the
experimenter twice, and also by a colleague.

For the number

of carrots unearthed the correlations, mean differences, and
standard deviation of differences, between scores are
r=0.87, X=0.25, sd=0.43 for intra-experimenter and r^l.O,
X=0, sd=0 for inter-experimenter reliability.

For time of

onset of digging these measures are r=.62, X=11.75, sd=9.42
and r^O.41, X=*9.5 sd=9.23 for intra- and inter-experimenter
reliability respectively.

For time of unearthing first

carrot these measures are r=.99, X=1.25, sd=1.64 and r=0.99,
X=31.5 sd=34.53 for intra- and inter-experimenter
reliability respectively.

For activity these measures are

r=0.89, X=1.0, sd=0.71 and r=0.96, X=4 sd=0.71 for intraand inter-experimenter reliability respectively.

These

scores show a good concordance, and it is argued that
reliability is high.
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PROGRAM 1;

(Gene-culture coevolution pro gra m 1}

(GENE-CULTURE COEVOLUTION.

ft************;!'#*******;!';):#*#*****
Program 1.

Single gene locus/2 alleles. Single meme locus/2 memes.
Fitnesses allocated to pheno-genotypes.
Logistic models of social transmission.
N d ’ = N d (i ) = Ne

(1 )

[1 + {Ne/No - 1 )*exp(-ln(1+a)*i)]
where rl = N d * / N e
= p [1 + p*rl*sl

P*

+ q*h(rl*sl

+ r2*s2)]

2)

[1 + p*rl*sl(p + 2 q h ) + q*r2*s2(q + 2 p h )]
rl* = rl[l + p*sl(p + 2qh)]

(3)

[1 + p*rl*sl(p + 2qh) + q*r2*s2(q + 2ph)
Fitnesses.
GG

Gg

M

1+sl

l+h*sl

m

1

l+h*s2

gg

1

l + s2

INPUT initial frequencies of genes and memes, selection coefficients,
j
Parameter for rate of spread of innovative meme (a), population
size, heterozygosity, and number of cultural generations per
biological generation.
jUTPUT equilibrium frequencies for genes and memes, number of
generations till equilibrium reached.

/
|

USES CRT;
VAR p,q,sl,s2,h,rl,r2,a,pf irst,freq,N d ,N O ,NO f irst,frem:REAL;
count,memcount,i,Ne,tag:INTEGER;

PROCEDURE selection(VAR p , q ,r l ,r 2 ,s i ,s 2 ,h ,N d :R E A L ;VAR N e ,count:INTEGER);
begin
{selection}
p:=p*(l+p*rl*sl+q*h*(rl*sl+r2*s2))/(l+p*rl*sl*(p+2*q*h)+q*r2*s2*(q+2
P * h ) );

r l :=(rl*(l+p*sl*(p+2*q*h)))/ (l+p*rl*sl*(p+2*q*h)+q*r2*s2*(q+2*p*h))

^V/V«11U . - L U U I 1

I T

1 y

>

end;
P R O C E D U R E m e m t r a n s (V A R r l ,r 2 ,a ,N d ,N O :R E A L ;VA R N e ,i :I N T E G E R );
begin
{ m emt ra ns }
N O := N d ;
N d : = N e / ( l + (( Ne/NO ) - l ) * E X P ( - L N ( 1+a )* i ) ) ;
r l := N d / N e ;
r 2 := 1 - r 1 ;
end;
PROCEDURE output(VAR
t: I N T E G E R ) ;

p f i r s t ,s 1 , s 2 ,h ,a ,p ,r 1,N O f i r s t :R E A L ;V A R N e ,c o u n t ,m e mc o u n

