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ABSTRACT
The rate of speciation is in most mammals an order of magnitude faster than in most other vertebrates. It is faster still
in the social mammals. The apparent association between
complex modes of sociality and high rates of evolutionary
change might provide an answer to the question of why these
rates differ so markedly. Using an individual based model of
a population with a social structure mimicking the one common to cercopithecine primates and a simple model ecology,
we investigate the effects of social structures on the rates at
which natural selection operates. The results of the model
indicate that the specific social structure modelled does affect the rate at which natural selection operates within the
modeled population.

jjb@cs.bath.ac.uk
served in a population of agents in a social structure based on
that typical to the cercopithecine primates within a simple
set of ecological constraints. We use an agent-based model
(ABM) that represents both the social relations (including
dominance) and the resource constraints of a troop of Cercopithecine primates. This model does not attempt to make
predictions about the rates of speciation or evolution in any
specific animal species. Rather we seek to establish a more
general point — that if a species maintains the described
social structure, it is plausible to suggest that anomalously
high rates of speciation could be caused by that structuring.

2.

BACKGROUND

That accelerated adaptation might exist as a plausible
outcome of the cercopithecine social system has been sugCategories and Subject Descriptors
gested by earlier work in modeling the effects of variability
in the primary sex ratio of cercopithecine primates, on the
H.4 [Information Systems Applications]: Miscellaneous
basis of dominance rank, in population dynamics and matriline persistence [1]. Genetic investigations into the degree
1. INTRODUCTION
of relatedness in cercopithecine social groups, and the disThe rate of speciation in most mammals is an order of
tributions of genetic diversity in the same, also point in the
magnitude faster than in most other vertebrates, and faster
this direction [16]. However, neither study can provide a
still in social mammals [9, 2]. The Primate order is amongst
clear answer to the question of whether or not specific social
the fastest-speciating orders of mammals. The most speciose
systems can speed the process of evolution. Phylogenetic
family of Primates, and also the youngest, is the Cercopitheanalyses across 225 genera of vertebrates has established the
cidae [19], [18].
relative rates of adaptation and speciation across the Animal
Species across this Family share at least the outlines of a
kingdom [5, 2] but such methods cannot isolate the effects
common social system [10]. This outlined system includes
of the various components of the social systems from which
linear sex-segregated dominance hierarchies with female philopa- primates seem to benefit. The Altmanns’ model operated
try and male dispersal, inherited female dominance, and reat the level of single social groups and did not attempt to
production limited to within the social group [12, 13, 20, 6].
model the action of natural selection, while the genetic inThe apparent association between complex modes of socialvestigations by Melnick were not maintained for a period of
ity and high rates of evolutionary change has been investitime sufficient to observe selective effects.
gated as a causal relationship by a number of researchers usIn modeling the effects of selection, comparability of moding genetic and phylogenetic methods [5, 2] but these studies
eled populations requires that they operate in identical ecodid not permit investigation into the mechanisms by which
logical circumstances and with shared life-history paramesocial modalities influence rates of evolution.
ters and population dynamics. As the issue at hand is the
The present article attempts to establish whether any conpossible effects of social structures on the pace of natural sesistent effect on the action of natural selection can be oblection, no attempt to reproduce the values for those parameters observed in actual primate species is included in the
current work. The intent is to create a knowledge-falsifying
model [15] rather than a predictive one, to rule out the posPermission to make digital or hard copies of all or part of this work for
sibility of such an effect [17]. However, because the action
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
of natural selection is greatly affected by the dynamics of
bear this notice and the full citation on the first page. To copy otherwise, to
the population under selection, what we require is a framerepublish, to post on servers or to redistribute to lists, requires prior specific
work ecology to drive those dynamics in a consistent fashion,
permission and/or a fee.
while allowing us to vary social parameters.
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ponential growth at a common rate across the varied social
parameters [7]. However, even an extremely slow exponential increase, maintained across an evolutionarily-relevant
time span requires computational resources unavailable for
the current work, as the population sizes involved become
very large. A stable population regime is the solution to
this problem. Modeling the action of natural selection adds
additional requirements that the model act in a stochastic
fashion and that some inherited variability in inclusive fitness, through variability in reproductive or mortality rates
amongst the agents in the model, be included.

3.

