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Abstract

Using the Penna model for biological aging, which is based on the mutation accumula-
tion theory, we show that the number of homozygous loci corresponding to deleterious mu-
tations is higher in small populations than in large ones. This decrease of heterozygosity may
drive small populations to extinction even when no drastic change of the environment occurs.
c© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Inbreeding depression, the decline in �tness arising from increased homozygosity of
o�spring produced by the mating of close relatives, is a potencially major factor inu-
encing the survival of bottlenecked populations [1–3]. It has been observed that such
phenomenon contributes to the decline and extinction of small and isolated populations
[4,5] as well as in captivity [6–8]. Although some authors suggest that, in natural pop-
ulations, the environmental conditions have a much stronger e�ect than the inbreeding
depression on the population survival [9,10], recent results in natural populations of the
Glanville fritillary buttery [11] and also of greater prairie chickens [12] have shown
that indeed extinction risk increases signi�cantly with decreasing heterozygosity. In
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this way, inbreeding depression can be considered an important extinction mechanism,
although not the single one.
The Penna model for biological aging [13] is a Monte Carlo simulation technique

based on the mutation accumulation hypothesis. It has successfully reproduced many
di�erent characteristics of living species, such as the catastrophic senescence of paci�c
salmon [14,15] and the inheritance of longevity [16,17]. It is also in agreement with
the Gompertz law of exponential increase of mortality with age [18]. Using this model,
we have also obtained that the decrease of heterozygosity in small populations reduces
the life expectancy and may lead to extinction such populations. Furthermore, when
some of these individuals are periodically replaced by the same amount of individuals
randomly chosen from larger populations, heterozygosity increases and the extinction
of the small population may be avoided.
This paper is organized as follows: in the next section we review the sexual version

of the Penna model; in Section 3 we present our simulations and results and in Section 4,
conclusions.

2. The Penna model for sexual populations

Each individual of a population is represented by a “chronological genome” that
consists of two bit-strings (diploid) of 32 bits (zeroes and ones). The strings of each
individual are read in parallel, which means that each position (locus) is associated to
two bits (allele). One time step corresponds to read the next position of each genome.
The �rst position contains the information about the individual’s �rst period of life, the
second one about the second period and so on. In this way, each individual can live
at most for 32 periods. Here we will arbitrarily call one period as one year. Genetic
defects (harmful mutations) are represented by bits 1. Homozygous loci (positions)
are those with two equal alleles (bits). On the other side heterozygous loci are those
corresponding to di�erent alleles, meaning that the individual inherited opposite infor-
mations from each parent. If an individual has two bits 1 (homozygous) at the third
position, for instance, it starts to su�er the e�ects of a genetic defect at its third year
of life. If it is an homozygous position with two bits zero, no disease appears at that
age. If the individual is heterozygous in some position, it will become sick only if the
mutation at this position has dominant e�ect. Six of the 32 bits positions (loci) are
randomly chosen at the beginning of the simulation to have their alleles 1 dominant;
in the remaining 26 positions the corresponding allele is recessive. These dominant
positions are the same for all individuals and kept dominants during all the process.
When the number of accumulated diseases of any individual reaches a threshold value
T , the individual dies.
If a female succeeds in surviving until the minimum reproduction age R, it gen-

erates b o�spring every year until death. The female randomly chooses a male to
mate, with age also greater or equal to R. The o�spring genome is constructed from
the parents’ ones; �rst the strings of the mother are randomly crossed, and a female
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Fig. 1. Percentage of �xed homozygous loci (1,1) as a function of age for small (triangles – 300 ini-
tial individuals) and large (circles – 10 000 initial individuals) populations. Since locus (1,1) contains one
deletrious mutation in each allele, it is necessarily related to a disease active in that age. The inset shows
the corresponding survival rates for small (triangles) and large (circles) populations. We can observe that
small populations live three years lesser than large ones, in agreement with the earlier �xation of deleterious
alleles.

gamete is produced. Mm deleterious mutations are then randomly introduced. The same
process occurs with the father’s genome (with Mf mutations), and the union of the two
remaining gametes form the new genome. The sex of the baby is randomly chosen,
each one with probability 50%. This procedure is repeated for each of the b o�spring.
Deleterious mutation means that if the randomly chosen bit of the parent’s genome

is equal to 1, it remains 1 in the o�spring genome, but if it is equal to zero in the
parent’s genome, it is set to 1 in the baby genome. The most important characteristic
of this dynamics is that the bits 1 accumulate, after many generations, at the end part
of the genomes, that is, after the minimum reproduction age R. For this reason aging
appears: the survival probabilities decrease with age.
Although only harmful mutations are considered, a population that increases exponen-

tially in time is obtained. In order to avoid this exponential increase, at every timestep
each individual has a probability to die. This probability is given by the Verhulst factor

V = N (t)=Nmax ;

where N (t) is the number of individuals at time t and Nmax is the maximum carrying
capacity which is de�ned at the beginning. At every time step, for each individual, a
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Fig. 2. The life expectancy for small (lower curve) and large (upper curve) populations. We can see that
the average life expectancy for small populations tends to stabilize in a much lower value than for large
ones. The initial population sizes are the same of Fig. 1.

random number between 0 and 1 is generated and compared to V : if this number is
smaller than V the individual dies independently of its age and genome. This death
probability also simulates the dispute for space and food and, in this way, environmental
conditions are included.