begin
{output}
CLRSCR;
{ I n i ti al c o n d i t i o n s }
W R I T E ( ’I N I T I A L C O N D I T I O N S ’ );
WRITELN;
W R I T E L N ( ’F r e q u e n c y of G: * ,pfirst);
WRITELN( ’S e l e c t i o n c o e f f i c i e n t for G: *,s 1 ) ;
W R I T E L N ( ’S e l e c t i o n c o e f f i c i e n t for g: ’ ,s2);
W R I T E L N ( ’D o m i n a n c e ’ ,h);
W R I T E L N ( ’P o p u l a t i o n size: ’ ,Ne);
W R I T E L N ( ’I n i ti a l n u m b e r of i n n o va t or s : ’ ,N0first);
W RITELN( ’F r e q u e n c y of M: ’ ,N O f i r s t / N e ) ;
W R I T E L N ( ’S t r e n g t h of t r a n s m i s s i o n , a = *,a );
W R I T E L N ( ’V a l u e of i = ’ ,i );
W RITE L N ;
W RITE L N ;
{Equilibrium conditions}
W R I T E L N ( ’N u m b e r of g e n e r a t i o n s u n t i l m e m e is f ixed
W R I T E L N ( ’A f t e r ’ ,c o u n t , ’ g e n e r a t i o n s ’ );
W R I T E L N ( ’F r e q u e n c y of G: ’ ,p);
W R I T E L N ( ’F r e q u e n c y of M: ’ ,rl);
W R I TE LN ;
r e p e a t u nt il k ey p r es s ed ;
end ;
BEGIN
{ P r o g r a m 1}
C LR SCR;
{ c l e a r i n g screen}
{ INPU T D AT A}
W R I T E ( ’I ni t ia l f r e q u e n c y of G ? ’ );
R E A D ( p );
q : =1- p ;
pf i r s t := p ;
W R I T E ( ’S e l e c t i o n c o e f f i c i e n t for G ? ’ );
R E A D ( s i );
W R I T E ( ’S e l e c t i o n c o e f f i c i e n t for g ? ’ );
R E A D (s 2 );
W R I T E ( ’D o m i n a n c e , h ? ’ );
READ(h);
W R I T E ( ’S iz e of p o pu l a t i o n , N e ? ’ );
R E A D (Ne ) ;
W R I T E ( ’I n i t i a l n u m b e r of i n no va to rs , N O ? ’ );
R E A D (NO ) ;
N Of i r s t :=N0 ;
r l := N 0 / N e ;
r 2 :=1- r l ;
W R I T E ( ’R at e of sp re a d of i n n o v a t i v e mean, a ? ’ );
R E A D (a );
W R I T E ( ’N u m b e r of m e m e t i c g e n e r a t i o n s p e r g e n e t i c

is

’, m e mc oun t);

g e n e r a t i o n ? ’ );

N d :=NOf i r s t ;
tag:=0;
CLRSCR;
{clearing screen}
REPEAT
{calculation}
freq:=p;
f rein: = r l ;
m e m t r a n s (r l ,r 2 ,a ,N d ,N O ,N e ,i );
selection(p,q,rl,r2,sl,s 2 ,h ,N d ,N e ,c o u n t );
If (t a g = 0 ) AND (ABS(frem-rl)<0.0001) THEN
begin
t a g :=1;
m e m c o u n t := c o u n t ;
end;
UNTIL (A B S (f r e q - p )<0.0001) AND (tag=l) OR (ABS(p-(l-l/t2*Ne))))
o u t p u t (pfirst,sl,s2,h,a,p,rl,N0first,Ne,count,memcount);
END.

L

;

PROGRAM 2;

(Gene-culture coevolution program 2}

[GENE-CULTURE COEVOLUTION.

Program 2.

Single gene locus/2 alleles. Single meme locus/2 memes.
Fitnesses allocated to pheno-genotypes.
Logistic models of social transmission.
(1 )

Nd * = Nd(i) = Ne
[1 + (Ne/No - 1 )*exp(-ln(l+a)*i)]
where rl = Nd*/Ne

(2 )

P* = p [1 - r2*s(p + qh)]

[1 - p*r2*s(p + 2qh)]
rl* = rl

(3)

[1 - p*r2*s(p + 2 q h )]
Fit n e s s e s .

GG

M

1

m

1 - s

Gg

gg

1

1

1 - h*s

:

1

:NPUT initial frequencies of genes and memes, selection coefficients,
Parameter for rate of spread of innovative meme (a), population
size, heterozygosity, and number of cultural generations per
biological generation.
tUTPUT equilibrium frequencies for genes and memes, number of
generations till equilibrium reached.
UT OFF CRITERION:
[A B S (p ’- p )<0.001 AND A B S (r l *- r l )<0.001] OR [p<(l/2Ne)J

USES CRT;
VAR p,q,s,h,rl,r2,lasta,a,pfirst,freq,Nd,N0,N0first,fremrREAL;
count,memcount,i,Ne,tag:INTEGER;
ans:CHAR;

PROCEDURE inputs(VAR p ,q,pfirst,s ,h ,N O ,NOfirst,r l ,r 2 ,a:REAL;VAR i,Ne:INTE
ER);

