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Abstract: A non-spatial agent-based model is used to explore how marriage behaviors and fertility a�ect the
minimum population size required for hunter-gatherer systems to be demographically viable. The model in-
corporates representations of person- and household-level constraints and behaviors a�ecting marriage, re-
production, and mortality. Results suggest that, under a variety of circumstances, a stable population size of
about 150 persons is demographically viable in the sense that it is largely immune from extinction through nor-
mal stochastic perturbations in mortality, fertility, and sex ratio. Less restrictive marriage rules enhance the
viability of small populations by making it possible to capitalize on a greater proportion of the finite female
reproductive span and compensate for random fluctuations in the balance of males and females.
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Introduction

1.1 A demographically viable population can be defined as one that persists for a certain length of time despite
stochastic perturbations in mortality, fertility, and sex ratio. Small populations are potentially susceptible to
extinction through these stochasticities: the smaller the population, the greater the proportion of the popula-
tion is represented by each individual, and the greater impact of each birth and death on the characteristics
of the entire population (Moore 2001, p. 403, Sha�er 1981; Wobst 1975). The link between viability and size is a
central principle of population biology. Theminimumviable population (MVP) size is the population size above
which stochastic factors do not pose a significant threat to the survival of the population over some defined
length of time (Sha�er 1981). MVP size is typically assessed over a span of timemany generations in duration in
order to allow the e�ects of stochastic perturbations to play out.

1.2 In all species, reproductive variables such as fecundity, reproductive strategy, and maturation rates have sig-
nificant impacts on the size of population that is "viable" under di�erent circumstances (see Sakai et al. 2001;
Sha�er 1981; White et al. 2008). In human populations, the cultural rules a�ectingmarriage also potentially im-
pact viability by defining or restricting a person’s pool of potential mates. A wide range of marriage behaviors
has been observed among ethnographic hunter-gatherers (e.g., see Binford 2001; Kelly 1995; Murdock 1967).
Clarifying how di�erences in fertility and marriage a�ect the demographic viability of small populations is rel-
evant to understanding the size and structure of both ethnographic hunter-gatherer societies and those that
we are attempting to understand archaeologically. Finding the lower size limits of demographically viable hu-
man populations is of particular interest to anthropologists studying how human societies adapt to di�erent
environments and colonize empty landscapes.

1.3 I use an agent-based model (ABM) to systematically explore how variability in marriage behaviors and mortal-
ity conditions a�ects the ability of hunter-gatherer populations of varying size to sustain themselves over long
periods of timewhen growth is constrained. An ABM allows us represent the human behaviors that we can doc-
ument ethnographically (such as birth, marriage, reproduction, and death) as operational “rules” for human-
level behavior, create a system of actors who interact according to these rules, set the system in motion, and
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characterize the outcomes in terms of aggregate patterns. In contrast to equation-based demographicmodels,
this type of model permits stochasticity in mortality, fertility, and sex ratio to operate at the correct “human”
level and ultimately a�ect survival at the population level. Through systematic experimentation, cause-e�ect
relationships between these two levels can be investigated as an empirical problem, allowing us to usemodel-
ing as tool for building theory about theminimum size of demographically viable hunter-gatherer populations.

1.4 In this paper, a “viable” population is defined as one that survives over a span of 400 years. Under the condi-
tions investigated here, experiment results show that model populations greater than 150 persons are largely
unthreatened by the normal stochastic perturbations inmortality, fertility, and sex ratio thatmay cause smaller
populations to go extinct. MVP size is smaller when marriage rules are less restrictive, as fewer constraints on
marriage allow a population to capitalize on a greater proportion of the finite female reproductive span. While
some aspects of my results are in accord with those of previous modeling work (i.e. Moore 2001; Wobst 1974),
they provide no support to the assertion that a human population size on the order of 500 or so is necessary to
ensure demographic viability.

Background

2.1 The nature ofmobile hunting-gathering adaptations produces a tension between the economics of subsistence
and thenecessities of demography. Many ethnographically-documentedhunter-gatherer populations spendat
least part of the year in dispersed, autonomous foraging groups generally containing less than 35 persons (Bin-
ford 2001; Kelly 1995). The size and mobility behaviors of these foraging groups are strongly conditioned by
subsistence ecology, which o�en makes it impossible to support larger aggregations of persons for extended
periods of time (Binford 1980, 1983, 2001; Kelly 1995). While these small foraging groups constitute functional
economic units for subsistence purposes, they are not presumed to be demographically self-sustaining over
the course of many generations. Thus groups large enough to be demographically viable are too large to be
economically viable, while groups small enough to be economically viable on a day-to-day basis are not de-
mographically viable over the long term. Ethnographic hunter-gatherer systems “solve” this dilemma by using
cultural mechanisms (e.g., kinship, exchange, and personal/groupmobility) to build andmaintain a social sys-
tem that binds together a dispersed population, facilitating the transfer of information and persons between
groups (see White 2012).

2.2 Studyof relationshipsbetweenmarriagebehaviors, populationsize, anddemographic viability inhunter-gatherer
social systems has been pursued by both ethnographic research and model-based analysis. Ethnographic re-
search has been used to identify patterns in the sizes of hunter-gatherer systems (e.g., Birdsell 1953, 1958, 1968;
Hamilton et al. 2007), document behaviors a�ectingmarriage and reproduction (e.g., Binford 2001; Kelly 1995),
and collect demographic data that can be used to characterize living populations (Hewlett 1991; Hill et al. 2007;
Pennington 2001, e.g.,). Model-based analysis has been used to estimate theminimum sizes of hunter-gatherer
mating networks (Wobst 1974), explore the relationships betweenmarriage behaviors and fertility (Wobst 1975),
and evaluate demographic aspects of colonization models (Moore 2001).

2.3 The influential studies of Birdsell (1953, 1958, 1968) and Wobst (1971, 1974) presumed that the population size
of hunter-gatherer social systems would be conditioned by: (1) limitations on the minimum size required for a
population to be demographically viable; and (2) the “cost” of maintaining communication across a system of
dispersed groups under conditions of very lowpopulation density. In combination, these forceswould produce
social systems of some “equilibrium” size: large enough to be demographically viable but not so large as to be
too expensive to maintain. They reasoned that the size of hunter-gatherer social systems should therefore be
close to theminimum size necessary to encompass a demographically viable population (Wobst 1974, pp. 154–
155).

2.4 Birdsell (1953, 1958, 1968)approached theproblemofdeterminingequilibriumsizebyconsideringethnographic
data from Australia. He noted that the size of “dialectical tribes” of Australian hunter-gatherers had a central
tendency of around 500 persons, and reasoned that endogamous social systems of this size were probably
also typical of Paleolithic hunter-gatherers. It is worth pointing out, as Birdsell (1953, p. 197) himself did, that
the number 500 was a statistical abstraction produced from disparate sources of ethnographic data: the docu-
mented size range of Australian “tribes”, while varying around a central tendency of about 500 persons, com-
monly includedgroupsof less than200 (seeBirdsell 1953, Figure8, Birdsell 1958, p. 186, Kelly 1995, pp. 209–210).

