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Editors’ Introduction

This special issue of the AISB Journal includes a section comprising fully refereed, ex-
tended journal versions of the three most outstanding contributed papers selected from
amongst those that were presented at the AISB’03 Second International Symposium on
Imitation in Animals and Artifacts but which were not co-authored by symposium pro-
gramme committee members. The symposium was organized by Prof. Kerstin Dauten-
hahn and Prof. Chrystopher L. Nehaniv (Adaptive Systems Research Group, University
of Hertfordshire, U.K.), who are pleased to acknowledge the U.K. Engineering and Phys-
ical Sciences Research Council for support of the interdisciplinary meeting under EPSRC
Grant GR/S57907/01 entitled Social Learning and Artificial Intelligence.

Mark Nielsen and Cheryl Dissanayake’s article investigates three different types of
imitation that can be observed in children: immediate imitation, deferred imitation and
synchronic imitation. In a longitudinal study infants are studied repeatedly during their
second year of life. While immediate and deferred imitation could be observed from
12 months onwards along a similar developmental trajectory, synchronic imitation only
emerged after 18 months. The authors suggest that synchronic imitation is primarily a
communicative behaviour. This contribution stresses the importance of a developmental
perspective in the study of human behaviour and intelligence, as well as the need for
carefully controlled experiments that can aid the understanding of the complexity and
richness of animal and human behaviour.

The contribution by Ross Clement addresses the possible roles of individual versus so-
cial learning in the speciation and evolution of cichlid fish from the African Great Lakes
where different species co-exist, occupying very similar ecological niches. Agent-based
computer simulations study mechanisms of sympatric speciation, varying different en-
vironmental and behavioural parameters. Results point out the importance of learned
behaviour in creating barriers between different populations. This paper gives an exam-
ple of possible contributions of agent-based simulations on social and individual learning
towards a better understanding of specific processes in biological evolution.

Elhanan Borenstein and Eytan Ruppin investigate interactions between evolution and
imitative behaviour where within a generation agents can learn from other members in
the population, ’teachers’ (via horizontal transmission only). The Imitation Enhanced
Evolution (IEE) framework is applied to three tasks, namely the parity problem, the tri-
angle classification problem, and a foraging task. Computer simulations demonstrate that
lifelong adaptive learning via learning by imitation can significantly enhance the perfor-
mance of evolving agent populations. This work exemplifies the evolutionary potential of
learning by imitation in Artificial Intelligence and autonomous agents research.



Imitation

The full proceedings of the symposium contain many other excellent contributions
and are published in K. Dautenhahn and C. L. Nehaniv (Eds.), Proc. Second Interna-
tional Symposium on Imitation in Animals and Artifacts (7-11 April 2003; Aberystwyth,
Wales; AISB’03), The Society for the Study of Artificial Intelligence and Simulation
of Behaviour (ISBN 1-902956-30-7). Also, an edited book based on the topics of the
AISB symposium and tentatively entitled Models and Mechanisms of Imitation and So-
cial Learning: Behavioural, Social and Communicative Dimensions is in preparation for
publication by a well-known scientific publisher.
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Abstract

The aim in this study was to investigate the emergence of immediate imitation,
deferred imitation and synchronic imitation in human infants through the second year. A
longitudinal study was conducted of eighty-six infants at three monthly intervals from 12-
through to 24-months-of-age. At each session the infants were assessed for immediate,
deferred and synchronic imitation. Immediate and deferred imitation was evident in the
infants from 12-months onwards. In contrast, it was not until 18-months that synchronic
imitation began to emerge. Moreover, the infants' engagement in both immediate imitation
and deferred imitation showed a common developmental trajectory that was distinct from the
trajectory for synchronic imitation. It is argued that synchronic imitation, unlike the other
forms of imitation assessed here, is primarily a communicative act.

1 I ntroduction

The vast corpus of experimental research conducted on the imitative abilities of
infants and young children over the course of the last century has established that
observing adults is an especialy powerful way of learning in human children. The
majority of this research has focused on the ability of infants and children to recreate
the actions of others, whether the actions comprise facial and manual gestures or
actions on objects.

Though somewhat controversial, there is evidence that immediate imitation
of facial and manual gestures is present from birth (Meltzoff & Moore, 1977, 1983,
1989, 1994)". Immediate imitation and deferred imitation of actions on objects
appear concomitantly towards the end of the first year (Meltzoff, 1985, 1988b).
Deferred imitation refers to the actions of a model that are reproduced after a delay
without the benefit of immediate practice.

In addition to facilitating the acquisition of new skills and behaviours,
imitation also provides infants with a means by which they can acquire an awareness
of sharing, not only specific actions, but aso the intentions of others (Chapman,
1991). Imitation can therefore function to increase interaction between the imitator

! Though see Anisfield (1991)
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and the imitated and, in so doing, provides an environment in which infants can
engage in sustained communicative sequences.

Towards 18 months of age, certain behavioural and cognitive skills
(Mitchell, 2002; Suddendorf & Whiten, 2001) develop that permit infants to
coordinate their own actions with the thematic specifics of a socia partner’s play,
and this in turn helps generate and sustain valued forms of cooperative action
(Eckerman, Davis, & Didow, 1989; Eckerman & Didow, 1989; Nadel &
Baudonniere, 1980, 1982; Nadel, Baudonniere, & Fontaine, 1983; Nadel &
Fontaine, 1989). A common expression of this achievement in nonverbal
communication is the interest infants show in sustaining dyadic play through what
has been labelled synchronic imitation.

At approximately 18 months, infants begin to show a preference for
engaging with objects that are similar to ones chosen by their play partner, and they
use the common object in a similar postural, motoric, and symbolic way. Such play
is characterised by its inherent reciprocity whereby the partners do not solely adopt
one role but consistently alternate between model and imitator (Nadel et a., 1983).
A feature of synchronic imitation is that infants not only reproduce the behaviour of
their play partner but continue to do so in concert with him or her, al the while
watching the other closely and showing clear signs of enjoyment.

The ability of infants to engage in synchronic imitation has been identified
as a foundation for the onset of verbal language. That is, Nadel and her colleagues
(2002; Nadel, Guérini, Pezé, & Rivet, 1999) argue that synchronic imitation is a
form of prelinguistic communication. As Chapman (1991) has noted, “infants
perform particular actions as a means of signalling to their partners that they wish
them to act in a similar manner, and their partners' actions are understood in the
same way” (p. 214). When infants engage in synchronic imitation they are therefore
able to build long-lasting interactions about an object through the alternation of
imitating and being imitated. More specifically, the long-lasting interactions that
often characterise synchronic imitation episodes in dyadic play lead to the
construction of shared topics with a co-referent and, thereby, present a means by
which infants can learn how to pre-verbally invite participation in play. Turn taking
in synchronic imitation thus provides an important tool for social exchange, and
hence ameans for developing both referential and inferential communication.

Despite the important role that has been attributed to synchronic imitation,
no study to date has investigated the developmental changes in synchronic imitation
through the second year, the period when this ability becomes a feature of typical
infant behaviour. Moreover, the development of synchronic imitation has yet to be
appraised with reference to the development of infants maturing capacities for
reproducing actions on objects. The aim in the research reported here was to address
this gap in the literature.