NO:=1;
a: =1;
i :=5;
WRITE(*Initial frequency of G ? 1 );
READ(p);
q:=i-p;
pfirst:=p;
WRITE(’Selection coefficient?’);
READ(s);
WRITE(’Dominance,h? ’);
READ(h);
NOf irst:= N0;
r l :=N0/Ne;
r 2 :=1- rl;
end;

PROCEDURE inputl(VAR p,q,pfirst,s,h,NO,NOfirst,r l ,r2,a:REAL;VAR i,Ne:INTE
JER);

begin
CLRSCR;
{clearing screen}
{INPUT DATA}
WRITE(’Initial frequency of G ? * );
READ(p);
q:=l-p;
pfirst:=p;
WRITE(’Selection coefficient?’ );
READ(s);
WRITE(’Dominance, h ? ’);
READ(h);
WRITE(’Size of population, N e ? ’);
READ(Ne);
WRITE(*Initial number of innovators, NO?*);
READ(NO);
N0first:=N0;
r l :=N0/Ne;
r 2 :=1- r l ;
WRITE(*Rate of spread of innovative mean, a?*);
READ(a);
WRITE(’Number of memetic generations per genetic generation?*);
READ(i );
end;
PROCEDURE selection(VAR p,q,rl,r2,s,h,Nd:REAL;VAR N e ,count:INTEGER);
begin
{selection}
p:=p*(l-r2*s*(p+q*h))/(l-p*r2*s*(p+2*q*h));
rl:=rl/(l-p*r2*s*(p+2*q*h));
q:=i-p;
r 2 :=l-rl;
Nd:=rl*Ne;
c o unt:=count+l;
end;
PROCEDURE memtrans(VAR rl,r2,a,Nd,N0:REAL;VAR N e ,i :INTEGER);
begin
{memtrans}
N O := N d ;
Nd:=Ne/(l+((Ne/NO)-l)*EXP(-LN(l+a)*i ));
r l :=Nd/Ne;
r2:=l-rl;
end;

q:=l-p;
N O :=NOfirst;
N d := N O ;
r l :=Nd/Ne;
r 2 :=l-rl;
c o u n t :=0;
end;

PROCEDURE output(VAR pfirst,s ,h,a,p,rl,NOfirst:R E A L ;VAR Ne,count,memcount:IN

EGER);
begin
{output}
CLRSCR;
{Initial conditions}
W R I T E ( ’INITIAL CONDITIONS’);
WRITELN.
WRITELN 'Frequency of G; ’,pfirst);
WRITELN ’Selection coefficient: *,s);
WRITELN ’Dominance: ’,h);
WRITELN ’Population size: *,Ne);
WRITELN ’Initial number of innovators: ’,NOfirst);
WRITELN ’Frequency of M: *,N0first/Ne);
WRITELN ’Value of i = ’,i );
WRITELN
WRITELN
{Equilibrium conditions}
WRITELN( ’EQUILIBRIUM CONDITIONS*);
IF tag=l THEN
begin
WRITELN(*Not preserved with a= *,lasta);
WRITELN(’Preserved with a= *,2*lasta);
end ELSE
WRITELN(’Preserving value of a = *,lasta);
WRITELN(’After *,count,* generations’ );
WRITELN(’Frequency of G: *,p);
WRITELN(’Frequency of M: *,rl);
WRITELN;
repeat until keypressed;
end;
BEGIN {logl}
CLRSCR;
{clearing screen}
W RITELN( ’Do you want short or long input?’);
WRITELN(*If short then we assume:*);
WRITELN(*Ne=200, N0=1, i=5, and first a = l ’);
W RITELN( ’Type S or L ’ );
READ(ans);
IF (ans = ’s ’) OR (ans = ’S ’) THEN
begin
inputs(p,q,pfirst,s,h,N0,NOfirst,r l ,r 2 ,a,i,Ne);
end
ELSE input1(p,q,pfirst,s,h,NO,NOfirst,rl ,r2,a, i,Ne);
count:=0;
{declarations}
N d :=N0f irst;
t a g :=0;
CLRSCR;
{clearing screen}
REPEAT
lasta:=a;
reset(p,q,rl,r 2 ,N d ,N O ,c o u n t );

memt r a n s ! r l ,r 2 ,a , N d ,N O , N e ,i );
s election(p,q,rl,r2,s,h,Nd,Ne,count);
If p < 0 .005 THEN t a g :=1;
UNTIL ((ABS(freq-p)<0.001 ) AND (ABS( frem-rl X 0 . 0 0 1 )) OR (tag=l);
IF a > 0 .01 THEN a:=a/2;
UNTIL (t a g = l ) OR (a<0.011);
outp u t (pf irst,s,h,a,p,rl,NOfirst,Ne,count,m e m c o u n t );
END.