3. Results

In this paper we compare the results obtained for small populations with those
for large ones. It has been pointed out that inbreeding seems to produce �xation of
recessive deleterious alleles a�ecting longevity [19]. We have just observed this e�ect
in our simulations, as showed in Figs. 1 and 2.
In Fig. 1, we have measured the percentage of homozygous locus with both alleles

equal to one as a function of age, in small (triangles) and large (circles) populations.
As can be seen, in small populations deleterious mutations get �xed at younger ages.
This earlier �xation is due to the inbreeding which produces a loss of genetic diversity.
The inset shows the corresponding survival rates S(a)=N (a)=N (a−1), where N (a) is
the number of individuals with age a. Due to the fact that the small populations begin
to �x deleterious mutations three years earlier than the large ones, their survival rates
also drop to zero three years earlier.
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Fig. 3. Number of individuals as a function of time for a small population in which 20% of its individuals
are periodically replaced by new ones originated from large populations. The inset shows the corresponding
life expectancy. It can be noticed that when the replacements stop at step 60 000, the population extincts
after a few time steps. The initial populationn contains 110 individuals and the replacements start at step
10 000.

In Fig. 2, we show the average life expectancy for small (lower curve) and large (up-
per curve) populations. The reason for the initial decay of both curves is that we start
the simulations with all the genomes free of mutations (only bits zero). It can be no-
ticed that while the upper curve stabilizes, the lower one tends to zero. To measure
the life expectancy we have computed, for each baby genome, the age of programmed
death (according to the limit T ). In this way the environmental e�ects, as we explained
before, are disregarded in what concerns life expectancy, since even if the baby dies in
the next step due to predation, for instance, its age of programmed death has already
been computed.
The results exhibited in Figs. 1 and 2 correspond to already stable small (initial

population of 300 individuals) and large (initial population of 10 000 individuals) pop-
ulations. A stable population means that the number of individuals of any given age
a is already constant in time. To obtain each of them, we have simulated 50 di�erent
populations (50 di�erent initial seeds) during 800 000 Monte Carlo steps and averaged
the �nal results. In fact, the small populations were also evolved for 3 million time
steps, con�rming the results obtained with 800 000. The general parameters used in all
simulations here are:
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Fig. 4. Average fecundity B(t) as a function of time. Upper curve: initial population=300 individuals; lower
curve: initial population = 100 individuals; middle curve: initial population = 100 individuals with periodic
replacements. In all cases Bmax = 5 o�spring per female. The replacements are enough to increase and
stabilize the average �tness of populations that would disappear.

• maximum population size Nmax = 10 times initial population;
• limit number of allowed diseases T = 3;
• minimum reproduction age R= 8;
• number of o�spring per year per female b= 2;
• number of mutations at birth Mm =Mf = 1.
In order to con�rm that the decrease of life expectancy in small populations is really
due to inbreeding depression and not to the �nite size of the habitat [20], we adopted
the following strategy: We began with a small population (110 individuals) that we
previously knew would vanish at around 45 000 Monte Carlo steps. After 10 000 steps,
we started to replace twenty percent of its individuals by new ones randomly chosen
from a large stable population. The replacements were performed periodically at every
50 time steps, during a total of 60 000 steps. Observe that since we are simply replacing
the individuals, the population size does not change and so we can maintain the same
carrying capacity. In Fig. 3 we show the evolution of the population in time. It can be
noticed that when the replacements start (at step 10 000) the population increases and
stabilizes in a higher value. However, when we stop to replace the individuals (after
60 000 steps) the population decreases and tends to extinction. The inset shows the
corresponding life expectancy. This same procedure was repeated for 10 000 di�erent
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initial populations (seeds), and the same result was obtained for 93% of them: 7% was
not able to survive even with the replacements.
If we relate the average �tness of the population to its average fecundity, we

can observe how the �tness of small populations evolves in time. With this pur-
pose, instead of considering a constant birth rate or fecundity b for all females, we
adopted the following fecundity equation that depends on the number of deleterious
mutations:

B(t) = Bmax ∗ [1− (negmut(t)=T )] ;

where Bmax is the maximum possible number of o�spring that can be generated per fe-
male, negmut is the average number of current active mutations of the parents at time t
and T is the limit number of allowed diseases. In Fig. 4 we show the average fecundity
as a function of time for two di�erent initial sizes: upper curve, initial population=300;
lower curve, initial population=100 and middle curve, initial population=100 but with
the periodical replacements mentioned before. We can see that for small stable popula-
tions the �tness stabilizes on a �nite constant value, whereas for populations that tends
to extinction the �tness goes to zero. Again, the replacements are able to sustain these
last populations. Each curve here corresponds to the average obtained for 50 di�erent
initial seeds.

4. Conclusions

Using the Penna model for biological aging we obtain that the �xation of deleterious
mutations occurs in small populations at younger ages than it occurs in large popu-
lations. We show that this loss of genetic variation decreases the life expectancy and
may lead to population extinction. Such e�ect has already been observed in real small
and isolated populations [4,5], as well as in natural ones [11,12]. Previous results with
the Penna model show [20] that the survival chance of a small population in an envi-
ronmental of limited carrying capacity grows exponentially with the size of the habitat.
In order to isolate inbreeding depression from �nite size e�ects we periodically replace
a given percentage of the individuals of a small population by the same amount of
individuals from a large population, keeping constant the carrying capacity. We obtain
that populations that would extinct are now able to survive as long as the replacements
persist.
In summary, we show that the genetic e�ects due to inbreeding in small popula-

tions are well reproduced by the Penna model for biological ageing, and that periodic
replacements of the individuals by new ones originated from large populations are
enough to maintain small populations alive without changing the original carrying
capacity.
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