2.5 Wobst (1971, 1974) used a computer simulation to explore the sizes of hunter-gatherer populations necessary
to ensure the availability of mating partners over the long term. Following Yellen & Harpending (1972), he de-
fined the minimum equilibrium size (MES) of a population as “the mean and median number of persons that
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live in the intervening distance between 2 marriage partners” (Wobst 1974, p. 157). In his simulation, a popula-
tion divided into groups of 25 people was arrayed in a grid of hexagonal cells. When a male in the population
reached marriageable age (15 years old), he systematically searched for a mate in the surrounding population,
beginning with the spatially nearest groups. Results from model runs (n =40) lasting 400 years returned MES
values between 79 and 332 people (Wobst 1974, pp. 162–163). Systems in this size range would have occupied 1
or 2 tiers of hexagonal grid cells each containing 25 people, leadingWobst to estimate that, in populations that
are spatially structured like those in hismodel, 175 to 475 people would constitute themean size of amaximum
band where the availability of mating partners could be guaranteed. Wobst’s MES estimate of 475 people res-
onated with the conclusions of Birdsell’s work, reinforcing the earlier characterization (see Lee & DeVore 1968,
pp. 245-248) of 500 as a “magic number” in hunter-gatherer demography.

2.6 Moore (2001) used a simulationmodel to explore the extinction of small humanpopulations in several coloniza-
tion scenarios. Like Wobst’s (1974) model, Moore’s model represented mortality, fertility, and marriage at the
level of the individual and contained provisions for adjusting marriage rules. Starting populations of varying
size were “set ashore” and allowed to persist until they went extinct or began growing rapidly (depending on
conditions). At low fertility rates, populations varying in initial size from4 to 60 persons invariablywent extinct.
There was a general positive relationship between the starting size of the population and the mean number of
years before the population went extinct. At high fertility rates, very small (ten person) groups that survived
the initial “stochastic crisis” o�en went on to experience rapid growth in population. Moore (2001) o�ered no
formal definition of viability to frame his results, but concluded that

"no population size at low fertility and/or high mortality is su�iciently large to guarantee the suc-
cess of a colonizing group. But on the other hand, every population, no matter how disadvanta-
geous its demographic conditions might be, has some chance of survival, even for hundreds or
thousands of years." (Moore 2001, p. 405)

2.7 This statementencapsulates thechallengesofunderstandingdemographicviability among thesmall (andsome-
times potentially very small) populations we encounter when considering so many aspects of past hunter-
gatherer systems. Of all the analyses performed to try to elucidate aspects of prehistoric hunter-gatherer de-
mography, studies that haveattempted to realistically grapplewith the impacts of stochasticity in small popula-
tionsare inadistinctminority. Equation-basedmodels thatassume infinitepopulations, fixedbirth/death rates,
and/or random mating are of limited utility for exploring demography in small populations where individual-
level stochastic variation is an important factor (cf. Wobst 1975, p. 76). The studies of Birdsell and Wobst have
enjoyed considerable influence over the last forty years, perhaps in part because they have existed in a near-
vacuum of subsequent theory-building work. The “magic number 500” retains currency as a simple explana-
tion for why hunter-gatherer social systems appear to occur in a limited range of sizes relative to those of other
humansocieties, andWobst’s (1974) study is o�en the solepaper cited in support of thegeneral idea thathunter-
gatherer populations must be of some minimum size that is larger than that of the foraging group in order to
be “viable” or “e�ective” or “self-sustaining”.

2.8 Themodel that I utilize in this paper hasmany parallels with themodels of Wobst (1974) andMoore (2001). Like
those models, it represents each person as an individual entity, allowing heterogeneity within the population
and permitting stochasticity to operate at the correct level. Perhaps the most important di�erence between
this model and those of Wobst (1974) and Moore (2001) is that the model used here incorporates household-
level feedback mechanisms that a�ect decisions about marriage, reproduction, and infant mortality. This is
important because of the place of the family/household as a fundamental economic and social unit in hunter-
gatherer systems (Binford e.g., 2001, p. 309, Helm 1965, p. 379, Jarvenpa & Brumbach 1988, p. 607, Keen 2004,
Wobst 1971, , p. 62)). Incorporating representations of basic household productive/reproductive behaviors and
constraints allows us to let stochastic e�ects play out in model systems that more closely resemble those we
are trying to understand.

Model Description

3.1 Themodel used for this analysis is version 3 of the ForagerNet3_Demography model (herea�er FN3D_V3). The
modelwaswritten in the Javaprogramming language andbuilt initially usingRepast J. Thedata usedherewere
produced a�er themodel was converted to run in Repast Simphony. Documentation of Repast can be found at
www.repast.sourceforge.net. Rawcodeanddescription for theFN3D_V3modelareavailableonlineatwww.
openabm.org (White 2016a). This section provides a general overview of the design, operation, and methods
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of themodel and describes in detail the representation of marriage restrictions that are specific to the analysis
in this paper.

General design and operation

3.2 The model has three main “levels:” person, household, and the system. Each agent in the model represents
an individual person that is a discrete entity with a unique identity. Households are co-residential groupings of
persons that form throughmarriage and change in size and composition primarily throughmarriage, reproduc-
tion, and mortality. Occasionally households can include members that are not related by biological descent,
marriage, or marriage to a common partner (e.g., when both parents in a household die and their “orphan”
children become part of a di�erent household). The dependency ratio of a household (the ratio of the num-
ber of consumers to the number of producers) is a key factor in probability-based, household-level decisions
about reproduction, marriage, and infanticide (see below). For the experiments discussed here, persons are
counted as producers at age 14. A dependency ratio of 1.75, considered “typical” of hunter-gatherers (Binford
2001, p. 230), was used to perform economic calculations. The system of the model is composed of all persons
and households in existence at a given point in time.

3.3 Social links classify relationships between pairs of living persons and are used to define which pairs of persons
are prohibited frommarrying. Family links indicate a consanguineal (i.e., blood descent) relationship. Kinship
and marriage links are links of a�inity (i.e., created through marriage). Co-resident links are established be-
tween individuals that co-reside in a household but do not qualify for family, marriage, or kin status. A change
in the nature of the relationship between two persons will trigger a change in the class of the social link that
connects the two persons.

3.4 Model-level parameters set conditions for all persons or all households in the world and define aspects of the
system: all persons become eligible to marry at the same age, for example. The model was intentionally con-
figured to remove the spatial components of interaction and behavior. This eliminates the potential e�ects of
information flow, mobility, and population density on the analysis performed here.

3.5 At the startup of each run, themodel produces an initial population of a specified number of persons of random
sex and random age between 15 (the age at which the potential for reproduction and pair-bonding begins) and
20. The initial households in a model run are created through random marriages between eligible males and
females in the initial population.

3.6 Timepasses in themodel in the formofdiscrete steps, each representingoneweek (5200 steps representing 100
years). Following the creationof initial persons andhouseholds, themodel takes a stepand initiates a sequence
ofoperations that includes themethods forpair-bonding, reproduction, anddeath (seeWhite 2016a). This same
sequence of operations is repeated in every subsequent step until themodel has completed a specified number
of steps. Data required for computing relevant variables (mean population size, total fertility rate, mean female
age at marriage, mean percentage of polygynous marriage, etc.) are collected during the second half of a run.
Summary data are calculated at the end of a run and appended to a data file for analysis.