PROGRAM 3;
[Gene-culture coevol uti on program 3}

(GENE-CULTURE COEVOLUTION.
t* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Program 3.

Single gene locus/2 alleles. Single meme locus/2 memes.
Fitnesses allocated to pheno-genotypes.
Logistic models of social transmission.
Memetic polymorphism modelled with reversion rate, where
d(Rev)/dt = b*Nd

(1)

Nd * = N d (i ) = Ne*(l-g)

(2)

[1 + (Ne/No - 1 - g*Ne/No)*exp(-ln(l+a)*(l-g)*i)]
where rl = Nd*/Ne

and g = b/LN(l+a)

P* = p[l + p*rl*sl + q*h(rl*sl

+ r2*s2)]

(3)

[1 + p*rl*sl(p+2qh) + q*r2*s2(q+2ph)]
rl* = rl[l + p*sl(p + 2 q h )]

(4)

[1 + p*rl*sl(p + 2qh) + q*r2*s2(q + 2ph)
Fitnesses.

GG

Gg

M

1 + sl

l+h*sl

m

1

l+h*s2

gg

1

l+s2

:

NPUT initial frequencies of genes and memes, selection coefficients,
Parameter for rate of spread of innovative meme (a), population
size, dominance, number of cultural generations per
biological generation, and reversion rate (b).
HJTPUT equilibrium frequencies for genes and memes, number of
generations till equilibrium reached.
UT OFF CRITERION:
ABS(p*-p)<0.001 AND ABS(rl*-rl)<0.001 AND p>(l-l/2Ne)

USES CRT;
VAR p,q,sl,s2,h,rl,r2,a,pfirst,freq,Nd,N0,N0first,frem,b,g:REAL;
c o unt,memcount,i,N e ,tag:INTEGER;
ans:CHAR;

Degin

CLRSCR;
{clearing screen}
s2:=0.01;
N e :=200;
N O :=1;
a:=l;
i i— 5 f
W R ITE(*Initial frequency of G?•*);
R E A D (p );
q:=l-p;
pfirst:=p;
W R ITE(’Selection coefficient for G ? ’);
READ(si);
WRITE(’Dominance, h? * );
READ(h);
W R ITE(’Reversion rate, b? ’ );
READ(b);
g :=b/LN(1+a);
NOfirst:=N0;
r l :=N0/Ne;
r2:=l-rl;
end;

PROCEDURE inputl(VAR p,q,pfirst,s i ,s 2 ,h,N0,N0first,r l ,r 2 ,a,b,g:REAL;VAR i
,Ne:INTEGER);
begin
CLRSCR;
{clearing screen}
{INPUT DATA}
WRITE(*Initial frequency of G ? *);
READ(p);
q:=l-p;
pfirst:=p;
WRITE(*Selection coefficient for G ? * );
READ(sl);
WRITE(*Selection coefficient for g ? ’ );
READ(s2);
WRITE(’Dominance, h ? ’);
READ(h);
WRITE(’Size of population, N e ? ’);
READ(Ne);
WRITE(*Initial number of innovators, N O ? ’);
READ(NO);
N0first:=N0;
rl:=N0/Ne;
r2:=l-rl;
WRITE(’Rate of spread of innovative mean, a?*);
R E A D (a );
W R I T E ( ’Number of memetic generations per genetic generation?’);
R E A D (i );
W R I T E ( ’Reversion rate, b ? *);
READ(b);
g:=b/LN(1+a);
end;
PROCEDURE selection(VAR p,q,rl,r 2 ,s i ,s 2 ,h , N d :REAL;VAR N e ,count:INTEGER);
begin
{selection}
p:=p*(l+p*rl*sl+q*h*(rl*sl+r2*s2))/{l+p*rl*sl*(p+2*q*h)+q*r2*s2*(q+2