METHODS

Because the Cercopithecine primates live in such a wide
range of ecological niches and in social systems with varying
ecological effects of their own, we present three variations of
our ABM. In each of these, the relationship between socialgroup size and ecological efficiency also varies, as a product
of the calculation of the relationship between social dominance and reproduction probability. These represent differing relationships between social-group size and the socialgroup’s average reproduction rate; species in which larger
groups translate to greater and lesser average reproductive
output and species in which the group size does not affect
average reproductive output.
Given the time-span required for significant evolution to
occur, direct observation of changes in gene frequencies in
primates seems a difficult route to follow in search of an
answer. Observations of the distribution of beneficial gene
variants within a population might be profitably pursued,
but the process of identifying specific genes and their effects
on inclusive fitness presents problems of its own. Barring
unforeseen advances in genetic technologies or the appearance of funding for the sorts of long-term traditional observational studies required, modeling natural selection in a
population with the proper social structure seems the only
immediate way forward. However, this modeling must operate at the individual level, rather than that of populations
or social groups, as it is the interactions of these individuals that drives both the social and selective processes under
inspection [8].

3.1

Environment

Most models of this sort used in biological investigations
contain explicit spatial components. [14, 11, 4]. In some
respects the current model does as well, but here the primary space represented is the social one and it is limited
to tracking which social group an individual agent resides
within. We use discrete time intervals in our models as well
with a single clock in which each tick of the clock represents
a single year.
Our ecologiy begins with the common construct of a carrying capacity(kG ), which allows for both stochastic events
and the maintenance of comparability between populations
with varying social parameters. Defined as the population
size at which reproductive and mortality rates are in equilibrium, the application of a carrying capacity can be implemented as the outcome of linear differential equations
defining the reproductive and mortality probabilities of individual members as total population size(nG ) varies [3].
Additional parameters in these linear equations, a base rate
(bR and bM ) of mortality and reproduction, allow finer control over population turnover rates by allowing the modeller

to set reproduction and mortality rates when the population
size is at the carrying capacity(kG ).
PR = (2 − (nG /kG ))bR

(1)

PM = (nG /kG )bM

(2)

Controlling reproductive variability is made essential by
the need to maintain a constant number of social groups in
the population, and the limitations that female philopatry
and obligate male dispersal place on such maintenance. Because females can only join a social group by being born
within it, and social group in which all the resident females
die is rendered permanently non-viable. These requirements
could be greatly ameliorated if the social groups being modelled were capable of self assembly if social group-fission
could be used to maintain a constant number. However,
such capacities are outside the scope of the current work.
Self-assembling models of primate social grouping represent
a technical and scientific challenge, in itself, significantly
more complex than the task at hand.
The actual probabilities of reproduction and mortality,
when the population is at carrying capacity, can be held as
equal and constant, even if the effective carrying capacity
changes due to the inclusion of an analog of natural selection acting on the carrying capacity the population operates
under. This allows both the maintenance of comparability
between runs of the model with varying social parameters
and while under the effects of selection. The effect is analogous to density dependent rates of reproduction and mortality with an equilibrium at the population size set by the
carrying capacity parameter and with parameters to determine the reproduction and mortality rates experienced at
the population equilibrium point.
Within this common ecological framework, the social structure and parameters modulating the strength of its effects
can be meaningfully compared. The social structure included in the current model contains the elements mentioned
above; linear sex segregated dominance hierarchies with female philopatry and male dispersal, inherited female dominance, reproduction limited to within the social group and
the assumption of a relationship between female reproductive success and dominance rank.

3.2

Agent Attributes and Behaviour

Each agent within our model has attributes of age, sex,
social-group membership and genetic quality. ‘Female’ agents
also possess a social dominance ranking within their socialgroup. Each tick of the model’s clock represents one year,
and the agents operate under a common life history based
on their age and sex. In the current work, all agents have a
maximum life-span of 10 years with weaning and sexual maturity beginning at age 2. At sexual maturity, male agents
are moved from their natal social-group to another, randomly selected, one. Females remain in their natal group,
and receive a dominance ranking one rank below their female
parent. When a new agent is inserted into the dominance hierarchy, all lower-ranking agents are moved one rank further
down the hierarchy.
During each clock tick, events occur in the following order; age-based mortality, ecologically-based mortality, male
migration and reproduction. If a female agent dies for any
reason, and she currently has an unweaned child, the offspring also dies.