Methods

3.7 The main methods of interest in this use of the FN3D_V3 model are the marriage, reproduction, and mortality
methods.

3.8 Marriage. Each male at or above the age of 15 (ageOfMaturity) will enter the marriage methods at each step. A
potential femalemate is randomly chosen from the pool of unmarried females of reproductive age. Themodel
then checks to confirm that the pairing would not violate the set marriage restrictions (see below) nor create
an economically unviable household (e.g., if the female has many dependents from a previous bonding where
the male has died). If these conditions are met, the male and female each perform a sequence of economic
calculations that computes the probability that they will marry (see White 2013, pp. 132–135, White 2016a). If
the male is already married and polygyny is permitted, the male calculation is based on the economic utility
of adding an additional female to his existing household. The female calculation is based on a comparison
between the dependency ratio in her current household (typically with her birth family) and the dependency
ratio of the household shewould join (e.g., as an additional femalemate) or formwith themale. All singlemales
of suitable age will attempt to marry each step with 100 percent probability.

3.9 Reproduction. Although the biological potential for female reproduction in the model extends from ages 11
through 55, only currently married females that are not in a period of post-partum amenorrhea are eligible to

JASSS, 20(4) 9, 2017 http://jasss.soc.surrey.ac.uk/20/4/9.html Doi: 10.18564/jasss.3393



become pregnant. The base probability of a female becoming pregnant during a given step is calculated by
using an age-specific fertility schedule (Figure 1; White 2016a) similar to that documented for the !Kung (Howell
1979) and the Ache (Hill & Hurtado 1996). The peak reproductive years are between ages 21 and 40.

Figure 1: Chart of age-specific base probabilities of mortality and fertility used in model experiments. When an
individual reachesmaxAge (set to 86), death is automatic.

3.10 The dependency ratio of a household is the ratio of consumers (the total number of persons in a household) to
producers (the number of persons who are actively procuring and/or preparing food). In themodel, the depen-
dency ratio of a household a�ects the reproductive behavior of the household. The probability of pregnancy is
reduced if the addition of another childwould raise the household’s dependency ratio above 1.75 (1.75was cho-
sen to represent the dependency ratio of a "typical" hunter-gatherer household based on ethnographic data
presented by Binford (2001, p. 230). This represents the existence ofmechanisms for avoiding pregnancy based
on household-level economics. The chance of avoiding pregnancy is determined by first calculating howmuch
above 1.75 the dependency ratio would rise if another child were to be added and then taking this amount as
a percentage of 1.75 (e.g., the chance of avoidance is 100 percent if another child would raise the dependency
ratio of the household to 3.5). Successful reproduction results in the creation of a child of random sex who is
then added to the household.

3.11 The reproductionmethods also include amechanism for terminating the life of a newborn infant (i.e., commit-
ting infanticide). The chance of infanticide is calculated using the dependency ratio in the same way as avoid-
ance of procreation: the di�erence is that the birth and subsequent death of a child figure into infant mortality
rates where avoidance of procreation does not. The sex of a child does not a�ect the probability of infanticide
in the model.

3.12 Mortality. Each person is exposed to a risk of death at each step. The yearly base probabilities of death are
age-specific and follow a pattern similar to that documented for the Ache (Hill & Hurtado 1996) and the Tsi-
mane (Gurven & Kaplan 2007) (see Figure 1). If a person reaches a certainmaximum age (set by the value of the
parametermaxAge), death is automatic. Infant mortality is increased from the base probabilities in the model
through the economically-sensitive infanticide mechanism.

3.13 Themodel uses a global feedbackmechanism betweenmortality rates and population size to stabilize the size
of the population (see White 2016b,a). A model-level parameter (popMortAdjustPoint) specifies the population
size above which all probabilities of death are increased and below which all probabilities of death are de-
creased. At each step, the model calculates the variable popMortAdjustment by comparing the current size of
the population to the size of the population specified by popMortAdjustPoint. If the current population is 605,
for example, and popMortAdjustPoint=500, the popMortAdjustment is 1.21 (605/500). If the current population
is 400 and popMortAdjustPoint=500, the popMortAdjustment is 0.8 (400/500).

3.14 Theprobability of death for a particular person is calculated by firstmultiplying that person’s age-specific prob-
ability of death per step by the set value ofmortalityMultiplier, a model-level parameter that is used to adjust
the strength of the feedback between mortality and population size. That probability is then multiplied by the
calculated value of popMortAdjustment to arrive at the probability that the person will die that step. In the
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case of a 25-year-old (with a yearly base probability of death of 0.015) in a population of 605 persons with a
popMortAdjustPoint of 500 and a mortalityMultiplier of 1.8, for example, the probability of death each step is
0.000628((0.015/52) ∗ (605/500 ∗ 1.8)), 0.0327 each year.

3.15 Adjustment of the value ofmortalityMultiplier can be used to produce a continuous range of low to high mor-
tality conditions while maintaining the shape of the age-specific curve shown in Figure 1. For the experiments
conducted here, settings of 1 (no adjustment), 2 (doubledmortality probabilities), and 4 (quadrupledmortality
probabilities) were used to simulate a range of mortality conditions. The value of popMortAdjustPoint was set
to the same value as the initial number of persons. Note this does not mean that population size stabilized at
that value: it simplymeans that the base probabilities of death were positively or negatively adjusted based on
whether population size is above or below that value. At a given value of popMortAdjustPoint, the particular size
at which a model population stabilizes is a product of the balance between fertility andmortality. Populations
with more severe mortality conditions stabilize at sizes significantly below popMortAdjustPoint.

Marriage behaviors and constraints

3.16 Restrictions onmarriage are controlled by a set of three parameters (Table 1, Figure 2).

Parameter Function Settings

pairBondMode Specifies whether or not polygynous
marriage is permitted

1 = monogamous marriage only; 2 =
polygynous marriage permitted

pairBondRestrictionMode Specifies the mode of "kin-based" re-
strictions onmarriage

0 = no restrictions; 1 = "basic" incest
taboo; 2 = incest taboo includes all kin;
3 = incest taboo includes marriage di-
visions

numMarriageDivisions Specifies number of endogamous
marriage divisions within population

1 = no divisions a�ecting marriage; 2
= population divided into two endog-
amous groups; 3 = population divided
into three endogamous groups; etc.

Table 1: Description of model parameters controlling restrictions onmarriage.

3.17 The parameter pairBondMode controls whether or not polygynous marriage is permitted. If polygyny is pro-
hibited (pairBondMode=1), only unmarried males are eligible to marry. If polygyny is permitted (pairBond-
Mode=2), each male of reproductive age is eligible to marry each step. When polygyny is permitted, person-
level decisions about polygynous marriage are a�ected on a case-by-case basis by the male and female eco-
nomic calculations discussed above.

3.18 The parameter pairBondRestrictionMode specifies the extent of a “kinship-based” incest taboo that prohibits
marriage between pairs of persons related by kinship and/or descent. When the value of pairBondRestriction-
Mode is 0, there is no incest taboo: any eligible female of reproductive age may marry any eligible male of re-
productive age. Themale designated “ego” in Figure 2a is not prohibited frommarrying any of the 11 females in
the diagram. Human systems that completely lack cultural rules restrictingmarriage are unknown ethnograph-
ically: pairBondRestrictionMode 0, therefore, can serve as a limiting case representing aminimum restriction of
marriage beyond that which has been documented.