P*h));
rl :=(rl*(l+p*sl*(p+2*q*h)))/ (l+p*rl*sl*(p+2*q*h)+q*r2*s2*(q+2*p*h))
q :=i-p;

end;
PROCEDURE memtrans(VAR r1,r 2 ,a ,N d ,N O ,g :R E A L ;VAR N e ,i :INTEGER);
begin
{memtrans}
N O := N d ;
Nd:=(Ne*(1-g))/(l+((Ne/NO)-l-!g*Ne/N0))*EXP(-LN(1+a)*(1-g) * i ));
rl:=Nd/Ne;
r2:=l-rl;
end;
PROCEDURE output(VAR pfirst,s i ,s 2 ,h,a,p,rl,N0first,b:REAL;VAR Ne,count,memco
int:INTEGER);
begin
{output}
CLRSCR;
{Initial conditions}
W R I T E ( ’INITIAL CONDITIONS*);
WRITELN;
W R ITELN( ’Frequency of G: *,pfirst);
W R I TELN!’Selection coefficient for G: ’,sl);
W R I TELN!’Selection coefficient for g: ’,s2);
WRITELN!’Dominance: *,h);
WRITELN!’Population size: *,Ne);
WRITELN!*Initial number of innovators: *,NOfirst);
W R I TELN!’Frequency of M: ’,NOfirst/Ne );
WRITELN!’Strength of transmission, a = *,a);
W R I TELN!’Value of i = ’,i );
WRITELN!’Value of b = *,b);
WRITELN;
WRITELN;
{Equilibrium conditions}
WRITE L N ! ’EQUILIBRIUM CONDITIONS’);
W R I T E L N ! ’After *,count,* generations’);
WRITE L N ! ’Number of generations until memetic equilibrium is ’,memcou

it);
W R I T E L N ! ’Frequency of G:
WRITE L N ! ’Frequency of M:
WRITELN;
repeat until keypressed;
end;

*,p);
*,rl);

BEGIN {program 3}
CLRSCR;
{clearing screen}
W R I T E L N ! ’Do you want short or long input?’);
W RITELN!’If short then we assume:*);
WRITELN!*s2=0.01, Ne=200, N 0 = 1 , a=l, i=5 ’ );
W R I TELN!’Type S or L * );
READ!ans);
IF (ans = ’s ’) OR (ans = ’S ’) THEN
begin
inputs(p,q,pfirst,s i ,s2,h,N0,N0first,r l ,r2,a,b,g,i,Ne);
end
ELSE inputl(p,q,pfirst,s i ,s2,h,N0,N0first,r l ,r 2 ,a,b,g,i,Ne);
count:=0;
{declarations}
Nd:=N0first;
tag:=0;
CLRSCR;
{clearing screen}
REPEAT
{calculation}
freq:=p;
frem:=rl;

begin
tag:=1;
m e m c o u n t := c o u n t ;
end;
UNTIL (ABS(freq-p)<0.001) AND (A B S { f r e m - r l )<0.001) AND (p > ( l - l/(2*Ne)))
output(pfirst,sl,s2,h,a,p,rl,N O f i r s t ,b , N e ,c o u n t ,m e m c o u n t );
END.

(Gene-culture coevolution program 4}

GENE-CULTURE COEVOLUTION WITH GENE-MEME LINKAGE DISEQUILIBRIUM

rogram 4. Single gene locus/2 alleles. Single meme locus/2 memes.
Fitnesses allocated to pheno-genotypes.
Logistic models of social transmission for each genotype.
Different transmission rates for each genotype.
GG
a

Gg
a - hz

gg
a - z

d(Ndi )/dt = lnA[Ndi + Ci][l - Ndi/Ni]

(1)

where Ndi is the number of demonstrators in the population
with genotype i.
i = 1, 2, 3 for GG, Gg, gg respectively.
Ni is the number of individuals with genotype i.
Ci = fwB/(A - l )
where w = a, a-hz, a-z for i = 1,2,3
f = P*P» 2pq, q*q for i = 1,2,3
A = [1 + a - z(2pqh+q*q)]
B = Sum of Ndi(O) for all i.
Solution calculated by numerical integration using predictorcorrector (Euler-trapezoidal) method.
This is followed by selection

!it n e s s e s .
GG

Gg

gg

.