3.3

Conditions

Three models of the relationship between reproductive
success and dominance rank are included in the current
work. The first, based on the earlier model suggested by
the Altmanns [1], assumes an exponential relationship between female reproductive rates and dominance rank. The
mathematical description of this relationship is expressed in
the equation below for the reproduction probability(PR ) of
a given female agent given her social rank (ri ) in which R
is a social parameter, with a value between zero and one,
meant to represent the fraction of the reproductive probability a group member experiences relative to the next higher
ranked member. Dominance Hierarchy Strictness can then
be thought of as 1 − R.
PR = Rri −1

(3)

This can most easily be thought of as the extent to which
more socially dominant animals exploit their dominance or
the strictness of the dominance hierarchy. This model of
the dominance/reproduction relationship poses a problem
for maintaining comparability of populations with varying
values for R, as the average reproduction rate of the social group will decrease with the parameter’s value decreases
and the group’s current size increases. Expressed in ecological terms, this model might be held to represent primates
with social behaviour that leads to ecological inefficiency
that grows with group size;. Perhaps the larger the group,
the more time wasted by increased social interaction or the
less efficiently its members are able to forage. We refer to
this model variant hereafter as the Top-Down Model, as the
rank effect is calculated from the top ranked individual down
to the bottom ranked one.
The second model provided attempts to remove the effect
of the strictness of the dominance hierarchy on the average reproductive rate by rescaling each members individual
reproduction rate to keep the average rate of the group unchanged, based on the size of the social group(nG ).
PR = Rri −1 nG (1 − RnG )/(1 − R)

(4)

The range of values of R for which rescaling is effective,
though, is limited the life-history traits of the agents, and
the fact that they can only produce a single offspring at a
time.
This Rescaled Model represents those primates in which
the portion of time, spent socialising does not increase with
group size, or in which foraging efficiency is unaffected. The
third, Bottom-Up Model, calculates the effects of dominance
rank from the lowest ranking member up to the highest
ranked, the reverse of the Top-Down Model,
PR = (1 + (1 − R))nG −ri

(5)

This model serves to increase the average rate of reproduction in the group as group size or dominance/reproduction
effect size increases, producing a larger stable population
size. This represents probably the least likely ecological condition, a species of primates in which social costs decrease
with increasing group size, or in which increasing group size
also increases foraging efficiency.
All three of these models of social dominance and reproduction have effects on the reproduction rates and distributions of the social groups to which they are applied. In
each case, reproductive probability is redistributed along a

gradient within the group determined by the social dominance hierarchy, with relatively more reproductive probability being provided to those of higher social rank and less to
those of lower rank. We refer to this as Reproductive Skew.
When this skew is strong enough, it removes variability in
the reproductive probabilities and thusly reduces stochasticity in the reproductive output of the social group by reducing
the reproductive probability of low ranked members to zero
and increasing the reproductive probability to certainty for
highest ranks. We refer to this effect as Reproductive Skew
Saturation [RSS]. As the saturative effect becomes stronger,
overall reproductive output grows ever smaller as the applied gradient removes any chance for all but the most highly
ranked group members lose all reproductive probability.

3.4

Selection

In our models, natural selection is modelled in a manner as simplified as the ecology. The inherited capacity on
which selection acts in the model is a quantity that allows
individual-level variation in the ecological constraints the
agent operates under in the context of reproduction or mortality, which we call here genetic quality. We would expect
such a value to correlate highly with fitness in most situations. Selection will always drive this inherited value to ever
higher values, what we measure here (the dependent variable) is the rate of increase. An analog to mutation is also
included in the form of a set of two parameters to control the
frequency and size of the change induced by mutation to the
genetic quality. To reduce the variability between individual
runs of the model on the action of the selection analog, no
variability in the genetic quality of the initial population is
included. Instead, all such variability is the product of the
mutation events during the model’s run.

4.

RESULTS

There are four relevant outputs of our model for investigating the effects of the Cercopithecine social-structure on
the speed of selection; population size, total offspring produced, selection amount and selection index. For each of our
three model types, we present graphs of these values across a
range of values for the dominance hierarchy strictness (1−R)
from 1 to 0 in increments of 0.01. For each value of R, the
model was run 1000 times with a Carrying Capacity parameter value(kP ) of 750 and 5 social groups. Only runs which
ran for the full determined duration of 1000 clock-ticks without any of the social groups failing were included in the final
results below. This is reflected in the size of the error bars
as the model becomes less stable as R gets closer to 0 and
dominance hierarchy strictness increases.
The amount of selection, as well as the ease with which
the studied populations can be compared, depend in part
on the population’s mean size. Additionally, each of the
three ecological models of dominance/reproduction relations
affects the output population differently, as can be seen in
the results below. The value presented is the arithmetic
mean of the population’s size at the end of each model run
across all runs for a given value of R.
The amount of selection is calculated based on the population’s average starting genetic quality value (always 0.5),
subtracted from the final average quality score of the population when the model has run to completion. Even though all
of the model runs last the same duration, because the mean
population sizes differ this value will not suffice to provide

a measure of the speed of selection that can be compared
across model types and values of R.
Instead, this selection amount is divided by the total number of offspring produced during each model run to produce
the Selection Index value, the amount of selection per reproductive event. We’ve used this value, instead of the average population size because there may exist populations of
the same size with differing rates of reproduction and mortality, population turn-over, that would evolve at different
rates. However, these same populations will clearly produce
a different number of offspring and may be, thusly, more
comparable on this basis.