3.19 When the value of pairBondRestrictionMode is set to 1, the model imposes a “basic” incest taboo: marriage is
prohibited between all pairs of individuals connected by family links and any two individuals related as blood
aunt/uncle-niece/nephew (Figure 2b). Marriage is also prohibited between any two persons who have previ-
ously co-resided in the same household, whether related as family or not. Note that marriage is not prohibited
between cousins or between a husband and his wifeâĂŹÃň’s sisters or a wife and her husband’s brothers. This
is consistent with the occurrence of these kinds of marriages in many hunter-gatherer societies (e.g., see Kelly
1995;Murdock 1967). In pairBondRestrictionMode 1, themale designated “ego” in Figure 2bwould be prohibited
frommarrying seven of the 11 females in the diagram.

3.20 In pairBondRestrictionMode 2, marriage is prohibited between all pairs of individuals connected by kin ties in
addition to all pairs of individuals prohibited frommarrying in pairBondRestrictionMode 1. This would prevent
ego frommarrying his female cousin, but not an aunt that is not related through blood descent (Figure 2c).
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Figure 2: Diagram showing marriage restrictions by relationship when the value of pairBondRestrictionMode is
0 (a), 1 (b), and 2 (c).

3.21 In pairBondRestrictionMode 3, a set of “marriage divisions” is created to subdivide the population into endoga-
mous groups. The imposition of endogamousmarriage divisions in themodel represents, in abstract, a cultural
system that serves to restrict the pool of potential marriage partners available to each individual in addition
to the restrictions imposed by the “basic” incest taboo (as shown in Figure 2b). The section and subsection
systems of Australian hunter-gatherer societies are one ethnographic example where non-kinship cultural di-
visions of the population serve to restrict marriage (see Keesing 1975; Meggitt 1968; Murdock 1965 [1949]; Yen-
goyan 1968). The naming system used by the San is another (Lee see 1984, p. 68, Lewis-Williams et al. 1982,
p. 436.

3.22 The parameter numMarriageDivisions controls the number of marriage divisions which are created. Member-
ship in one of these divisions is determined at birth through the assignment of a random number. When the
value of this parameter is set to 4, for example, a random integer between 1 and 4 is generatedwhen a person is
born. The person stores this number. When the person is eligible tomarry, the pool of potentialmates is limited
to those with identical numbers. When there are four marriage divisions, approximately three-quarters of the
population is considered to be unsuitable formarriage from the perspective of a given individual. In themodel,
the membership of marriage divisions is independent from kinship and family.

Model Experiments and Results

4.1 A set of experimentswas performed to evaluate the relationships between population size, cultural restrictions
onmarriage, and the demographic viability of a population over a fixed span of time. The baseline age-specific
mortality probabilities were varied across three sets of runs by adjusting the value ofmortalityMultiplier. The
goal of these experiments was to explore how cultural restrictions on marriage a�ected minimum viable pop-
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ulation (MVP) size under di�erent mortality conditions. Values for key parameters of the experiments are pro-
vided in Table 2.

Parameter Description Value

initNumPersons Number of persons created at
start of a model run

2-500 (variable)

popMortAdjustPoint Population size above which base
probabilities of mortality are in-
creased and below which base
probabilities of mortality are de-
creased

2-500 (set to same value as init-
NumPersons)

popMortAdjustMult Strength of mortality-based feed-
back mechanism for stabilizing
population size

1 (constant)

ageAtMaturity Age (in years) at which a person is
eligible tomarry (and thereforeel-
igible to reproduce)

15 (constant)

agetAtProduction Age (in years) at which a person is
counted as a “producer” for pur-
poses of calculating the depen-
dency ratio of a household

14 (constant)

maxAge Maximum age (in years) a person
may attain

86 (constant)

maxPPA Maximum duration (in weeks) of
post-partum amenorrhea

72 (constant)

ageAtWeaning Age (in years) at
which children are weaned

3 (constant)

sustainableCP Value of dependency ratio consid-
ered “normal;” a dependency ra-
tio > sustainableCP has positive
e�ect on probabilities of avoid-
ing reproduction or committing
infanticide

1.75 (constant)

fertilityMultiplier Adjusts the base age-specific
probabilities of pregnancy by a
set factor

1 (constant)

mortalityMultiplier Adjusts the base age-specific
probabilities of death by a set
factor

1, 2, or 4 (variable)

Table 2: Values of key parameters used in model experiments

4.2 Minimumviable population (MVP) size is defined here as the population size that resulted in survival over a 400
year time span in 95 percent of experiment runs. The 400-year period was chosen to match the length of time
used in Wobst’s (1974) landmark simulation study. Assuming generations lasting about 20 years, the 400-year
period spans 20 generations.

4.3 Basic information about the settings and sample sizes of theMVP experiments is provided in Table 3. Five thou-
sand runs were performed at each combination of settings, randomly varying initial population between 2 and
500persons. ThevalueofpopMortAdjustPointwasset tomatch the initial population size. Aggregatedataonde-
mographic variables (mean fertility andmortality rates, inter-birth interval, male and female ages at marriage,
and the percentage and intensity of polygyny) were recorded during the last half of each run and reported on
the final step. Five thousand additional runs (one of which was dropped in data transfer) were performed at
initial population levels of 501-1000 for one set of conditions (marriage settings 1-3-8;mortalityMultiplier=4) to
determine MVP size.
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mortality Multiplier pairBondMode pairBond RestrictionMode numMarriageDivisions n runs

1 1 (monogamous) 0 1 5000
1 1 (monogamous) 1 1 5000
1 1 (monogamous) 2 1 5000
1 1 (monogamous) 3 2 5000
1 1 (monogamous) 3 4 5000
1 1 (monogamous) 3 8 5000
1 2 (polygynous) 0 1 5000
1 2 (polygynous) 1 1 5000
1 2 (polygynous) 2 1 5000
1 2 (polygynous) 3 2 5000
1 2 (polygynous) 3 4 5000
1 2 (polygynous) 3 8 5000
2 1 (monogamous) 0 1 5000
2 1 (monogamous) 1 1 5000
2 1 (monogamous) 2 1 5000
2 1 (monogamous) 3 2 5000
2 1 (monogamous) 3 4 5000
2 1 (monogamous) 3 8 5000
2 2 (polygynous) 0 1 5000
2 2 (polygynous) 1 1 5000
2 2 (polygynous) 2 1 5000
2 2 (polygynous) 3 2 5000
2 2 (polygynous) 3 4 5000
2 2 (polygynous) 3 8 5000
4 1 (monogamous) 0 1 5000
4 1 (monogamous) 1 1 5000
4 1 (monogamous) 2 1 5000
4 1 (monogamous) 3 2 5000
4 1 (monogamous) 3 4 5000
4 1 (monogamous) 3 8 9999
4 2 (polygynous) 0 1 5000
4 2 (polygynous) 1 1 5000
4 2 (polygynous) 2 1 5000
4 2 (polygynous) 3 2 5000
4 2 (polygynous) 3 4 5000
4 2 (polygynous) 3 8 5000