2 M ethod

21 Participants

Eighty-six infants infants (47 male, 39 female) were seen five times at
intervals of three months from 12 through to 24 months of age. The infants were
recruited from Maternal and Child Health Centres in suburbs surrounding La Trobe
University, Melbourne, Australia. The infants were predominantly Caucasian, of
middle socio-economic status, and participated in this study as part of a larger
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longitudinal investigation (Nielsen & Dissanayake, submitted; Nielsen,
Dissanayake, & Kashima, 2003). All testing was conducted within one month of the
relevant target age.

22 General Procedure

The sessions were conducted in two playrooms at the Child Development
Unit at La Trobe University. Playroom 1 was 5.35 X 4.60 metres and contained a
video camera (that could be operated remotely) positioned above a 1.54 X 1.60
metre play mat placed on the floor. A basket containing a range of toys (see
Appendix A) was placed on the edge of the mat. Playroom 2 measured 2.60 X 2.45
metres and contained a table (120 X 60cm) that was placed between two cameras.
These cameras were used to videotape the infant and experimenter during
administration of the tasks. All infants were tested individually with their primary
carer present.

Upon arrival at the Child Development Unit, the infant and carer were
escorted into Playroom 1. The carer and the experimenter sat on the play mat
together with the infant who was allowed to explore the room. This warm-up stage
was terminated once the infant appeared comfortable with both the playroom
environment and the experimenter (usually less than 5 minutes). The free-play
episode was then conducted followed by the synchronic imitation task. The carer
and infant were then escorted into Playroom 2 and the deferred imitation task was
administered.

2.3 M easur es
231 Immediate Imitation

A Free-Play episode was conducted on the playmat in Playroom 1 at each
session. The carer was asked to play with his or her infant, using the toys from the
basket, exactly as if they were at home. They were also requested to encourage the
infant to return to the playmat if he or she ventured off it. The infant and carer were
left to play alone with the toys. The ensuing fifteen minutes were videotaped and the
exhibition of immediate imitation was later coded continuously from the videotapes
of these episodes. This provided a naturalistic measure of the infant’s engagement in
imitation.

The measure of immediate imitation was coded at each of the six sessions
and was derived from Hart and Fegley (1994). Following Hart and Fegley, to be
coded as an exemplar of immediate imitation the following criteria had to be met:

1. Theinfant had to observe the modelled behaviour from beginning to end.

2. The carer had to pause at the completion of the behaviour as an indication
that the infant was expected to perform the action, or aternatively had to
communicate the expectation verbaly (e.g., “you do it”).

3. Repeated attempts by the carer to model the behaviour within one minute
were not coded.

4. The infant had to perform the action within one minute of observation of
the carer, and repeated attempts by the infant at imitating the same action
were not coded.

Scoring. All exemplars of immediate imitation were coded for the
frequency of carer initiation and frequency of infant response. As the number of
items imitated by the infant is dependent on the number of actions modelled by the
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carer, the dependent variable of immediate imitation was the percentage of modelled
actions adopted by the infant. Where the response of the infant was considered to be
ambiguous, no imitation was coded.

232 Deferred Imitation

The deferred imitation task was adapted from Meltzoff (1985; Meltzoff,
19883, 1988b). All testing took place with the experimenter sitting across from the
infant at the table. The procedure was the same for each session athough the objects
and actions used were changed (a complete list of the objects and modelled actions
isincluded in Appendix B). The procedure consisted of four distinct stages.

Baseline stage. A baseline stage was introduced to ensure that no infant
spontaneously produced the target actions. The experimenter placed the first object
on the table in front of the infant. If necessary the experimenter attracted the infant’s
attention to the object by making neutral comments that did not relate to the task.
The infant was given 30 seconds to explore the object. This procedure was repeated
until the infant had been exposed to three objects. The order in which the objects
were presented was counterbalanced across infants. None of the target actions were
spontaneously produced during this phase.

Modelling stage. Immediately following the baseline stage, the
experimenter modelled the target actions associated with each object in the same
order that the objects had been presented. Each action was modelled four times
within a 30 second period. The experimenter then removed the object from the table
thus ensuring that the infant was given no opportunity to engage with it until the
response stage.

Intervention stage. The last object was placed away and the infant was
engaged in other unrelated tasks for eight minutes.

Response stage. The infant was presented with the objects under the same
conditions as the baseline stage. He or she was given 30 seconds with each object to
produce the target behaviour.

Scoring. All coding was conducted from videotape. The coder was required
to judge whether the target behaviour was produced in the response stage and, if so,
the infant was awarded one point for each action. Therefore, for each session the
infant could receive a deferred imitation score ranging from zero to three.

2.3.3  Synchronic Imitation

The procedure for synchronic imitation was adapted from Asendorpf,
Warkentin, and Baudonniére (1996). The experimenter sat on the play mat opposite
the infant. The infant's carer sat behind the infant and was instructed to avoid
engaging with him or her. The experimenter placed a small tray of four duplicate
toys/objects behind him. The episode commenced when the experimenter took the
first object, offered the duplicate object to the infant, and began the first activity
with that object. The experimenter continuously modelled an action for 15 seconds
and then performed a second action with the same object for a further 15 seconds.
Following completion of the second modelling period, the experimenter placed the
object and its duplicate in the tray behind him and repeated the procedure until the
infant had been exposed to al four objects and their accompanying actions. The
order of administration was counterbalanced across subjects. If the infant stopped
paying attention to the experimenter, the sequence was paused and recommenced
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when the infant reoriented to the experimenter. A complete list of the objects and
modelled actionsisincluded in Appendix C.

Scoring. The combined amount of time each infant spent engaged in
synchronic imitation during the four trials of each session was coded from the
videotapes. Following Asendorpf et al. (1996) a synchronic imitation sequence was
determined to have commenced when the infant took the duplicate object, looked at
the experimenter within 3 seconds, and imitated the action of the experimenter for at
least 3 seconds. The duration of the sequence was coded for as long as the infant
maintained imitation of the modelled action and continued to look at the
experimenter at least once every ten seconds. A synchronic imitation sequence was
considered to have terminated when either the experimenter stopped the activity or
when the infant stopped the activity for more than 3 seconds. For each session the
infant could receive a synchronic imitation score ranging from 0 to 120 seconds.

234 Rédiability

The first author was the primary coder of all measures. A second trained
coder, who was blind to the specific hypotheses of the study, independently
observed and coded the videotapes of 12 randomly selected infants (2 from each
session). Intraclass Correlation Coefficients (Shrout & Fleiss, 1979) were calculated
between the scores of the two coders for each measure. The inter-rater reliability on
all measures was good. The individual coefficients were as follows: Immediate
Imitation 0.75; Deferred Imitation 0.96; and Synchronic Imitation 0.98.

