
The idea of senescence being a phenotypic expres�

sion of a special “genetic aging program” developed in

the course of evolution as a beneficial adaptation [1] is

rejected by the majority of gerontologists [2]. The lack of

a thoroughly developed theory may be one of the reasons

for this rejection. Attempts to provide a theory supporting

this idea are hardly ever met with understanding of the

scientific community, for they are based on the idea of

“adaptation for the sake of species”, models of group or

interpopulation selection [3], and this type of models are

considered to work only within a very narrow range of

conditions [4, 5]. That is why the issue of other possible

theoretical rationale for the idea of adaptive aging and

phenoptosis (adaptive “biochemical suicide of an organ�

ism”) [1, 6, 7] based on the generally accepted gene�cen�

tered evolutionary models seems to be rather urgent. In

this work, the kin selection theory is presented as such a

model potentially capable of providing a theoretical basis

for the idea of “adaptive aging” [5, 8�10].

The idea of kin selection being able to influence the

evolution of senescence is widely discussed in the scien�

tific literature [11]. But we know of only three studies

demonstrating the theoretical possibility of kin selection

favoring “senescence genes” (mutations that accelerate

age�dependent increase in death rate and have no other

beneficial pleiotropic effects) [12�14]. According to this

idea, the accelerated (due to senescence) death of an

adult individual can theoretically increase its “inclusive

fitness”, for the resources used by the dead individual can

be used more effectively by its younger kin [11].

“Inheritance of resources” – a rather widespread situa�

tion when the resources released by the dead individual (a

nest, territory, or social rank) are inherited by its off�

spring – should support this phenomenon [15].

In spite of the fact that the adaptive senescence

hypothesis has not been generally accepted, theoretical

models of evolution of life cycles (strategies) usually

include the possibility of adaptive changes in life

expectancy, including its reduction [16]. But in the case

of these models, explanation of the causes of evolutionary

development of adaptations is different from the one

within the framework of the theory of adaptive senes�

cence and phenoptosis. Models of life cycle evolution are

usually based on the notion of trade�off between the

amount of resources that an organism may use for repro�

duction and self�maintenance, in particular for repara�

tion systems counteracting the deterioration of the body

[17]. Increased costs of reproduction (reproductive

effort) are likely to facilitate individual deterioration, this

being why age�dependent decrease in viability and
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increase in death rate (senescence) may be seen as a

byproduct of evolutional optimization of life cycle and

reproductive effort growth [18�21]. For instance, it is not

difficult to prove that in many cases (i.e. within a wide

range of the model input parameters) selection will sup�

port a fertility�increasing mutation causing as a side effect

the decrease of lifespan [22].

In addition, evolutionary theory of life cycles tradi�

tionally relies on the ideas developed by W. Hamilton in

his fundamental paper on evolution of aging [23]. In par�

ticular, according to Hamilton, the later phenotypic

effect of a harmful (viability�reducing) mutation is

expressed in the course of ontogenesis, the weaker is the

impact of purifying selection on such a mutation. Even

non�aging individuals die for many different reasons

(infections, predators, accidental traumas, natural disas�

ters, etc.). Absence of aging does not mean absence of

mortality – it is rather the absence of mortality increase

with age. The number of individuals of a certain age will

be decreasing with the increase in age even in case of non�

aging individuals. The probability of reaching the age A in

the case of non�aging organisms should decrease expo�

nentially with the growth of A. The lower is the probabil�

ity of reaching a certain age, the weaker is the impact of

purifying selection on the mutations that start to be

expressed at this age. Hence, accumulation of harmful

mutations that decrease viability at the age rarely reached

by individuals in the wild is unavoidable, and here lies the

explanation of senescence being so universal. B.

Charlesworth provides a review of these ideas that are the

basis of the classic “evolutionary senescence theory” [24].