M

:

1

:

1

1

:
:

:

Pg2

Pg3

1-s

:

l-h*s

pg4

:

pg5

1
Pg6

pgl

m

:

NPUT initial frequencies of genes and memes, selection coefficients,
Parameters for rate of spread of innovative meme (w) in each
population, population size, dominance, and number of cultural
generations per biological generation.
UTPUT equilibrium frequencies for genes and memes, number of
generations till e q uilibrium reached.
UT OFF CRITERION:
fABSfp'-pX.OOl] AND [ABS(rl *-rl )<. 001 ] AND [p<(l/2Ne)]

USES CRT;
VAR pgl,pg2,pg3,pg4,pg5,pg6,Ndl,Nd2,Nd3,Ndlest,Nd2est,Nd3est,
NdldtO,Nd2dt0,Nd3dtO,Ndldtest,Nd2dtest,Nd3dtest,numl,num2,num3,f ,t ,tot

ans:CHAR;
PROCEDURE inputs(VAR p,N01,N02,N03,al,s ,h ,z ,N e :R E A L ;VAR i :INTEGER);
BEGIN
{inputs}
CLRSCR;
{clearing screen}
N e :=200;
N 0 1 :=0;
N 0 2 :=0;
N 0 3 :=1;
a l :=1;
i :=5;
W R I T E ( *Initial frequency of G? *);
READ(p);
W R I T E ( ’Selection coefficient?');
READ(s);
W R I T E ! ’Dominance, h?');
READ(h);
WRITE!'Transmission rate disadvantage of genotype gg, z?');
R E A D (z );
END;
PROCEDURE reset(VAR p,q,rl,r2,pgl,pg2,pg3,pg4,pg5,pg6,N0,N01,N02,N03,
al,a 2 ,a 3 ,A ,C l ,C 2 ,C 3 ,N d l ,N d 2 ,N d 3 ,n u m l ,n u m 2 ,n u m 3 ,s ,h ,z ,N e :R E A L ;VAR c o u n t :INTEGER

I;
BEGIN
{reset}
N e :=200;
N 0 1 :=N01first;
N 0 2 :=N02first;
N 0 3 :=N03first;
p:=pfirst;
q:=l-p;
N O :=(N01+N02+N03);
rl:=N0/Ne;
r2:=l-rl;
a2:=al-h*z;
a 3 := a l-z;
A :=(l+al-z*(2*p*q*h+q*q));
C l :=(al*p*p*N0/{A-l))-N01;
C2:=(a2*N0*2*p*q/(A-l) )-N02;
C3:=(a3*N0*q*q/(A-l))-N03;
N d l := N 0 1 ;
N d 2 :=N0 2 ;
N d 3 :=N0 3 ;
n u m l :=p*p*Ne;
n u m 2 :=2*p*q*Ne;
n u m 3 :=q*q*Ne;
P g l :=Ndl/Ne;
P g 2 :=Nd2/Ne;
P g 3 := N d 3/Ne;
p g 4 :=p*p-pgl;
Pg5:=2*p*q-pg2;
pg6:=q*q-pg3;
count:=0;
CLRSCR;
END;
PROCEDURE selection!VAR pgl*pg2,pg3,pg4,pg5,pg6,Ndl,Nd2,Nd3,numl,num2,num3:R
\L;VAR count:INTEGER);
begin