3 Results

31 Immediate | mitation

The mean immediate imitation scores (and 95% confidence intervals) for
each session are presented graphically in Figure 1. At 12-months, the infants
adopted approximately two-fifths of the imitative bids offered by their carers and
this number increased to dightly less than two thirds in the 15-month session. The
proportion of bids adopted then stabilised at this level for the remainder of the study
(though a dlight but non-significant rise was observed at 21-months).
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Figure 1. Mean percent (and 95% confidence intervals) of immediate imitation bids
adopted by infants from 12- to 24-months-of-age.
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3.2 Deferred Imitation

The means (and 95% confidence intervals) for the number of items imitated
(out of atotal of 3) in each session are presented in Figure 2. Similar to the data for
immediate imitation, the number of items imitated increased from the 12- to the 15-
month session, after which performance reached a plateau.

3
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Figure 2. Mean number (and 95% confidence intervals) of deferred imitation (DI)
items exhibited by infants from 12- to 24-months-of-age.

33 Synchronic Imitation

The mean duration (and 95% confidence intervals) of synchronic imitation
exhibited by the infants at each session are presented graphically in Figure 3. Unlike
immediate imitation and deferred imitation, the infants exhibited little synchronic
imitation prior to the 18-month session. However, a marked increase in the duration
of synchronic imitation was observed from the 18-month session onwards. By the
24-month session, infants were spending approximately one third of the 120-second
episode engaging in sustained imitative sequences.
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Figure 3. Mean duration (seconds) (and 95% confidence intervals) of synchronic
imitation exhibited by the infants from 12- to 24-months-of-age.

34 Summary

Infants demonstrated immediate and deferred imitation from the 12-month
session onward. The infants’ exhibition of these two skills increased to the 15-month
session and then remained relatively constant thereafter. In contrast to these
measures of imitation, the infants exhibited little synchronic imitation prior to the
18-month session. However, from 18-months onwards a marked increase in
synchronic imitation was observed.
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In order to enhance comparability across measures, the cumulative
percentage of infants demonstrating at least one example of each measure was
calculated for each session (see Figure 4). Immediate and deferred imitation
emerged in close correspondence with each other. Synchronic imitation emerged
later, and also showed a developmental tragjectory that was distinct from the
remaining two measures of imitation.

— -X— Immd
—6— Defd
—&— Synch

Cummulative Percentage

0 T L} L} L}
12 15 18 21 24

Agein Months

Figure 4. The cumulative percentage of infants showing evidence of immediate
imitation (Immd), deferred imitation (Defd) and synchronic imitation (Synch) at
each session.

4 Discussion

The majority of infants demonstrated a capacity for immediate imitation
and deferred imitation from the 12-month session onward”. Performance on both
measures of imitation increased to the 15-month session, and then remained
relatively constant thereafter. In addition, the percentage of infants demonstrating an
ability to engage in immediate imitation and deferred imitation from 12- through to
the 24-month session was almost identical. These findings are consistent with
Meltzoff’s (1988b) report that the capacity for deferred imitation is a concomitant of
the capacity for immediate imitation. The concordance between the current findings
and those of Meltzoff is notable given that Meltzoff evaluated immediate imitation
through an experimenter-elicited task while ‘spontaneous caregiver €licited
imitation was measured in the current study.

The pattern of results reported here indicates that there is a developmental
digunction in the emergence of synchronic imitation and both immediate and
deferred imitation. This digunction indicates that the exhibition of synchronic
imitation is not solely an outcome of the ability of infants to reproduce the actions of
a modelling adult. In this context, it is worthwhile noting that during administration
of the synchronic imitation task in the 12- and 15-month sessions it was not
uncommon for the infants to reproduce the target actions of the experimenter, but
not to do so continuoudly. That is, they imitated but did not synchronically imitate.

2 As noted previously a capacity for immediate imitation and deferred imitation is likely to exist earlier.
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A potential explanation for the developmental digunction between
synchronic imitation and both immediate and deferred imitation is that, unlike the
latter two skills, synchronic imitation relies on the infant's ability to attribute
‘intentionality’ to others (Asendorpf, 2002; Asendorpf et a., 1996; Suddendorf &
Whiten, 2001). Asendorpf (2002) argues that in order to engage in synchronic
imitation infants must be able to take the perspective of their interaction partner
regarding the on-going use of objects. That is, the infant must appreciate the
experimenter’ s intention for the infant to continue to copy his behaviour and to do so
for asustained period.

It is therefore argued that the exhibition of synchronic imitation is
underpinned by an ability to attribute intentions to others. This argument would be
severely compromised if the attribution of intentionality was first evident in children
either well before or well after the middle of the second year. Fortunately thisis not
the case. A growing body of literature has identified the middle of the second year as
the period when children develop a capacity for reading intentionality into the
behaviour of others (Baldwin & Baird, 2001; Bellagamba & Tomasello, 1999;
Carpenter, Akhtar, & Tomasello, 1998; Meltzoff, 1995; Moore & Corkum, 1998;
Repacholi & Gopnik, 1997). For example, 18- but not 12-month-olds will reproduce
an action an experimenter meant to do (but never actually did) as often as children
who saw a successful demonstration of the complete target action (Bellagamba &
Tomasello, 1999; Meltzoff, 1995). Meltzoff (1995) argues that by the middle of the
second year infants do not interpret the behaviour of others solely in terms of
physical movements or motions but rather represent the behaviour of others within a
psychological framework that involves goals and intended acts. The data presented
here on synchronic imitation supports this claim.

It is also noteworthy that while infants can imitate the movements of
inanimate objects they do not treat them with a sense of intentionality in the same
way that they treat human models (McConnell & Slaughter, 2001, July; Meltzoff,
1995). In this context, assessing the tendency of infants to synchronically imitate a
humanoid robot will provide an interesting test of the argument that reading
intentionality into the behaviour of others underpins synchronic imitation.

There has been considerable debate throughout the last decade over the
capacity of children with autism and nonhuman primates to engage in imitation.
However, mention of synchronic imitation in this debate has been largely absent. It
is thus of interest to speculate on the possible nature of this novel form of imitation
in children with autism and in nonhuman primates.

Children with autism show impairments in their ability to imitate the
behaviour of others (Rogers, 1999; Williams, Whiten, Suddendorf, & Perrett, 2001).
However, the results from a growing number of studies suggest that the imitation
impairments in autism are reduced when these children are provided with a
structured experimenter-elicited setting (Charman & Baron-Cohen, 1994; Charman
et al., 1997). Responding to these discrepant findings, Nadel et al. (1999) argue that
it is the socially laden aspect of imitation that is impaired in children with autism.
According to this view, children with autism are capable of reproducing the actions
of a model, but do not enter into the social aspects that characterise a typical
imitative exchange. This view concurs with the position that the primary deficits
associated with autism stem from socio-affective and/or socio-communicative
dysfunction (Dawson & Lewy, 1989; Hobson, 1990, 1993; Moore, Hobson, & Lee,
1997).
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Given the role of social communication in synchronic imitation, the socio-
communicative dysfunction characteristic of children with autism should inhibit
their tendency to engage in synchronic imitation. Consonant with this speculation,
Nadel and her colleagues (Nadel & Pezé, 1993; Nadel & Revel, 2003, April) have
reported subtle differences in the ways that children with autism engage in
synchronic imitation when compared with normally developing children, For
example, when placed in a synchronic imitation situation, children with autism
reproduced the actions of their play partners but failed to develop the role switching
behaviour (i.e., alternating between imitatee and imitator) characteristic of normally
developing children. These children were aso deficient in their attempts at inviting
their partner to imitate. Nonetheless, there remains a paucity of research
investigating synchronic imitation in children with autism, and thisis clearly an area
in need of continued investigation.