If we consider senescence to be a byproduct of evo�

lutionary trade�off, then the idea of a special genetic

senescence program seems to be superfluous. Natural

deterioration caused by the fact that resources used for

reparation are rather limited seems to be a good enough

explanation of the senescence phenomenon [22]. It is fer�

tility or reproductive effort growth that appears to be true

adaptation in this case, while accelerated body deteriora�

tion is but a side effect of the phenomenon, the “price”

that needs to be paid for the increase in reproduction effi�

ciency. The concept of V. P. Skulachev, on the contrary,

suggests aging per se to be of adaptive character. In other

words, selection is suggested to favor the spread of alleles

supporting the viability decrease with age (senescence)

due to the very fact that they support aging, and not

because of their positive impact on fertility increase cou�

pled to aging as an unwelcome but unavoidable side�

effect.

In this work we demonstrate by means of computer

simulation that kin selection can support (at least theo�

retically) evolutionary development of senescence under

certain conditions, i.e. support mutations accelerating

viability decrease with age. It seems to be possible even in

case of senescence being the only phenotypic expression

of these mutations, and not a side effect of reproductive

effort or fertility growth. Thus, a model of evolutionary

development of senescence is suggested, a model which is

based neither on group selection nor a teleological idea of

“adaptations for the sake of species”, nor the concept of

a compromise resource allocation between the bodily

functions of reproduction and maintenance of viability,

nor the idea of purifying selection weakening with age.

The results indicate that at least theoretically a genetic

senescence program can be formed under certain condi�

tions. It is the reduction of life span that can become the

reason for life�reducing mutations to be selected, even

when they possess no other phenotypic expressions and

provide no compensation for accelerated death. The

results generally coincide with the conclusions of Travis

[12], who was analyzing a similar type of model, which

was nevertheless different in some essential details.

DESCRIPTION OF THE MODEL

As aging is a universal phenomenon, generalized and

simple models should be used for the analysis of the basic

principles of senescence evolution. These models should

have minimal attachment to the realities of concrete

species, life strategies, and habitat. Our model operates

with two universal variables characterizing life strategy:

fertility and mortality, each of them being dependent (or

independent) on the age of an individual. Individual

migratory activity, which determines the “population vis�

cosity” or the degree of population mixing (which influ�

ences the relationship between the spatial proximity of

individuals and their genetic relatedness), is an addition�

al parameter. A population should be “viscous” enough

for kin selection to operate in it [8, 25].

The life of a population of asexual organisms of no

more than 900 individuals is simulated. A matrix of 30 ×
30 with each cell being capable of supporting life of an

adult individual is studied. Every adult individual at every

given time (i.e. at every step of the model, which can be

roughly equated to one year), is characterized by the fol�

lowing parameters: a –individual age; f – fertility (the

number of offspring produced by an individual within a

year); d – probability of death during the year; 1 – d value

reflects the vitality (resistance to all factors that can lead

to death); s – the value that determines the growth rate of

d with age (due to “natural deterioration” or as a result of

operation of “senescence genes”; the s value is inherited

and does not change during individual life span; with s =

0, aging is absent, i.e. the probability of death does not

increase with age); coordinates (x, y) of the cell occupied

by an individual.

The following parameters common to all individuals

are determined before starting the program: f0 – basic or

maximum fertility, characteristic of all individuals in the

first reproductive season (with a = 1); d0 – basic or mini�

mum mortality characteristic for all individuals at a = 1;
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u – the value that determines the decline rate of fertility

(f) with age. Fertility is expected to decline (or not decline

when u = 0) due to “natural deterioration”; v – “migra�

tion cost” of juvenile individuals, i.e. probability of death

of an individual juvenile in the process of moving to a

neighboring cell of the matrix (“viscosity” of the popula�

tion depends on v).