Table 3: Values of key parameters used in model experiments

4.4 The means and ranges of several demographic outcomes of the model experiments are compared to docu-
mented ethnographic ranges (Table 4) in Figure 3. Because these outcomes are system-level characteristics
that are the result of the interplay between person- and household-level interactions and behaviors and the
model-level “rules” and constraints that influence marriage, reproduction, and mortality, they can be used to
assess the validity of the model (see Gilbert 2008). At the settings utilized for this paper, the model produces
ranges of values formost of the variables that overlap the ethnographic ranges. The one exception is inter-birth
interval, which is generally greater in the model runs than in ethnographic cases. This discrepancy is probably
related to the representation of the economic costs/benefits of sub-adults in the model: the parameter ageAt-
Production, which determines when sub-adults become producers, was set to a relatively high age of 14. A high
ageAtProductionmay have also depressed fertility rates. Themodel currently contains no provision for females
to be married below the ageAtMaturity (set at 15 in these experiments), accounting for the high mean female
age at marriage relative to the ethnographic cases.
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Variable Range Approximatemean Reference(s)

Total fertility rate 2.6-8.0 births 5.4 births Hewlett (1991, Table 2); Pennington (2001,
Table 7.2)

Inter-birth interval 2.5-4.0 years - Kelly (1995, Table 6.7); Pennington (2001,
Table 7.4)

Intensity of polygyny 0-10 wives - Betzig (1986); Keen (2006)
Infant mortality 10-30 percent 20 percent Hewlett (1991, Table 3); Kelly (1995, Ta-

ble 6.9)
Female age at marriage 5-22 years 14 years Binford (2001, Table 8.07)
Male age at marriage 12-35 years 21 years Binford (2001, Table 8.07)

Table 4: Summary of ethnographic data on hunter-gatherer fertility, inter-birth interval, polygyny, mortality,
andmarriage age

Figure 3: Comparison between demographic outcomes (mean and range) frommodel experiments with ranges
documented in ethnographic record.

4.5 The actual patterns and values of age-specific mortality experienced by model populations are compared to
the baseline schedule of probabilities used by themodel in Figure 4. Under all threemortality conditions, mor-
tality rates for individuals between 6 and 60 are nearly identical to the baseline probabilities set in the model.
The economically-sensitive infanticide methods in the model produce infant mortality rates similar to those
documented ethnographically (see above), and the e�ect is slightly greater under the more severe mortality
conditions. Childhood mortality is higher than in the model schedule when the value ofmortalityMultiplier is
set to 2 or 4. Adults over the age of 60 experience lower mortality rates that those set by the baseline schedule
in the model.
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Figure 4: Comparison of age-specific mortality rates experienced by model populations and the values in the
mortality schedule in the model (following ethnographic data).

4.6 At the settings utilized in this paper, the populations in the model have relatively low fertility, high inter-birth
intervals, and late mean female age at marriage compared to known ethnographic cases. In general, however,
characteristics of model populations fall within ethnographic ranges. Multiple points of consistency suggest
that the FN3D_V3model reasonably capturesmany basic aspects of hunter-gatherer systems and is therefore a
useful tool for investigating thedemographic characteristics of hunter-gatherer populations andunderstanding
how population size is related to demographic viability.

4.7 The key result of the analysis is the minimum size at which populations reliably survive a 400-year period. Al-
though themodel records themean size of the population during a run, mean population size is ameaningless
statistic for runs that go extinct. To estimate the mean population size of runs that went extinct, comparisons
of initial population vs. mean population size among surviving runs were used to create a set of regression
equations (Table 5). As shown in Figure 5, the relationships between initial population size and mean popula-
tion size are relatively straightforward. The lower size of populations under more severe mortality conditions
is apparent.

Case R2 Regression Equation

Monogamous;mortalityMultiplier=1 0.977 t1meanPopSize = −14.96665 + 0.9138677 ∗
initNumPersons

Polygynous;mortalityMultiplier=1 0.994 t1meanPopSize = −2.414638 + 0.9962043 ∗
initNumPersons

Monogamous;mortalityMultiplier = 2 0.970 t1meanPopSize = −10.55064 + 0.4918262 ∗
initNumPersons

Polygynous;mortalityMultiplier = 2 0.987 t1meanPopSize = −3.212787 + 0.542522 ∗
initNumPersons

Monogamous;mortalityMultiplier = 4 0.882 t1meanPopSize = −3.205661 + 0.244365 ∗
initNumPersons

Polygynous;mortalityMultiplier= 4 0.960 t1meanPopSize = −2.704945 + 0.2898954 ∗
initNumPersonsle

Table 5: Regression equations relating initial population size to mean population size in model experiments
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Figure5: Relationshipsbetween initial population sizeandmeanpopulation size in survivingpopulationsunder
six di�erent combinations of settings for pairBondMode (monogamous/polygynous) andmortalityMultiplier (1,
2, and 4). Red line is the linear regression.

4.8 MVP size was calculated for each set of runs by determining the mean estimated population size below which
fewer than 95% of the runs survived the 400-year period. The regression formulae in Table 5 were used to
calculate the estimated mean population of each run from the initial population. Estimated mean population
size was grouped into increments of 10 persons, and the percentage of instances where populations within
a given mean size range survived (i.e., never dropped below two persons) for the full duration of a run was
calculated. The relationships between estimated mean population size and survival are shown graphically in
Figures 6, 7, and 8. Data are presented in summary form in Table 6.
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mortality
Multi-
plier

Marriage
settings

MVP size Mean to-
tal fertil-
ity

Mean IBI
(years)

Mean
infant
mor-
tality
(%)

Mean
female
mar-
riage
age

Mean
male
mar-
riage
age

Mean in-
tensity
of polyg-
yny

1 1-0-1 40 4.11 6.08 17.93 16.48 16.56 1
1 1-1-1 40 4.12 6.08 18 16.45 16.5 1
1 1-2-1 40 4.13 6.08 18 16.41 16.49 1
1 1-3-2 60 4 6.09 17.59 17.01 17.13 1
1 1-3-4 70 3.83 6.09 17.12 17.8 17.95 1
1 1-3-8 130 3.59 6.08 16.58 18.92 19.06 1
1 2-0-1 40 4.44 5.91 17.69 15.36 18.6 2.92
1 2-1-1 50 4.44 5.91 17.75 15.37 18.56 2.93
1 2-2-1 50 4.44 5.91 17.75 15.37 18.56 2.95
1 2-3-2 50 4.43 5.91 17.62 15.39 18.95 3.15
1 2-3-4 70 4.43 5.9 17.43 15.45 19.57 3.53
1 2-3-8 100 4.39 5.89 17.08 15.6 20.48 4.13
2 1-0-1 40 4.05 6 18.57 16.93 16.97 1
2 1-1-1 50 4.06 6 18.62 16.86 16.94 1
2 1-2-1 60 4.06 6.01 18.63 16.84 16.9 1
2 1-3-2 70 3.91 6.01 18.26 17.46 17.53 1
2 1-3-4 90 3.71 5.99 17.87 18.28 18.37 1
2 1-3-8 130 3.44 5.97 17.53 19.28 19.41 1
2 2-0-1 40 4.45 5.83 18.39 15.61 18.62 2.72
2 2-1-1 40 4.44 5.84 18.46 15.62 18.59 2.74
2 2-2-1 50 4.44 5.84 18.45 15.62 18.58 2.77
2 2-3-2 50 4.44 5.83 18.27 15.66 19.05 3.03
2 2-3-4 70 4.41 5.82 17.99 15.76 19.8 3.52
2 2-3-8 90 4.33 5.82 17.57 16.01 20.78 4.09
4 1-0-1 50 3.99 5.88 20.26 17.35 17.43 1
4 1-1-1 60 4 5.88 20.33 17.28 17.32 1
4 1-2-1 60 4 5.88 20.35 17.27 17.31 1
4 1-3-2 70 3.81 5.87 20.03 17.86 17.93 1
4 1-3-4 90 3.58 5.84 20.05 18.54 18.62 1
4 1-3-8 140 3.51 5.84 19.91 18.72 18.81 1
4 2-0-1 40 4.48 5.72 19.88 15.98 18.64 2.54
4 2-1-1 50 4.45 5.73 19.93 15.99 18.6 2.56
4 2-2-1 60 4.44 5.73 19.92 16 18.61 2.64
4 2-3-2 60 4.44 5.71 19.68 16.06 19.15 2.95
4 2-3-4 70 4.37 5.71 19.36 16.22 19.85 3.44
4 2-3-8 100 4.15 5.71 19.03 16.77 20.58 3.54