{selection}

Pgl:=pgl/tot;
p g 2 := p g 2 / t o t ;
pg3:=pg3/tot;
p g 4 := p g 4 / t o t ;
P g 5 := p g 5 / t o t ;
p g 6 := p g 6 / t o t ;
N d l := N e * p g l ;
N d 2 := N e * p g 2 ;
N d 3 := N e * p g 3 ;
n u m l :=(p g l + p g 4 ) * N e ;
n u m 2 :=(p g 2 + p g 5 )* N e ;
n u m 3 := ( p g 3 + p g 6 ) * N e ;
c o u n t := c o u n t + l ;
end;
PROCEDURE m e m t r a n s (V A R p g l ,p g 2 ,p g 3 ,p g 4 ,p g 5 ,p g 6 ,a l ,a 2 ,a 3 ,N d l ,N d 2 ,N d 3 ,
n u m l ,n u m 2 ,n u m 3 :R E A L );
begin
{memtrans}
j l :=0;
REPEAT
jl:=jl+l;
j 2: = 0;
REPEAT
j 2 •=j 2 + l {
N d l d t O :=(L N ( A ) ) * ( N d l + C l )*(l - ( N d l / n u m l ));
N d 2 d t 0 :=(L N ( A ) ) * { N d 2 + C 2 )*(l - ( N d 2 / n u m 2 ));
N d 3 d t 0 :=(L N ( A ))* (N d 3 + C 3 )*(1-(N d 3 / n u m 3 ));
N d l e s t := N d l + ( s t e p * N d l d t O );
N d 2 e s t := N d 2 + ( s t e p * N d 2 d t 0 );
N d 3 e s t := N d 3 + (s t e p * N d 3 d t 0 );
N d l d t e s t :=(L N ( A ) ) * ( N d l e s t + C l ) * ( 1-(N d l e s t / n u m l ));
N d 2 d t e s t :=(L N ( A ))* (N d 2 e s t + C 2 )*(1-(N d 2 e s t / n u m 2 ));
N d 3 d t e s t : = ( L N ( A ) ) * ( N d 3 e s t + C 3 )*(1-(N d 3 e s t / n u m 3 ));
N d l := N d l + (s t e p / 2 ) * ( N d l d t O + N d l d t e s t );
N d 2 := N d 2 + {s t e p / 2 )* (N d 2 d t 0 + N d 2 d t e s t );
N d 3 := N d 3 + ( s t e p / 2 )*( N d 3 d t 0 + N d 3 d t e s t );
UNTIL A B S ((1/j 2 ) - s t e p )<0.0001;
UNTIL (jl = i ) OR (j 1 > i );
p g l := N d l / N e ;
p g 2 := N d 2 / N e ;
p g 3 := N d 3 / N e ;
p g 4 :=(n u m l - N d l )/ N e ;
p g 5 :=(n u m 2 - N d 2 )/ N e ;
p g 6 :=(n u m 3 - N d 3 )/ N e ;
end;

PROCEDURE w o r k o u t ( V A R p g l , p g 2 , p g 3 , p g 4 , p g 5 ,p,q* r l ,r 2 ,A , C l , C 2 ,C 3 : R E A L );
begin
p : = p g l + p g 4 + 0 , 5 * ( p g 2 + p g 5 );

q:=i-p;
r l := p g l + p g 2 + p g 3 ;
r 2 := 1 - r 1;
A : = ( l + a l - z * ( 2 ^ p * q * h + q * q ) );
C l :=(a l * p * p * N 0 / ( A - l )) - N 0 1 ;
C 2 :=(a 2 * N 0 * 2 * p * q / (A - l ) )-N02;
C 3 :=(a 3 * N 0 * q * q / (A - l ) )-N03;

en d;

PROCEDURE o u t p u t ( V A R p f i r s t ,s *h ,a l ,p ,r l ,N O ,N e :R E A L ;VAR c o u n t :I N T E G E R );

vyun.oi/n;

{Initial conditions}
W R I T E ( ’INITIAL C O N D I T I O N S ’ );
WRITELN;
W R I T E L N ( Frequency of G: *,pfirst);
W R I T E L N ( *Selection coefficient: *,s);
W R I T E L N ( ’Dominance: *,h);
W R I T E L N ( ’Population size: *,Ne);
W R I T E L N ( *Initial numb e r of innovators: *,N0);
W R I T E L N ( ’Frequency of M: *,N0/Ne);
WRITELN;
WRITELN;
{Equilibrium conditions}
IF (t a g = l ) OR (r l <0) THEN
W R I T E L N ( ’Not preserved with al = *,lasta) ELSE
W R I T E L N ( ’Preserving value of al = *,lasta);
W R I T E L N ( ’After '.count,* g e n e r a t i o n s ’ );
W R I T E L N ( ’Frequency of G: ’,p);
W R I T E L N ( ’Frequency of M: ’,rl);
WRITELN;
repeat until keypressed;
end;
BEGIN
{program 4}
CLRSCR;
{clearing screen}

i :=0;
p g l :=0.0;
p g 2 :=0.0;
pg3:=0.0;
P g 4 :=0.0;

pg5:=0.0;
P g 6 : =0 .0 ;