With regard to nonhuman primates, there remains considerable debate in
the literature about the precise nature of social learning in these animals. First, no
nonhuman primate species outside of the great apes (bonobos, common
chimpanzees, gorillas, orangutans) has demonstrated a clear capacity for
reproducing the behaviours of others via observation (Visalberghi & Fragaszy,
2002)°. Given this finding it is highly unlikely that synchronic imitation will be
evident in monkeys or other primate species outside of the great apes.

To date, no study has been published that has systematically evaluated
synchronic imitation in primates. The only potential source of information regarding
this ability comes from Chantek, a sign-language trained orangutan, who in the
context of a complex on-going interaction requested his carer to “do what | do”
(Miles, Mitchell, & Harper, 1996). Nonetheless, debate remains as to whether the
great apes should be classified as ‘true imitators (whereby they reproduce both the
goal of a particular behaviour they have seen performed by another as well as the
specific actions that brought about that goal) or ‘emulators (whereby they learn
about the features and affordances of an object or situation by observing the
behaviour of another but devise their own behavioural strategies to bring about the
observed goal) (Byrne & Russon, 1998; Tomasello, 1996; Tomasello & Call, 1997;
Whiten, 1998). However, if the great apes are ‘emulators, rather than ‘true
imitators’, and do not pay attention to the specific actions that bring about a goal,
synchronic imitation is unlikely to be evident. That is, long-lasting interactions
about an object through the aternation of imitating and being imitated are unlikely
to be built if the focus of social learning exchanges is on the acquisition of
knowledge about the features and affordances of an object or situation.

The line between the imitative abilities of human infants and the imitative
abilities of our closest evolutionary relatives remains somewhat blurred. The use of
imitation as a form of communication may yet prove to be a distinguishing feature
between humans and our closest living relatives. This hypothesis remains to be
tested.

The longitudinal data reported here provide further empirical support for
the contention that that the exhibition of synchronic imitation does not emerge until
around 18 months of age. Thus, it may not be until the middle of the second year
that infants begin to use imitation not only as a means of acquiring new behaviours

3 Although see Custance, Whiten and Fredman, 1999; Voelkl and Huber, 2000.
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and/or skills but as a form of communication. The long-term importance of
synchronic imitation to normally developing children has yet to be determined.
Moreover, the exhibition of this skill in children with autism and in nonhuman
primates has not been systematically charted. In this context, further investigation of
this novel form of imitation is clearly warranted.
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Abstract

Two agent-based simulation systems were created to investigate open problems in
the speciation of cichlid fish from the African Great Lakes. A behaviour-free system
has demonstrated that incompletely isolated subpopulations are still likely to speciate.
A system modelling both social and individual learning was built to investigate the
role that social and individual learning may play in creating partially isolated subpop-
ulations. These populations have limited genetic exchange, a prerequisite for specia-
tion in typical models of evolution. Individual learning does produce non-overlapping
subpopulations, but social learning does not. Social learning can lead to populations
of (virtual fish) failing to fully exploit all the resources in an environment, particularly
when it is combined with individual learning. Incomplete exploitation of resources is
a plausible explanation for the much larger than expected numbers of cichlid species
inhabiting rocky reefs in lakes.

1 Introduction

There are still many mysteries remaining concerning exactly how evolution occurs, and
particularly on how new species arise. That is, the process of 'speciation’ where a single
ancestor species gives rise to a number of new, 'daughter’ species. Theories of evolution
and the origin of species were inspired by natural systems, such as Darwin’s observations
of finches in the Galapogos Islands (Darwin, 1859). In current research on evolution, the
natural system that poses the greatest number of questions about the process of speciation
are the cichlid fish (Barlow, 2000) of the Great Lakes of Africa (Victoria, Tanganyika, and
Malawi). The first ‘'mystery’ concerning these fish is the rapidity at which new species
arise. Lake Victoria completely dried up approximately 14,000 years ago (Jolehson

al, 1996). Hundreds of species of cichlid fish are found in Lake Victoria that are found
nowhere else. Some genetic and comparative evidence supports the view that these fish
evolved in the lake, from one or two ancestors, in this time, though there are currently
arguments that cichlids from Lake Kivu, rather than river cichlids, may have seeded the
Lake Victoria cichlid flock. (See (Kocher, 2003) for a brief discussion of this argument).
Cichlid fish also appear to invalidate the competitive exclusion principle. Different cich-

lid fish coexist in the same location, despite no, or extremely small, differences between
the ecological niches occupied by these species (Konings, 2001). Finally, cichlid fish are
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one of the most common examples used to support the concept of sympatric speciation.
The 'standard’ model by which organisms speciate is 'allopatric’ speciation. In short,

a population is separated by a physical barrier (e.g. a mountain range), and continue
breeding independently. Genetic drift, and/or selection pressures, cause the two popula-
tions to diverge, and by the time the barrier disappears, the two populations are unable
to interbreed, and are now separate species. In sympatric speciation (Maynard Smith,
1966) (Via, 2001), an ancestor divides into two (or more) daughter species in the absence
of physical barriers. The cichlids of Lake Barombi-Mbo (Schieve¢l, 1994) appear

to have undergone sympatric speciation, as a single ancestor species has divided into a
number of daughter species, in this smalbgm?), smooth-walled crater lake. However,
sympatric speciation has been viewed very narrowly in the past, as solely speciation with
a lack of physical distance between the two populations. For example, in (Via, 2001), a
parasitic insect is given as an example of sympatric speciation. The insect lives its entire
life cycle, including meeting mates and mating, on a single species of host plant. When
the insect jumped to another host found in the same area, two populations were formed
which did not interbreed, and hence can be considered different species. However, while
there is a lack of distance separating the two populations, the host-plant specificity is a
strong physical barrier. Possibly as strong a barrier as a mountain range separating the
two populations.

A great deal of research is continuing to investigate these open questions concerning
cichlid biology and speciation/evolution of cichlid fish. Among the approaches being
used in efforts to understand both speciation itself, and cichlid speciation in particular,
computer simulation and modelling has been used several times. The need for computer
simulation and mathematical modelling is clear, as speciation itself is probably too slow
a process to be observed directly, or generated by experiment. Computer simulation has
been used to investigate sympatric speciation (and is cited as strong support for it in
(Via, 2001)). (Kondrashov & Kondrashov, 1999) and (Dieckmann & Doebeli, 1999)
show that in the presence of appropriate environmental conditions (e.g. two different
food sources requiring incompatible adaptations), a covariance can emerge between food
source adaptation (trophic adaptation), and a species signalling/selection device (male
colour and female colour preference). A population that divides into two in this manner
is very consistent with speciation among real species.