Table 6: Summary of results of model experiments assessing MVP size. MVP size is defined as the initial pop-
ulation size which results in survival over a span of 400 years in 95 percent of cases. Means of demographic
outcomes are calculated from surviving populations (total n = 149,459)

4.9 MVP sizes based on estimated mean population range from 40 to 140 (Figure 9; numeric data provided in Ta-
ble 6). The data points in Figure 9 are groupedbymarriagemode (monogamous andpolygynous) and arranged
within thosemodes from le� to right from the “least restrictive” to the “most restrictive”marriage settings that
were investigated. Unsurprisingly, the smallest MVP sizes were associated with the least restrictive marriage
systems: polygynous systemswith no incest taboo (pairBondMode= 2, pairBondRestrictionMode= 0, numMar-
riageDivisions= 1). The largest MVP sizes were associated withmonogamous systemswith an incest taboo and
culturally-imposedmarriage divisions. This is generally consistent with the idea that, other things being equal,
progressively greater population sizes are required tomaintain viability as cultural rules that decrease the pro-
portion of the population suitable for marriage become more restrictive (Wobst 1974, , p. 165; see also Wobst
1975).

4.10 The value ofmortalityMultiplier a�ects MVP size in the expected way, with larger population sizes required for

JASSS, 20(4) 9, 2017 http://jasss.soc.surrey.ac.uk/20/4/9.html Doi: 10.18564/jasss.3393



Figure 6: Percentage of runs surviving plotted by estimated mean population for all combinations of marriage
settings,mortalityMultiplier = 1.

viability undermore severemortality conditions. The e�ect ismost notablewhereMVP size is small: an increase
from 40 to 60 persons (marriage setting 1-1-1,mortalityMultiplier 1 and 4), for example, represents a 50 percent
increase in MVP size. In terms of the overall pattern shown in Figure 9, however, it is clear that the imposition of
cultural restrictions that eliminate large portions of the population from an individual’s potential pool ofmates
has a greater impact on MVP size than the severity of the mortality feedback.

4.11 The imposition of an incest taboo removes closely-related persons froman individual’s pool of potentialmates.
Other things being equal, this would tend to increase the size of the population necessary to maintain demo-
graphic viability. In the model, the increases in population size su�icient to o�set the e�ects of imposing a
“basic” incest taboo are small in absolute terms (in the neighborhood of 10 persons). At very small popula-
tion sizes, however, population changes of 10 persons are not insignificant: an increase from 40 to 50 persons
increases the total population size by 25 percent.

4.12 The marriage divisions imposed by the model remove a random group of persons representing some set pro-
portion of the population from an individual’s pool of potential mates. The imposition of marriage divisions
has a significant impact on MVP size. At the most restrictive setting investigated (numMarriageDivisions = 8),
population sizes required for demographic viability were 2.25 to 3.25 times larger than those with only a basic
incest taboo.

4.13 Other settings being equal, polygynous systems in the model generally have smaller MVP sizes than monoga-
mous ones. Polygynous systems are associated with higher mean total fertilities (the number of children born
to a female over the course of her reproductive years), lower mean female ages at marriage, and lower mean
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Figure 7: Percentage of runs surviving plotted by estimated mean population for all combinations of marriage
settings,mortalityMultiplier = 2.

inter-birth intervals (see Table 6 and Figure 3). The negative relationship between total fertility and female age
at marriage is clear when the two variables are plotted against one another (Figure 10). The polygynous model
systems providemore opportunities for females tomarry earlier in life and potentially bearmore o�spring dur-
ing the course of their reproductive spans, enhancing the viability of small populations by increasing fertility
and compensating for imbalances in sex ratio. Imposition of marriage divisions has less e�ect on MVP size in
polygynous systems thanmonogamous ones.

Discussion

5.1 Results from the model suggest that populations limited to as few as 40-60 people can be demographically
viable over long spans of timewhen cultural marriage rules are nomore restrictive than the imposition of a ba-
sic incest taboo. Even under the most restrictive marriage rules and most severe morality conditions imposed
during model experiments, populations of at least 150 persons were demographically viable over 400 years of
model time. These estimates of MVP size were calculated for populations with no logistical constraints (e.g., no
impediments to information flow and no spatial component of interaction) to identifying and obtaining mar-
riage partners.

5.2 With regard to MVP size, my results are generally consistent with the conclusions of Wobst (1974). Forty runs
of his model under varying conditions returned values of MES (minimal equilibrium size) between 79 and 332
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Figure 8: Percentage of runs surviving plotted by estimated mean population for all combinations of marriage
settings,mortalityMultiplier = 4.

Figure 9: Summary plot of MVP size by marriage conditions andmortalityMultiplier.

people (Wobst 1974, pp. 162-163, 166). As discussed above, Wobst’s higher, o�en-quoted estimate of MES range
of 175-475 persons was tied to specific assumptions about both population density and the arrangement of the
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Figure 10: Relationships between mean female age at marriage and mean total fertility in surviving runs with
monogamous (le�) and polygynous (right) marriage rules.

population in space. Neither density nor spatial distribution of population are represented in my model. It is
possible that those di�erences alone account for themajority of di�erences in the results from the twomodels.
It is also possible that di�erences in the representation of marriage, mortality, fertility, and family structure are
important. One way to investigate this would be to implement Wobst’s model as an ABM and make a direct
comparison.

5.3 Keeping in mind that MVP and MES are not strictly synonymous, the broad agreement betweenmy results and
those of Wobst is noteworthy. Both sets of results are consistent with the idea that, in the absence of strong
cultural restrictions on marriage, populations limited to perhaps 150 people are of su�icient size to nearly en-
sure survival over long spans of time and populations limited to as few as 75 persons have a good chance of
long-term survival under the same conditions.