At the beginning of the program, the matrix is inhab�

ited by an initial population of 900 young (a = 1) individ�

uals. Each individual of the initial population is assigned

an arbitrary value of s. We assigned half of the population

low, and the other half high value of s (s1 and s2, respec�

tively). The first group was assumed to have no “senes�

cence genes”, and the low s value corresponded to vitali�

ty decline with age due to “natural deterioration”, while

the second group was assumed to be the carriers of a

“senescence gene”, i.e. an allele accelerating the decrease

in viability with age. On the basis of observing the subse�

quent changes of the size of these two groups, one can

conclude whether the carriers of “senescence gene” pos�

sess a selective advantage under these conditions (for a

given set of input parameters) or vice versa, it is the indi�

viduals with no “senescence gene” that will be favored by

selection. Several other parameters (besides s values), f0,

d0, u and v, are set by the experimenter before the pro�

gram starts. The following processes take place at every

step of the model (during every year).

Reproduction. Every adult individual produces off�

spring (juvenile individuals) according to their current

fertility. The number of offspring produced by an individ�

ual is determined by the formula f0 – [au] + 1 (square

brackets denote the integer part of the bracketed value).

Juvenile individuals initially belong to the same cell as

their parental adult individual. Thus, all the individuals

produce the maximum number of offspring f0 during their

first reproductive season (at a = 1), and during the subse�

quent reproductive seasons the number of produced off�

spring either remains the same (if u = 0) or decreases

gradually from season to season (if u > 0), and the rate of

fertility decline is determined by u.

Death of adult individuals. The probability of an indi�

vidual death is equal to d0 + 0.1as – 0.1. Thus, if there is

no aging (s = 0), then mortality does not depend on age,

it is always equal to d0, and the size of the cohort decreas�

es exponentially. When s > 0 individuals age, i.e. the prob�

ability of their death increases with age. The rate of aging

is determined by the value s, which is inherited (it is the

same for offspring and their parent). This parameter is

assumed to depend on both natural deterioration and the

presence of senescence genes. The d0 value corresponds

to the baseline of natural decrease (changes in this

parameter can imitate, e.g. changes in the intensity of

predator pressure). Mortality of all the individuals is min�

imal, i.e. equal to d0 during the first reproductive season;

it is only starting from the second reproductive season

that it may start growing if s > 0. This is consistent with

the accepted understanding of the beginning of reproduc�

tion being that critical point after which (but not before)

aging may start [19].

Offspring search for a place to settle. A juvenile indi�

vidual will survive only in case it finds a free cell in the

matrix of “living space”. The process is simulated as fol�

lows. One individual is randomly chosen out of all the

juveniles produced during this season. If the cell of this

juvenile is not occupied by an adult individual, then the

juvenile occupies this cell and is considered to be an adult

(a = 1) starting from this point. Then this cell is no longer

available for other juveniles. In case of the cell being

occupied, the juvenile migrates to one of the neighboring

cells. The direction of this move is selected randomly

keeping in mind that individuals cannot leave the matrix.

In the course of migration, the juvenile faces risk that may

lead to death with probability v. If it managed to survive

and the cell where it moved happened to be free, this indi�

vidual settles there. If this cell is also occupied, the indi�

vidual migrates again while facing the risk v. This process

continues until the individual dies or finds a free cell.

After that, a new juvenile individual is randomly chosen

and the process starts all over again. Juvenile settling con�

tinues until all the matrix cells are occupied (and then all

the remaining homeless juveniles die) or until there are no

more juvenile individuals. Thus, the value v determines

the distance at which juveniles can migrate from their

birth place. The level of population mixing as well as the

level of correlation between the spatial proximity of indi�

viduals and their relatedness (an important condition of

kin selection efficiency) depend on this value. Thus, in

the case of this model all the juveniles initially have equal

chances of survival; there are no more or less viable indi�

viduals among them. In fact, survival of each juvenile

depends only on the availability of free cells in the vicini�

ty of their birthplace. In the case of high values of v, the

death of an individual parent or its closest neighbors

greatly increases the chances of survival of the juvenile.