(Turner & Burrows, 1995) modelled a population of fish where simultaneous mu-
tations in both colour (from light to dark) and female mate colour preference resulted
in speciation. In (Landet al, 2001), sex-reversing mutations lead to a division of one
species into two.

Computer simulations specifically aimed at modelling African cichlids have tended
to ignore environmental effects (such as food sources), and concentrate on pure genetic
models. The motivation for this is clear, as closely related (and presumably recently
speciated) species tend to be nearly identical in trophic adaptation. This suggests that en-
vironmental factors may have little effect on speciation. In (Sturmbauer 1998), mention
is made of ’intrinsic’ and "extrinsic’ properties of organisms that can be involved in spe-
ciation. Intrinsic properties are properties of the organism itself that leads to speciation,
while extrinsic properties are the properties of the environment that promote speciation.
The genetic based models of cichlid speciation have investigated intrinsic properties of
the fish, while ignoring extrinsic properties. It is unlikely that intrinsic properties alone
can explain cichlid speciation. The cichlids that initially seeded the lakes were river fish,
and no mass speciation has occurred in the rivers. However, exactly the same fish undergo
mass speciation in lakes. This suggests that some difference in these two environments
enables or triggers mass speciation.

http://www.aisb.org.uk
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The abstract simulations used to investigate sympatric speciation mix both intrinsic
(a breeding model where females have a colour preference) and extrinsic (multiple food
sources in the environment which require differential adaptation) properties. These three
factors (colour, colour preference, and feeding adaptation) plus gender are the only factors
that can vary during evolution in the genetic model. However, there are many other factors
that combine to make up the full spectrum of cichlid biology. Notably absent from any
of the previous models of speciation (cichlid or not) is behaviour. Cichlids are advanced
organisms, and behaviourally complex. However, there seems to have been little investi-
gation of any roles behaviour may have played in speciation. Most research on evolution
and behaviour has concentrated on the evolution and competitive advantages of certain
forms of behaviour (Boyd & Richerson, 1985). In (Barlow, 2000) it is mentioned that be-
havioural changes will precede genetic adaptation, as there is no advantage in adaptation
to a food source unless that food source is already being consumed. However, Barlow
discusses only the effect of behaviour on differential adaptation after a species of fish has
been divided into separate populations.

In this paper (an expanded version of (Clement, 2003a)), we use agent-based mod-
elling techniques to investigate the conjecture that behaviour, in particular social and in-
dividual learning, can lead to population segmentation that can enable speciation without
physical distance between subpopulations. This is, we believe, a few form of sympatric
speciation, where a behavioural, rather than geographical barrier arises between subpop-
ulation. Furthermore, we look at the possibility that social learning can result in a species
not harvesting all resources present in an environment, leaving open the possibility of
other species exploiting these 'overlooked’ resources.

2 Methods

Agent-based modelling has been used to investigate the properties of cichlid populations
with varying amounts of social (by observing other fish) and individual (from a fish’s own
experience) learning. There are of course many types of social leaf)inghe style of

social learning modelled in this paper most closely matches 'social facilitation’.

At present there are two agent-based modelling systems. A more 'traditional’ model
has been built (Clement, 2003c). This system can be considered an extension of the sys-
tems of (Kondrashov & Kondrashov, 1999) and (Dieckmann & Doebeli, 1999), intended
to situate the genetic models proposed in those systems in a reasonably detailed simula-
tion of rock living cichlids and their lake environment. This system will be referred to as
the 'genetic’ system, as speciation proceeds solely according to population genetics. In
addition, a second system, the ’behavioural’ system, has been implemented which does
not allow variation in 'genetic’ factors, but only behavioural factors. The 'genetic’ sys-
tem is the target of long-term development, and the 'behavioural’ system is being used to
experiment with behavioural models before their eventual incorporation into the genetic
system.

Agent-based modelling was chosen because of the potential for flexibility in building,
and configuring models. It is the central thesis of this paper that low-level day to day
effects (e.g. a fish observing the actions of another fish) can have large cumulative effects
on processes occurring at quite different time-scales (e.g. evolution and speciation). Small
changes to the day to day characteristics of the model may have large (and unpredictable)
effects on the longer term characteristics. By using an agent based model, it is possible to
perform experiments over a wide range of systems by configuring and choosing agents.
This is particularly the case in the genetic system, which allows the choice of types of

http://www.aisb.org.uk
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agents, over and above setting simulation (and agent) parameters.

2.1 Population Segmentation

Experiments with the genetic system showed some interesting properties which inspired
the search for alternative, more subtle methods of dividing populations than solid phys-
ical barriers. Rockfish in the African Great Lakes (hereafter this natural system will be
referred to as 'the wild’) live on rocky reefs, which can be quite small, and separated by
sandy regions that the fish are very reluctant to cross. This leads researchers to propose
that these reefs could enable a 'micro-allopatric’ model of speciation, where very small
isolated populations exist on reefs. Micro-allopatric situation is discussed and criticised in
(Knight, 1999). While rare, fish do cross between reefs, as observed in (Konings, 1990).
The genetic system allows the creation of a number of (virtual) reefs, and the specifica-
tion of probabilities for fish crossing (migrating) between reefs. Initially, a single reef
was created, with two food sources. These food sources were different, but not different
enough for sympatric speciation to occur (i.e. the system stabilised with a single, gener-
alist, species harvesting both food sources). After confirmation (by simulation) that this
was the case, a new experiment was created with two reefs, where each food source was
placed on a different reef. With no migration, each population stabilised as a specialist
consumer of the food source present on their reef. After sufficient time (roughly equiva-
lent to a virtual 7700 years), genetic drift gave two populations that differed not only in
trophic adaptation, but also in colour and female mate preference, i.e. different species.
Since the initial fish populating both reefs were identical, the experiment demonstrated
allopatric speciation. i.e. we have a situation where speciation will occur with division
of the population into independent subpopulations, but will not occur if the population
remains as a single group.

Further experiments were performed with increasing probabilities of migration. After
each experiment, the final population was investigated to see whether the result was a sin-
gle generalist species, or two specialist species. This was achieved by writing a diagram in
the native format of the xfig drawing/diagramming package (http://www.xfig.org), map-
ping the numerical phenotypes to (x,y) coordinates on an A4 page. The distribution of
phenotypes was then investigated by eye. For high probabilities of migration, the two
populations had acted as a single population. For lower, but not zero, probabilities of
migration, the populations had acted as independent populations. Migration probabilities
were made equal faeeflto reef2and migrations in the opposite direction. Probabili-
ties represent the probability that an individual fish will migrate during each time period
(roughly one week). The results are graphed in Figure 1.

The x-axis of this graph shows the probability of one fish migrating to the other popu-
lation during one time period (one week). For each migration probability, 20 experiments
were performed. A probability of speciation was calculated by counting the number of
times speciation occurred, and dividing by 20. This isgheeciation) plotted on the
y-axis.