5.4 Althoughmy conclusion is at odds with the generality o�ered by Moore & Moseley (2001, p. 526) that “bands of
such small size [175 persons, 50 persons, or 25 persons] usually do not constitute viable mating systems that
would guarantee the reproductive future of the band,” it is actually in broad agreement with the data that they
present. Figure 11 compares the percentage of populations of a given initial size range that survive a span of
400 years in data provided by Moore (2001, Table 6) and two sets of my own data. Moore’s (2001) results are
similar to mine in terms of the relationship between initial population size and survivorship. Although Moore
(2001) does not provide data for initial populations larger than 60 persons, the trends in his data clearly suggest
that populations of around 100 persons would have a very high survival rate over a 400-year span in his model,
even under the low fertility regime he employed to produce the results in his Table 6 (i.e., a mean of 2.56 births
during a full female reproductive span; see Moore 2001, Table 1.

5.5 Thuswhile the details of these threemodels di�er somewhat, their results support the general idea that human
populations limited to around 100-150 persons, depending on circumstances, have a fairly high probability of
survival over long periods of time in the absence of other barriers to marriage and reproduction. This applies
to cases when population size is constrained by global feedbacks a�ecting mortality (my model) and fertility
(Wobst 1974, p. 161). Under those conditions, very small populations (i.e., less than 40 people) were not viable
over a 400-year period in mymodel.

5.6 Whilemy results aremostly in agreement with those of previousmodeling e�orts, there are points of disagree-
ment with regard to how various cultural behaviors related tomarriage a�ect small populations. At least some
of the di�erences between my results and those of others are probably attributable to how the models them-
selves function and di�erences in how various human behaviors are represented in the models. In the remain-
der of this discussion, I will discuss issues related specifically to polygyny and the incest taboo.

Polygyny

5.7 There are clear, patterned relationships between polygyny, fertility, female age at marriage, and MVP size in
my results: polygynous systems in the model provide more opportunities for females to marry earlier in life
and potentially bear more o�spring during their finite reproductive spans. This increases mean total fertility
and allows smaller MVP sizes in polygynous systems relative tomonogamous ones, other conditions being the
same. In very small populations, these relationships appear to enhance the probability of population survival
over the long term.
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Figure 11: Comparison between the proportion of runs with initial populations between 2 and 60 surviving 400
years in two sets of experiment data from the FN3D_V3model and a set of data fromMoore (2001).

5.8 As mentioned above and described in detail by White (2012, 2013, 2016a), the FN3D_V3 model uses a series of
probabilistic, household-based economic calculations to determine whether or not polygynous marriage oc-
curs in each circumstance where it is possible. These “rules” generally produce intensities of polygyny, distri-
butions of polygynous marriage, and individual polygynous families that are verifiably like those produced by
actual hunter-gatherer systems (see White 2013, pp. 157–158).

5.9 Wobst considered the e�ects of polygyny on his MESmetric, concluding that, other things being equal, a polyg-
ynous systemwill tend to have a higher MES than amonogamous systembecause the "excess"mates available
for polygynousmarriagewould tend tobe located farther away in space (1974, pp. 157, 165–167). This conclusion
is not necessarily at odds with the results I present, as I make no attempt to represent or measure the spatial
extent of amarriage network. It is possible, however, that the increase in the size of the MES in polygynous sys-
tems inWobst’smodel is at leastpartly the result of howhe representedpolygynousmarriage. BasedonWobst’s
(1974) description, it is not clear exactly how polygynous marriage was operationalized in his model. The size
and composition characteristics of the families produced by Wobst’s representation of polygynous marriage
are likewise unknown.

5.10 Moore’smodel represented polygyny “simply by allowingmarriedmen to remain in themarriage pool” (Moore
2001, p. 398), apparently subject to the same risk of marriage as unmarried males. He does not provide data
whichallowcomparisonsof thebehaviorofmonogamousandpolygynoussystems inhismodel. AswithWobst’s
(1974) model, the size and composition characteristics of the families produced by Moore’s representation of
polygynous marriage are unknown.

5.11 The relationship between total fertility and the percentage of polygynous marriage in the model results is in-
teresting in light of the available ethnographic data. While the issue has been a contentious one (see Borger-
ho� Mulder 1989; Dorjahn 1958; Isaac 1980; Josephson 2002), the majority of studies suggest that polygynous
marriage is associatedwith decreased fertility relative tomonogamousmarriage (e.g., Dorjahn 1958; Hern 1992;
Isaac 1980; but also see Barber 2004). Several mechanisms have been proposed to explain this apparent neg-
ative relationship, none of which has been shown to be a su�icient explanation in a large number of cases: it
is clear that the relationship between polygyny and fertility is not simple across the spectrum of ethnographic
cases for which we have data (Josephson 2002).

5.12 The same can also be said for the model systems considered here. Figure 11 shows mean total fertility rates,
mean inter-birth intervals, and mean infant mortality rates for polygynous populations under all three mor-
tality settings (data points from runs with less than 10 percent and greater than 40 percent polygyny are not
shown, as sample sizes for those categories are very small). Between about 15-35 percent polygynous mar-
riage, all three mortality conditions show a general pattern of decreasing fertility (Figure 12a). Mean inter-birth
interval generally decreases through this range (Figure 12b). The relationship between infant mortality and the
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percentage of polygyny is more complicated, as the general pattern appears to di�er by mortality condition
(Figure 12c). Infant mortality and inter-birth interval appear to be a�ected by di�erences in overall mortality
regime (i.e., the value ofmortalityMultiplier) to a much greater degree than total fertility.

Figure 12: Summary comparisons of total fertility (a) inter-birth interval (b), and infant mortality (c) outcomes
by the percentage of polygynous marriage in surviving polygynous model runs.

5.13 As explained above, fertility rates in the model appear to be strongly related to the proportion of the female
reproductive span that is spent in marriage (i.e., in a state where reproduction is possible). Considering a sub-
set of the model data allows us to consider the how female marriage age and polygyny are related to MVP size.
Figure 13 shows data from surviving populations in one set of experiments (polygynous system,mortalityMulti-
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plier= 1; eightmarriage divisions). There is a strong non-linear relationship betweenmean population size and
the mean age at which females were married, with far greater variability in marriage age in populations below
the threshold of demographic viability (in this case, around 100 persons). There is alsomuch greater variability
in the percentage of polygynous marriage among populations below the viability threshold (Figure 13a) and a
strong relationship betweenmean female age atmarriage andmean total fertility (Figure 13b). The idea that the
demographic outcomes of model systems with small populations are characterized by a much wider range of
variability (in termsof variables such as polygyny and fertility) than systemswith larger populations is generally
consistentwithearlier explorationsof the sensitivitiesof themodel (White 2016b). Aspopulation sizedecreases,
stochastic variability increases in importance: the demographic characteristics of the population aremore sen-
sitive to each individual birth, death, andmarriage. Other things being equal, female age atmarriage is perhaps
the most important variable a�ecting fertility in small populations in the model.

Figure 13: Relationship betweenmean populations size andmean female age at marriage in one set of polygy-
nous experiments (marriage settings 2-3-8).