4.1

Top-Down

The Top-Down version of our model is the most ecologically probable. Larger social-groups are likely to pay efficiency costs as their size increases.The anticipated sideeffect of this model of dominance/reproduction relations, a
reduction in average population size, is clearly visible in our
results. The total amount of selection appears to be driven
by this factor. However, once the total number of reproductions is taken into account, our calculated selection index,
the speed of selection clearly increases directly with dominance hierarchy strictness.
As can be seen in the results, the standard error values
for Population Size and Total Offspring Produced do not increase as dominance hierarchy strictness increases, despite
the decreased sample sizes. Selection Amount and Selection Index do not share this insensitivity and errors increase
markedly as strictness increases.
This is caused by the increasing reproductive skew along
the dominance hierarchy as strictness increases. Higher ranking agents become ever more likely to reproduce while the
lower ranking agents become ever less likely to do so. As
reproduction becomes more and more concentrated among
the high dominance ranks, the variability in reproduction
rates decreases until it is effectively no longer stochastic at
all. Once this occurs, the Population Size and Offspring Produced begin to decrease along an exponential trajectory and
the amount of selective pressure decreases as reproductive
success depends less and less on genetic quality, relying entirely on rank instead. RSS effects are even more important
in the other model versions as we will see below.

4.2

Rescaled

The results of the Rescaled version of our model are less
easy to explain than the Top-Down version. While broadly
similar in character, R values close to one initially produce
an increased population size over the control value [1] with
accompanying decreases in Selection Index and Amounts.
The origin of the dynamics in this range of R are currently
unexplained and will likely require data gathering at a lower
level than population averages to explore fully. Once clear
of this unexplained effect, Selection Index increase as R decreases much like the Top-Down Model.
The effects of RSS is visible again in these results, but
the attempt at rescaling to avoid group-level reproductive
effects seems to extend the skew-unsaturated range. This
same rescaling also succeeds in increasing model stability
across a larger range of R values, with visibly less increase
in error sizes at given R values when compared to the TopDown model results.

4.3

Bottom-Up

The Bottom-Up model results initially appear nearly meaningless. No dynamics of any sort are immediately apparent.
This is a case of extreme RSS effects, combined with reproductive saturation as the average reproductive rate increases with decreasing values of R. However, by rerunning
the model in a much smaller range of R values, between 1
and 0.991, more complex dynamics become visible.
Within this range, Population Size and Total Offspring
Produced increase linearly with decreasing values of R, as
expected. Selection Amount does not produce an obvious
pattern, but Selection Index decrease almost linearly. This
is the product of selection pressure decreasing along with R,
as a result of the expected increased average reproduction
rate.

5.

DISCUSSION

It is clear that there is a complex relationship within our
models, between the speed of evolution and social structuring. In all cases, the rate of evolutionary change varies with
both the style and strictness of the dominance hierarchy.
While it was only under the Top-Down version of the model
that a clear acceleration of selection occurs, this case also
seems the most likely to apply to actual ecological events
where large social groups are likely less efficient exploiters
of ecological resources.
Unfortunately, the limitations of the current model prevent us from exploring this phenomena more fully. Reproductive saturation, caused by implausibly large group sizes,
and the need to maintain demographic viability across many
model runs prevents us from being able to model more realistic scenarios. The same saturation effects also greatly
reduce reproductive variability, likely limiting the pace of
selection within the modelled population. Future work to
improve the model populations long-term stability and perhaps allow self-assembly of the social groups should make
exploration of these likely more fruitful areas of our parameter space accessible.
Perhaps equally exciting is the potential for applying some
of the techniques invented in the current work to more practical pursuits. Evolutionary algorithms are a well established search technique, and systems designed to take advantage of the accelerated selection seen in our models might be
used to significantly increase their efficiency. Clearly, structured populations of evolving agents are capable of solving
problems with an efficiency that unstructured populations
of the same size cannot match. Further refinements in producing these population structures and in layering them to
greater complexity, should only extend the value of our techniques.

6.