The point at which the populations ceased behaving as independent populations was
approximately at a migration probability of 0.02 (2 percent) While this may appear a low
number, the average lifespan of a fish was set at 100 steps (slightly under two years),
meaning that the average fish living to maturity will switch populations twice. Or, that
since the population sizes typically number about 100 fish per population, that four fish
will swap populations every week. That speciation still occurs in this situation shows that
division of populations need not be complete for speciation to be possible.

http://www.aisb.org.uk
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Figure 1: Speciation of Partially Divided Populations

2.2 Behavioural System

In the wild, different species of cichlids are typically found at different water depths.
Seehausen (1996) describes the cichlid species found at a single reef, showing how the
large number of species present and the characteristic depths where they live. As well
as dividing themselves into overlapping, but partially distinct populations, different food
sources (and methods of harvesting them) are found at the different depths. For exam-
ple, algae grows profusely in shallow water, but is far less frequent in the relatively dim
depths. Hence, if a single species of fish invades a new reef, and somehow divides itself
into populations that are sufficiently (if not completely) divided, then all of the factors
necessary for speciation (genetic separation and divergent survival pressures) are present,
and speciation should follow.

Before experimentation, both social and individual learning appeared to be plausible
mechanisms of achieving this division. For individual learning, a fish may associate a
given depth and mode of harvesting a certain type of food with success in obtaining food.
This may encourage the fish to remain at that depth. With social learning, a fish may
observe fish in its own vicinity tending to remain at that depth and harvesting food in a
particular manner. This may encourage fish to (again) remain at that depth following a
particular lifestyle.

Social learning in fish has been observed by several researchers. For example (Dugatkin
1996) observed that social learning affected mate choice in guppies. In (Brown & Laland,
2002), the effects of social learning on the foraging behaviour of Atlantic salmon was
described. The models to be presented in this paper most resemble simple forms of so-
cial learning, similar to that described as 'social facilitation’ in (Zentall, 1996). This is a
simple application of Occam’s razor. If division of populations can be demonstrated in

http://www.aisb.org.uk



Learning and Speciation

the simplest forms of social learning, those most supported by hard evidence, then there
is no need for the adoption of more sophisticated models such as 'true imitative learning’
(Thorpe, 1963). The models of the effects of copying mate choice described in (Boyd
& Richerson, 1985) were also a major inspiration for the work described in this paper.
Boyd and Richerson describe optimal ratios for social and individual learning in organ-
isms given different properties of their environment. This is particularly relevant to our
work, as we suppose that cichlids colonising a lake will have a mix more suited to river
environments than lakes.

2.3 Behaviour Model

In order to implement agents (representing fish) that learn, a model is needed to repre-
sent behaviour that fish can perform, and allow individual fish to vary that behaviour in
response to individual experience, and by learning from observation of other fish. Rather
than try to develop a model of flexible behaviour that would allow fish to create new be-
haviours not encoded in the original model, a simple model was created. In this model,
based on that in (Nehaniv & Dautenhahn, 2002), all possible behaviours are encoded in
a tree. Each node in the tree is considered to be a state, and each move from one node
to a daughter node is an action. Therefore, a path in the tree to some other node in the
tree becomes a sequence of actions, which in Nehaniv and Dautenhahn’s terminology
characterises a 'behaviour’. Given that the root of the tree is considered to be a resting
state, a tree can be built representing all sequences of actions that a fish might undertake
before returning to the resting state. Note that behaviours can end at any node marked as
a possible end state (bold rectangles in Figure 2).

A simple set of possible behaviours was created for experiments. The 'reef’ water
space is divided into two spatial locatiosballowanddeep Within these locations, there
are two food sources, andb, perhaps roughly equivalent to algae and invertebrates. A
fish can either crudely scrape the rock, harvesting (slightly inefficiently) &atidb, or
it can adopt one of two specialist modifications of that behaviour, harvesting specifically
aor b alone, with higher efficiencyal refers to food sourcain shallow water, whilea2
is the same food present in deep water. Sinbthandb2 refer to food typéeb in shallow
and deep water. The numbers in Figure 1 (ead.0.03,b1 0.0) refers to a specialist
behaviour, where a fish ’biting’ the rock will harvest a maximum of 0.03 energy units
from food soruceal, but nothing from food sourcel. By omission, this behaviour also
harvests nothing from food sourca2 andb2.

This model is common to all fish, and describes the universe of possible behaviours
available to fish. Individual fish store their own behavioural characteristics as a set of
probabilities. Using Figure 2 as an example, a fish in stateas three possible choices. It
can cease its behaviour in that statef..,), it can continue the behaviour by performing
actions3leading to state:3, or it can perform actior4, leading to state:4. Hence, the
set of possible decisions for staté is:

Dy1 = {p(s3),p(s4), p(stop1)} (1)
As these are an exhaustive list of decisions for stateve have:
p(s3) + p(sd) + p(stop,1) = 1.0 2

All behaviours begin at state0. Since this is not a possible final node the probabilities
stored for this state are:

Do = {p(s1),p(s2)} (3)
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Figure 2: Behaviour Model and Rewards

with p(s1) 4+ p(s2) = 1.0. Conversely state3 has no actions leading from it, and hence

DZ?) = {p(StOpr)} (4)

with p(stop,s) = 1.0.

At the beginning of a behaviour, a fish is in sta@ It then makes a choice of ac-
tion according to the probabilities iPv,,, moving to another state (calletdy for con-
venience.) It then examines the options for actions at that state, and continues until the
stopaction is chosen. Since the universe of possible behaviours is a tree, the fish must
eventually end the behaviour. In the universe of behaviours of Figure 2, the maximum
number of actions in a behaviour is 2.

At the end of a behaviour, the fish wilite at resources, and will harvest resources in
amounts controlled by both the maximum reward for that behaviour (Figure 2), and also
the amount of the resources still left in the environment.

2.4 Learning

Given the behaviour model described, learning is achieved by modifying the weights.
Sources of learning include: recent individual experience, social learning (observation of
others, i.e. horizontal transmission of behaviour), and parental learning (vertical trans-
mission).

Individual learning is the simplest, as it only requires access to an individual’s past
experience in order to update the weights. Behaviours are performed in batches (typi-
cally of 100 behaviours), and learning is performed at the end of each of these batches.
First, the success of all actions performed is calculated. This is performed by finding
the rewards received for every action that passed through, or stopped at, each state in the
tree. For example, a fish may have performed 58 behaviours that includedktege
sulting in a total energy gain of 0.7. The same fish will have performed 42 behaviours
including statex2, resulting in a total energy gain of 0.5. To calculate the weights of ex-
perience, these weights are raised to the power of a learning parameter fcaiedl to
allow a controlled degree of non-linearity in learning. Henceeibard(state,,) is the
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actual amount of reward received from behaviours includifage,,, in the past batch of
behaviours, then the weight fetate,, is:

weight(state,) = reward(state, )’*"" )

A new set of probabilities can be calculated from these weights. We call the set of prob-
abilities according solely to recent experiené¢e Assuming thafctionis a state change
from state,, to state,,, andp’(stop,) is the probability of stopping intate, (which

is 0 for nodes that are not potential final nodes), andis the complete set of actions
available fromstate,,, then:

weight(state;)

weight(state,) ©

p'(state, — state;) =
and:

weight(state,) — (Z(Statenﬂsmtej)eqn weight(statej))

(st n) = !
p (S op. ) weight(staten,) ( )

Finally, thestrengthof learning controls how quickly a fish learns. That isp{fr) is a
probability from a fish’s previous behaviour, aptiz) is the probability solely due to
recent experience, then the updated behaviour (probability for any action) after one step
of learning is:

p*(x) = (1.0 — strength) x p(x) + strength x p'(z) (8)

strengthcan range between 0.0 and 1.0.s#hengthof 1.0 would create a fish that only
acted according to its recent experience, whilstrengthof 0.0 results in a fish that
never learns. Though, note that the previous expression is only correct if the fish is only
performing individual learning, and the weighted expression is more complex when more
than one type of learning is being performed at once.