When the three above�listed processes are complet�

ed, there starts the next “year”: the age of all the adult

individuals (a) is increased by one, and the cycle is

repeated.

RESULTS AND DISCUSSION

Genocentric character of the model. It is necessary to

clarify the biological meaning of the model and the

processes occurring in it before turning to simulation

results. The model is inherently genocentric. Group

selection and “evolution for the sake of species” are not

possible within its framework. Selection takes place only

at individual level, a fact coinciding with the selection at

gene level in case of clonal reproduction. Individuals dif�

fer only in terms of possessing (or not possessing) a senes�

cence gene, i.e. an allele or a set of alleles that are pheno�
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typically expressed only in acceleration of aging. Aging in

this model is understood as decrease in viability (increase

in mortality) with age. We arbitrarily assume that individ�

uals with assigned low initial s values possess no senes�

cence gene, whereas those with a high s value have this

gene. If the frequency of the senescence gene in the

model population grows with time (which also means the

growth of the proportion of individuals – carriers of this

gene), it means that for a given set of conditions (input

parameters) the senescence gene has a selective benefit

over a competing “null allele” that has no impact on the

rate of aging. In other words, in such a situation acceler�

ated aging turns out to be a beneficial adaptation.

However, it is not the individual, which due to the pres�

ence of the senescence gene dies earlier and leaves fewer

offspring (than it would if it had not had this gene), that

receives this benefit. This adaptation increases efficiency

of distribution of the gene that determines its appearance

(senescence gene) in the gene pool of population, i.e. it is

beneficial not for an individual, but for the gene [4, 5, 26].

The only mechanism by means of which a senescence

gene can enhance the efficiency of spreading its copies in

the population gene pool is “altruistic self�elimination”

(phenoptosis) of this gene carrier due to accelerated

aging. It is due to the latter phenomenon that an old indi�

vidual with decreased fertility frees its living space earlier

than it would be done by an individual with no senescence

gene. At a sufficiently high probability of occupation of

the freed space by another senescence gene carrier (and

not unrelated individual with no senescence gene), such

“altruism” may increase the efficiency of the spread of

the senescence gene in the gene pool. Thus, this is a typ�

ical case of the development of an “altruistic” life strate�

gy under the influence of kin selection [5, 8�10].

The model and Hamilton’s rule. The central idea of

the kin selection theory is reflected in “Hamilton’s rule”,

which can be formulated as follows: an allele promoting

altruistic behavior will be favored by selection and will be

spread in the population gene pool if RB > C, where R (relat�

edness) corresponds to the degree of relatedness between the

“altruist” and the addressee of an altruistic act, B (benefit)

represents reproductive benefit received by the addressee as

a result of an altruistic act, and C (cost) is a reproductive

damage experienced by the “altruist”.

Hamilton’s rule is not an empirical generalization –

it is a strict logical consequence of the definitions of the

variables R, B, and C (just as the theorems of Euclidean

geometry are derived from its own axioms). It has to be

clarified that the relatedness in the above definition of R

value is important not per se, but only as an indicator of

probability of the recipient having the same altruism

allele as the contributor. It is this probability, rather than

relatedness as such, that is crucial to the efficiency of kin

selection [5].

The model description implies that Hamilton’s rule

has to be strictly observed in it. This fact allows predic�

tions to be made based on Hamilton’s rule, and then to

test them using simulation. Phenoptosis (accelerated

death of an adult individual) that frees the living space for

a juvenile individual is an “altruistic act” in this case. We

can adjust the C value in the model by changing the s2

parameter for individuals possessing the “senescence

gene”: the higher is s2, the sooner the individual dies and

the greater is reproductive damage experienced by this

individual. The u parameter also effects the C value: the

faster is fertility decline with age, the less is the reproduc�

tive damage experienced by the “altruist” who has com�

mitted the act of phenoptosis. We can also adjust the R

value by changing the v parameter: increase in v causes

increase in the probability of the living space vacated by

the contributor being inhabited by another senescence

gene carrier (e.g. the contributor’s offspring), and not by

the carrier of the competing allele of senescence absence.