r l :=0.0 ;
r 2 :=0.0;
N O : =0.0;
a l :=0.0;
a 2 :=0.0;
a 3 : =0.0;
N 0 1 :=0.0;
N 0 2 :=0.0;
N 0 3 :=0.0;
N d l : =0.0;
N d 2 :=0.0;
N d 3 :=0.0;
{INPUT DATA}
W R I T E L N ( 'Do you want short or long input?
Type s or 1 . ’ );
W R I T E L N (* If s, assume Ne=200, N03 = l, N01=N02=0, i=5, and first a=l');
READ(ans);
IF (ans = ’s ’ ) O R (ans = ’S ’ ) THEN
i n p u t s ( p , N 0 1 , N 0 2 , N 0 3 ,a l ,s , h , z , N e ,i )
ELSE BEGIN
{long input}
CLRSCR;
{clearing screen}
W R ITE('Initial frequency of G ? ’);
R E A D (p );
W R I T E ( ' S e l e c t i o n coefficient?');
READ(s);
WRITE('Dominance, h ? ');
READ(h);
W R I T E ( ’Size of population, Ne?*);
READ(Ne);
W R I T E ( 'Initial number of innovators amongst GG,
R E A D ( N 0 1 );

N O 1? * );

W R I T E ( ’R a t e of s p r e a d of i n n o v a t i v e m eme, a l , f or g e n o t y p e G G ? ’ );
R E A D ( a l );
W R I T E ( ’T r a n s m i s s i o n r a te d i s a d v a n t a g e of g e n o t y p e g g , z ? ’ );
READ(z);
W R I T E ( ’N u m b e r of m e m e t i c g e n e r a t i o n s p e r g e n e t i c g e n e r a t i o n ? ’ );
R E A D ( i );
END;

{ IN P U T}

q:=l-p;
pf i r s t := p ;
N 0 1 f i r s t :=N01 ;
N 0 2 f i r s t := N 0 2 ;
N03 f i r s t := N 0 3 ;
N0:=(N01+N02+N03);
r l := N 0 / N e ;
r 2 :=1- r l ;
a 2 := a l - { h * z );
a 3 := a l - z ;
A : = ( 1 + a l - Z * (2 * p * q * h + q * q ) );
C l : =( a l * p * p * N 0 / ( A - l ) ) - N 0 1 ;
C 2 : = ( a 2 * N 0 * 2 * p * q / ( A - l ) )-N02;
C 3 : = ( a 3 * N 0 * q * q / ( A - l ) )-N03;
N d l := N 0 1 ;
N d 2 := N 0 2 ;
N d 3 := N 0 3 ;
n u m l := p * p * N e ;
n u m 2 := 2 * p * q * N e ;
n u m 3 := q * q * N e ;
p g l := N d l / N e ;
p g 2 := N d 2 / N e ;
p g 3 := N d 3 / N e ;
P g 4 := p * p - p g l ;
P g 5 := 2 * p * q - p g 2;
P g 6 := q * q - p g 3 ;
count:=0;
{declarations}
t a g :=0;
s t e p : =0.01;
CLRSCR;
{ c l e a r i n g s c re e n }
REPEAT
l a s t a := a l ;
reset(p,q,rl,r2,pgl,pg2,pg3,pg4,pg5,pg6,N0,N01,N02,N03,al,a2,a3,A,
C l , C 2 , C 3 , N d l , N d 2 , N d 3 , n u m l ,n u m 2 ,n u m 3 ,s ,h ,z ,N e ,c o u n t );
REPEAT
{calculation}
freq:=p;
frem:=rl;
m e m t r a n s (p g l ,p g 2 ,p g 3 ,p g 4 ,p g 5 ,p g 6 ,a l ,a 2 ,a 3 ,N d l ,N d 2 ,N d 3 ,n u m l ,n u m 2 ,i
m3);
s e l e c t i o n ( p g l ,p g 2 ,p g 3 ,p g 4 ,p g 5 ,p g 6 ,N d l ,N d 2 ,N d 3 ,n u m l ,n u m 2 ,n u m 3 ,coui
);

workout(pgl,pg2,pg3,pg4,pg5,p,q,rl,r2,A,Cl,C2,C3);
I F p < 0 .005 T H E N tag:=l;
W R I T E L N ( ’al= ’ ,al,', c o u n t = ’ ,c o u n t , ’ , p= ’ , p , ’ , r l =
UNTIL

(ABS(freq-p)<0.0005) AND

<0);
IF (a l > 0 .01 ) A N D
begin
al:=al/2;

(rl>0)

THEN

(A B S (f r e m - r l ) < 0 .0 0 05 )

OR

’ ,rl);
( ta g= l )

OR

(]

UNTIL

(t a g = l ) O R (al<0.011) OR (rl<0);

o u t p u t ( p f i r s t , s , h , a l , p , r l , N O , N e , c o u n t );
END.
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