Social learning (either vertical or horizontal transmission) proceeds similarly, except
that the weights assigned to states in the tree are calculated by different methods. For
parental transmission, ébunt(parent, state,) is the number of times that a parent (ei-
ther father or mothe)) had performed a behaviour includisgute,, in the last batch of
behavioursweight(state,) is calculated as.

weight(state,) = count(father, state, )P*°" + count(mother, state, )P°*"  (9)

Once these weights are calculated, then probabilities) can be calculated according to
(5) and (6).

For horizontal transmission, the situation is more complicated again. A fish learns
from its peers by adjusting its weights according to the behaviours that it sees other fish
performing. In our model, we assume that the environment is divided into two locations,
shallowand deepwater. A fish only observes behaviour in the location that it is in at
any particular time. However, fish do not necessarily spend all their time for a whole
batch of behaviours in the same location. The first step of any behaviour is effectively a
choice to be irshallowor deepwater, and hence a fish can (if it so chooses) move back
and forth between the available locations. Fish choose behaviours (and hence locations)
statistically independently from each other. Thereforé, # {shallow, deep} is the set
of locations, andime(f,1) is the proportion of time that a fisfi spends in location,
then the expected degree of spatial overlap between any tw, fesd f is:

overlap(f1, f2) = Y _ time(f1,1) x time(fa,1) (10)

leL
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And, if F'is the full populationcount(f, state,,) is the number of behaviours including
state,, performed by fisty in the last batch, then the weight assignedtice,, (from the
viewpoint of the learning fistficqrning) IS:

power

weight(state,) = Z count(f, state,) x overlap(f, ficarning) (11)
fer

Note that these weights must be calculated anew for every fish in the population, as each
fish has its own independent view of the rest of the population.

There are three different types of learning that can be performed by fish, and these
are performed simultaneously. Assuming thgtr), andp’,(x) are the two sets of new
probabilities calculated for recent individual and social learning respectively,pény,
andp™*(z) are the previous probability and the new (updated) probability as before, then:

p*(z) = strength; x p(x)+ strengths x p’(x)+ (1.0 — strength; — strength) x p(x)

12)
Given this equation, a framework for individual action, and learning has been created.
Fish have the opportunity to compete for resources, and adjust their behaviours according
to social and/or individual learning.

2.5 Other Parameters

The behavioural system starts a simulation by reading a configuration file, and creating a
population of fish with random behavioural probabilities. Food sources are also created,
matching those in the reward table of the behavioural tree. At each step in the simulation,
all fish perform a fixed number of 'behaviours’. Each behaviour resultshiteaat food
sources, which transfers energy from the food source to the biting fish. If during this
process, any food sources 'run out’ (i.e. available energy falls to zero), then any further
bites at that food source are ineffective. This repeats until all fish (performing behaviours
in round robin style) have performed the fixed (currently 100) number of behaviours in
a batch. Next, all fish lose a fixed amount of energy, representing energy expended on
metabolism, and behaviour. Any fish whose energy reserves fall below zero dies of star-
vation. Fish then increment their 'age’ parameter by one step. Any fish that has reached
the end of its natural lifespan then dies of old age. Food sources then regenerate by gaining
a fixed amount of energy, set in the configuration file. If any food source has exceeded its
set maximum of available energy (simulating properties such as algae covering all avail-
able rock surfaces and being unable to spread further), then the energy is reduced to the
maximum. Finally, fish are allowed to mate. If a female fish has reached maturity, and is
ready to breed, then it does so. If the female is un-mated (or has a mate that has died),
then it chooses a mate from among the un-mated males. This is done solely according to
the amount of time that the female and the males have spent together over the last time
period. IfU is the set of un-mated males, then the chance of the fefretteosing a male
m is:

overlap(f, m)
> ey overlap(f,m’)

Once a mate is chosen, this pair of fish remains mated for life. This pair will then breed
frequently (every few weeks), laying a small number of eggs each time, with one juve-
nile surviving for each clutch of eggs. This is a slightly optimistic (no divorces occur)
and over-regular model of the 'trickle breeding’ Tanganyikan rock-lidotidochromis

p(f,m) = (13)
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species. In the wild pairs of fish will defend a single cave, effectively 'setting down’ in

a fixed location. In our model, we do not limit the movement of the fish in a pair, or
deliberately make the pair 'stay together’ in a single location. This is so that co-located
pairs can be shown to be (or not be) an emergent property of the behaviour system being
modelled.

Note that breeding produces more fish (parameters are set so that the population will
grow), but the fixed input of energy per time period effectively defines a carrying capacity
(the maximum number of fish the environment will support). In the absence of factors
preventing full exploitation of the resources, the population will grow to the carrying
capacity, and oscillate around that figure.

Every step, a large number of properties of the population and its actions are written
to a trace file. As well as sum totals indicating the number of times each action was
performed, two summary variables are output: the total population size, and the average
overlap between mated pairs. This property has been used as the most reliable indication
of population segmentation. For average overlap to approach 1.0, both of the pair must
spend all or nearly all of their time in one environment, and all or nearly all fish must have
chosen mates from the same environment.

One major omission in the current model is predation and predators. As well as
cichlids that feed on algae and invertebrates, all the African lakes contain a wide va-
riety of cichlids that feed on cichlids. For the rocky reefs of Lake Malawi, the aptly
namedI'yrannochromis predates omnbuna (the typical algae grazing rock cichlids).
Nimbochromis venestus has an advanced predation strategy, pretending to be a dead,
rotting, fish laying on the lake bed, and eating small fish that attempt to eat this 'carrion’.
Even in the relatively young Lake Victoria, cichlid predators were common before their
decimation after the introduction of the Nile Perch (Goldschmidt, 1996).

Importantly for simulation studies, it is theorised that predators can stabilise popula-
tions of competing species (Kooi & Kooijman). While Kooi and Kooijman did not even
mention speciation, or the particular situation of cichlids in African lakes, it seems intu-
itive that their models may have something to say about African cichlids. For example,
they may provide an alternate contributory or complete explanation for the unexpectedly
large number of apparantly competing species found in African lake cichlid species. It
is planned that future experiments will investigate the effects of recursive (fish speciating
into predators consuming fish from a common ancestor), and non-recursive (specialist
‘predation’ agents without the capability of evolution) predation. It is felt that trying to
add all possible factors affecting evolution into a single model at once is a bad research
strategy. A solid understanding of the properties of biological factors studied indepen-
dently (at least very difficult using real organisms) is necessary. Without this it is likely
to be very difficult to quantify the contribution of these properties to patterns observed in
any 'kitchen sink’ simulation approach.