5.14 Overall, results from themodel suggest that polygynousmarriagemay be an importantmechanism for increas-
ing the viability of small hunter-gatherer systems by lowering themean female age atmarriage (and increasing
mean fertility) when there is an imbalance in the number of available males and females of marriageable age.
Because no attempt is made to represent many of the linkages between polygynousmarriage and fertility that
have been suggested as explanations for decreased fertility in polygynous societies (e.g., the “dilution e�ect”
of polygynous men sharing their reproductive output among multiple women, female sterility as an incentive
for multiple marriage, conflict between co-wives, and age-based changes in fecundity – see Josephson 2002),
we can be sure that none of these factors is responsible for the behavior seen in the model.

Marriage restrictions based on the incest taboo

5.15 Results from the experiments suggest that relaxing prohibitions onmarriage among close kin has a small e�ect
onMVP size. The significance of this e�ect is greatest at small population sizes, where each individual is a larger
proportionof the totalpopulation. Aswithpolygyny, relaxingprohibitionson incestuousmarriagehas thee�ect
of increasing the number of potential mates within a population of a given size, potentially lowering the mean
female age at marriage andmitigating an imbalance in the numbers of marriageable males and females.

5.16 My results are generally consistent with those of Wobst (1974, pp. 165–166), who found little to no di�erence in
the size of theMESwhen the incest taboowas removed. Anothermodeling e�ort byWobst (1975) supported the
idea that impositionof an incest taboo in a small population (i.e., 100 individuals) requireda significant increase
in fertility to prevent that population from going extinct. An increase in fertility among married females was
necessary to compensate for the fertility lost by femaleswhowere of reproductive age but notmarried because
of a lack of available mates (Wobst 1975, p. 79).

5.17 Some of my results are at odds with the assertions of Moore (2001) and Moore & Moseley (2001) regarding the
idea that marriage prohibitions based on incest taboos would pose a significant threat to the viability of small
colonizing populations:
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“The marriage problem is generated by the fact that foraging bands, of perhaps 25 to 50 persons
each, are conventionally organized around a coresident lineage. . .so that potential spouses in a
band–peopleofopposite sexbut similar ages. . .are closely related toeachotherandcannotmarry”
(Moore 2001, p. 397).

5.18 My results suggest that very small initial populations with an incest taboo can reliably survive under the right
circumstances (i.e., if polygyny is permitted and fertility is high enough). Ethnographic information suggests
two additional reasons to be skeptical of the idea that incest taboos would prevent small foraging bands from
being viable founding populations. First, the idea that foraging bands are composed mainly of closely related
individuals is not supported by recent ethnographic data: “close” kin accounted for less than 10 percent of the
membership of the sample of hunter-gatherer groups considered by Hill et al. (2011). This is consistent with
the high degree of flux in group membership noted for many ethnographic hunter-gatherers (e.g., see Binford
2001; Kelly 1995; Lee&DeVore 1968, p. 7; Marshall 1976, pp. 179–180; Silberbauer 1981; Turnbull 1968;Woodburn
1968), whichwould tend to produce foraging groups that contained individuals not necessarily related by close
kinship.

5.19 Second, whilemarriage rules specifying whomay andmay notmarry exist in all human cultures, actual behav-
ior can, and o�en does, deviate from those rules. Individuals within the system o�en do not follow the “rules,”
and rules exist (or can be created) to circumvent the “rules” (Keesing 1975, p. 83; Kelly 1995, p. 286; see also
Buchler & Selby 1968; Murdock 1965 [1949]). Ecological, demographic, and economic circumstances can pro-
duce di�erent kinship and marriage behaviors within the same set of “rules” (e.g., Keesing 1975, pp. 123, 135)).
We might suspect, then, that strict marriage restrictions based on incest taboos could be relaxed when small,
isolated populations are demographically stressed, such as during a “stochastic crisis” associated with colo-
nization.

Conclusion

6.1 In this paper, I have attempted to isolate the e�ects ofmarriage behaviors on the size of demographically viable
populations. In real hunter-gatherer systems, obviously, numerous other conditions, behaviors, and character-
istics (none of which exist in a vacuum) are potentially related to demographic viability. Other recentmodeling
e�orts have focused on issues such as cooperation, cultural transmission, subsistence economics, andmobility
(e.g., see Barceló & Del Castillo 2016; Lewis et al. 2014; Santos et al. 2015; White 2013). As model-based e�orts
continue to develop, it will be possible to build theory linking together these various characteristics and dy-
namics of hunter-gatherer systems.

6.2 The experimental framework utilized here suggests that, undermany circumstances, a population of about 150
persons is of su�icient size to be considered demographically viable over a long span of time. Out of a total of
67,614 runswithmean estimated populations over 150, only ninewent extinct. Female age atmarriage appears
to be a key variable influencing MVP size: fewer cultural restrictions on marriage behaviors are linked to lower
female ages at marriage, increased fertility, and lower MVP sizes.

6.3 My results are broadly consistent with those from two other models (Moore 2001; Wobst 1974) that have con-
sidered questions of demographic viability and accord reasonably well with the empirical data we have that
documents the existence of hunter-gatherer social systems appreciably smaller than 500 persons (see Birdsell
1953, Figure 9; Mo�ett 2013). Factors other than stochasticity in mortality, fertility, and sex ratio (e.g., envi-
ronmental variability of spatial components of interaction behaviors) presumably influence the size of actual
hunter-gatherer social systems and encourage them to exceed theminimum size threshold required for demo-
graphic viability. If we accept that a population of 150 is a reasonable baseline estimate for the population size
su�icient to ensure demographic viability over long spans of time, wemight then reasonably reconsider our ex-
planations for why some hunter-gatherer social systems exceed thisminimum. If there is a downward pressure
that encourages hunter-gatherer social systems to be as small as possible, it seems likely that something other
than demographic viability (in the sense of the term as used here) constitutes the limiting factor when social
systems encompass significantly more than 150 people. Understanding how other factors might relate to the
minimum andmaximum size of hunter-gatherer populations will require further work.

6.4 While this analysis wasn’t aimed directly at issues of the viable size of colonizing populations, it is worth not-
ing that the results do not necessarily conflict with the idea that successful colonizing populations of hunter-
gatherers could initially bemuch smaller thanMVP size. The experiments discussedherewereperformedunder
conditions where population sizes were stabilized through a feedback mechanism to determine at what pop-
ulation threshold the inherent stochastic variability in human mortality/fertility was not a threat to long-term
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survival. In the absence of feedbacks to constrain population size, conditions where fertility exceeds mortality
could allow very small populations to grow to a point where normal stochastic perturbations no longer pose a
threat of extinction. Exploration of that subject will require further experimentation.

6.5 The analysis presented here could be expanded in several additional directions. Parameterized representation
of spatial and/or temporal limitations to marriage opportunities, for example, could be used to investigate the
e�ects of the scales and rhythms of population aggregations on MVP size. Experimentation with the age at
which individuals are eligible tomarry could be used to analyze the e�ects of cultural rules that proscribemar-
riage age and di�erences in those rules for males and females. A more nuanced approach to the imposition of
marriage divisions could be taken to more closely represent the rules of the moiety structures that have been
documented ethnographically. In all cases, the default hypothesis is that rules and behaviors that potentially
limit access tomarriage partners will tend to increase MVP size. Whether any reasonablemechanisms that that
constrain marriage will be able, alone or in combination, to increase MVP size to the “magic number” of 500 is
a question to be addressed by future systematic investigation.
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