CONCLUSIONS

Despite the challenges of reproductive skew saturation
and model demographic instability, we have clearly demonstrated that the our models of the Cercopithcine-typical social structure does affect the rate at which selection occurs
in these populations. In the case of the Top-Down model,
there is a clear pattern of acceleration of selection directly
proportional to the strictness of the dominance hierarchy.
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(a) Top-Down Model Population Size vs Dominance Hierarchy Strictness(1 − R). As strictness increases, mean
population size drops almost exponentially. This trajectory begins at the point where Reproductive Skew saturates out the stochasticity. Beyond this value almost all
of the reproduction that occurs is deterministic, as the
gradient removes most variability in reproductive probability.

(b) Top-Down Model Total Offspring Produced vs Dominance Hierarchy Strictness(1 − R). Again, as strictness
increases, the average Total Offspring produced during
a model run drops on a near exponential trajectory because of RSS.
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(c) Top-Down Model Selection Amount vs Dominance
Hierarchy Strictness(1 − R). The change in the population’s average genetic quality value from the start to
the end of a model run. The magnitude of this value is
largely driven by the total number of reproductive events
during a model run. Selection Index, the total amount of
selection divided by the number of reproductive events
allows comparison across differing population sizes.

(d) Top-Down Model Selection Index vs Dominance Hierarchy Strictness(1−R). The average Selection Amount
divided by the total number of reproductive events in a
model run. This value represents the average amount
of selection per reproduction, the rate of evolution. For
the Top-Down model of Dominance Reproductive Relations, this value is lowest at the control and rises roughly
linearly as hierarchy strictness increases.

Figure 1: Top-Down Model Results
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(a) Rescaled Model Population Size vs Dominance Hierarchy Strictness(1 − R). Like the Top-Down model as
strictness increases, mean population size drops almost
exponentially. The point where Reproductive Skew saturates out the stochasticity, is lowered as rescaling flattens
the reproductive probability gradient while strictness is
low.

(b) Rescaled Model Total Offspring Produced vs Dominance Hierarchy Strictness(1 − R) Again, as strictness
increases, the average Total Offspring produced during
a model run drops on a near exponential trajectory because of Reproductive Skew saturation. The markedly
higher values of offspring produced for strictness values
just greater than 0 appear to be caused by increased population turnover. The source of this increase is not yet
understood.
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(c) Rescaled Model Selection Amount vs Dominance Hierarchy Strictness(1−R). Like the Top-Down model this
value decreases with dominance strictness as RSS lowers
the average reproductive output.

(d) Rescaled Selection Index vs Dominance Hierarchy
Strictness(1−R). For the Rescaled model, this value still
rises roughly linearly as hierarchy strictness increases
but only after the initial hump of increased population
turnover is traversed.

Figure 2: Rescaled Model Results
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(a) Bottom-Up Model Population Size vs Dominance Hierarchy Strictness(1 − R). Unlike the earlier two models, as dominance hierarchy strictness increases, mean
population size remains near constant. This occurs because reproductive skew saturates the model and all of
the population are producing offspring at their maximum
possible rate almost immediately.

(b) Bottom-Up Selection Index vs Dominance Hierarchy
Strictness(1−R). The average Selection Amount divided
by the total number of reproductive events in a model
run. As with earlier values, charted, the Selection Index
appears to remain constant.

Figure 3: Bottom-Up Model Results
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(a) Bottom-Up Model Population Size vs Dominance Hierarchy Strictness(1 − R). When dominance strictness
is low, reproductive skew saturation is not yet dominant
and a clear relationship between average Population Size
can be observed, with population size increasing linearly
as dominance strictness increases. The number of offspring produced follows the same pattern, but is not displayed here.

(b) Bottom-Up Selection Index vs Dominance Hierarchy
Strictness(1 − R). Again, unlike the larger set of runs,
Selection Index is not constant across the R values displayed. However, as saturation increases and reproductive rates increase, the speed of selection drops under
reduced selective pressure.

Figure 4: Bottom-Up Model Low Strictness Results

Additionally, the consistent effects of these structures on
population size may also point in the direction of further
benefits to populations structured in this manner, as a way
to control population independently of the usual ecologically imposed constraints. That a mechanism driven by
socially learned behaviour, the adoption of maternal dominance rank, interacts with evolutionary selection in such
a complex way provides strong support for the idea that
complex sociality is responsible for the observed pattern of
frequent speciation in social vertebrates. Further investigation into these mechanisms may lead to advances in our
understanding of evolutionary processes and the ability to
harness these phenomena in creating evolved software.
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