2.6 Experiments

Experiments are performed by creating a configuration file. There are huge numbers of
variables which can be adjusted, and it is impossible to test all possible combinations of
values. Hence, a single behavioural model (Figure 2) has been applied, and 'reasonable’
values have been chosen for all parameters apart frostrgregthandpowerof each type
of learning. These are: initial population of 50 individuals, maximum age of 1000 steps,
and a probability of a female breeding per step of 0.01. All trials were run for 6000 steps
(roughly 115 years).

Given the above fixed (across all experiments) parameters, an individual experiment
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is characterised solely by trerengthand power of the type of learning investigated.
Note that (11) and (12) show hgwowerandstrengthare used in the model. Experiments
performed were:

1. No learning.

2. Weak social learning (strength=0.01, power=1.0)
Social learning (strength=0.1, power=2.0)

Strong social learning (strength=0.1, power=2.0)
Very strong social learning (strength=0.1, power=4.0)
Individual learning (strength=0.01, power=2.0)

Strong individual learning (strength=0.1, power=2.0)

© N o 0 W

Both social (strength=0.1, power=2.0) and individual (strength=0.1, power=2.0)
learning.

Each experiment was run for 2000 time steps. The simulation system wrote measures of
population size, population segmentation, and summaries of behaviour to a plain text trace
file. This file was parsed by a program that converted the plain trace into comma separated
value (csv) files. These were then loaded into a spreadsheet application (OpenOffice
Calc), and graphs created for visual inspection.

3 Results

Population sizes are graphed in Figure 3. The x-axis represents time (each step being
approximately one week), and the y-axis graphs the total number of individuals alive at
each time period. Without learning, the population rises to, and stabilises at, 200 individ-
uals. Weak social learning, and moderate individual learning give similar results, showing
that the available resources are being fully exploited by populations implementing these
learning strategies.

Strong social learning, very strong social learning, and both types of learning led to a
stable population size about half the size of the full carrying capacity of the environment,
indicating that at least some of the available resources were being ignored. Finally, strong
individual learning leads to an unstable situation, with fluctuating population sizes. In-
vestigation of simulation traces show that the population is gravitating to one food source
(whichever is more plentiful at the time), and becoming fixated on that source. Due to
excessive competition, the population crashes, and allows the resource to regenerate.

Population segmentation results are presented in Figure 4. Due to the method of
calculation, 0.5 is the minimum amount of segmentation that can be expected (indicating
random movement of fish between the two depths). 1.0 is the maximum possible, if all
fish spend all their time at one depth, and only mate with other fish spending all their
time at the same depth. Pure social learning (strong, average, or weak) does not lead
to noticeable segmentation of the population, with the exception of very strong social
learning, which leads to cyclic behaviour where the populations split apart, then merge
back together again. Individual learning shows progressively more segmentation as with
increasing amounts of learning. Strong individual learning segments the population to a
high degree ¥90%). Combining social and individual learning appears to give perfect
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Figure 3: Population Sizes

segmentation of the population. However, close examination of the final trace shows that
nearly all fish are spending all their time deepwater, leading to a high degree of mate
similarity, even though there is no real 'pre-speciation’. High degrees of social learning
result in population segmentation, even though resources from both locations are being
utilised to their full, indicating a true splitting of the population.

In interpreting these results it is important to remember that we are considering two
different methods by which learned behaviour may affect speciation in African cichlids.
A population may split into two parts with limited genetic exchange between the two. In-
dividual learning appears to provide these conditions with both high segmentation of the
population, and full exploitation of the available resources as evidenced by the large pop-
ulation size. (Individual traces were examined to verify that this was indeed the case). An-
other method by which learned behaviour may help explain African cichlids is if learned
behaviour leads to a population failing to exploit all the resources in an environment.
This would leave those resources available for other species, without requiring the other
species to have a significantly different ecological niche. This pattern (again, verified by
examining traces) is present in social (and combined) learning experiments, shown by a
small population, and a high measured population segmentation, showing that the species
is choosing only one of the available locations.

4 Conclusions and Future Work

Segmentation of the population due to flexible, and learned, behaviour has been demon-
strated. It was originally expected that social learning would be the main influence behind
any segmentation of the population, but this has been contradicted by the results of the
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Figure 4: Population Segmentation

experiments. Social learning has a tendency to focus the population on a single resource,
without dividing the population.

Sympatric speciation is frequently criticised for the lack of mechanisms that could
prevent gene flow between diverging populations. The results presented in this paper sug-
gest that learned behaviour is a plausible factor which could provide a barrier to gene flow.
While the barrier created is not absolute (as an impassible mountain range would be), an
absolute barrier is not necessary for speciation. This suggests that non-geographical bar-
riers, such as behavioural barriers, are plausible explanations for apparent examples of
sympatric speciation.

Agent-based simulations often have the problem that the model is described as a large
number of explicit low-level parameters, while the characteristics of interest (such as pop-
ulation segmentation) are implicit. For properties such as population size, it is trivial to
calculate the property. But, tracking the rise (and possible fall) of species is a more dif-
ficult task. Fish agents are not labelled with a crisp species label, and to do so would be
to pre-judge the results of the simulation. In the work reported in this paper, measurable
factors (similar location preferences between mates) assumed to be synonymous with the
implicit factor being searched for (separation of subpopulations) were used in place of
an exact measure of the desired property. Currently most development effort in this re-
search is being devoted to finding model-independent methods of tracking and visualising
speciation, with current research described in (Clement, 2003b).

While the current results appear informative, great care is needed when evaluating
the relevance of any results from simulation to real natural systems. As discussed in
(Clement, 2003c), there is a major problem in designing simulations of natural systems,
that of knowing exactly where to set the values of crucial parameters. For example, in
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this paper we describe certain parameter settings as being 'strong individual learning’, or
'very strong social learning’. While these parameters are felt to be "intuitively correct’,
further research is definitely required to put these figures on a more concrete footing. An
example is the research reported in papers such as (Kondrashov & Kondrashov, 1999).
Simulation models show that given a set of entirely reasonable assumptions, sympatric
speciation neatly follows. These are: multiple food sources requiring different adapta-
tions, female selection of males according to some characteristic, and plasticity in both
the female’s preference, and the characteristic displayed by males. While there is signif-
icant argument about whether sympatric speciation really occurs in nature, it is at best a
rare event. Clearly at least one of the assumptions leading to sympatric speciation in these
simulation models must be incorrect. One possibility is that the differences in adaptation
required by the multiple food sources are greater than those found in real environments.

At present biological simulation allows us to undertake experiments impossible in
real life. However, it must be remembered that real life, in the form of biological field
research, remains the ultimate model upon which results should be evaluated.
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