It would seem that the B value could be considered con�

stant in the model: some juvenile individual always gets a

free cell, i.e. in fact the “right to live”. But the truth is that

for a rigorous calculation of the values B, C, and R, one

also needs to take into consideration characteristics of the

population at the given time, e.g. if there are many free

cells around the concrete adult individual, then its “altru�

istic self�elimination” would increase the probability of

its offspring survival less radically (B will be less) than in

case of all the adjacent cells being occupied.

Simulation results in the absence of “natural deterio�
ration”. Let us first consider the simplest (and hardly pos�

sible in reality) situation with no deterioration either in

the field of reproduction (u = 0) or in the field of mainte�

nance of viability (in the case of individuals with no

senescence gene s1 = 0). In such a case, individuals with

no senescence gene do not age (mortality does not

increase with age and is always equal to d0). Fertility also

does not decrease – it remains equal to f0. Hence, the

expected number of offspring that will be produced by a

given individual within the remaining lifetime, and the

expected number of years still in front of this individual,

always remain constant. This means that the C value will

be constant for any age. By committing the act of “altru�

istic self�elimination” at the age of 100 years, an individ�

ual will experience exactly the same reproductive damage

as when the same act would be committed at the age of 2

years. It seems to be paradoxical, but it is an inevitable

consequence of our not less paradoxical assumption of

complete absence of deterioration.

The B value, which can be estimated as the expected

number of offspring that will be produced by the juvenile

individual that received the right to live due to the

phenoptosis of the “altruist”, also will not depend on the

age of the contributor. This expected number of offspring

will be exactly the same for any adult individual of any

age. Thus, in this case B = C. As R cannot be higher than

1, we conclude that the inequality RB > C cannot be ful�

filled in the complete absence of deterioration. RB will be
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practically always smaller than C. The maximum we can

reach when increasing R is reaching the equality RB = C

with R = 1 (in the model R = 1 only if the juvenile indi�

vidual has absolutely no chance to move to an adjacent

cell, i.e. at v = 1, which is obviously unrealistic).

Thus, it can be predicted on the basis of Hamilton’s

rule that in case of absence of deterioration the allele of

absence of senescence will always have selective benefit

over the senescence allele, and it is only at R = 1 that both

of the competing alleles will have equal reproduction effi�

ciency.

The results of simulation support this prediction.

The graph in Fig. 1a shows the frequency of senescence

gene (proportion of individuals aging with the rate of s2 =

1) after 20 years of life in the population, which initially

contained equal numbers of non�aging (s1 = 0) and aging

individuals. After 20 years the frequency of the senes�

cence gene is always lower than the initial one (0.5) with

the exception of the situation of complete absence of

migration (v = 1). Thus, according to theoretical expec�

tations, the allele of senescence absence has selective

benefit, while the senescence allele is eliminated from the

gene pool. Growth in the frequency of the senescence

gene with increasing “viscosity” of the population (and,

hence, increasing R value in the Hamilton formula) con�

firms that the higher is R, the less is the benefit of non�

aging individuals over aging ones, or, in other words, the

weaker is the impact of purifying selection on the harmful

allele which accelerates aging.

Will the situation change if “natural deterioration” is

spread over the function of self�preservation, but will not

influence reproduction (u = 0, s1 > 0)? It may seem that

in this case the chances of the senescence allele being

favored by kin selection should be higher than in the pre�

vious case, for individual life expectancy becomes lower

with age, and the “cost” of phenoptosis (C) also decreas�

es. However, this argument ignores the fact that if proba�

bility of death increases with age because of deterioration,

phenoptosis of such an individual will not only cause a

smaller reduction in life expectancy (and hence the C

value will be lower), but will also bring less benefit to the

related individuals because its freed cell will be at their

disposal for a reduced number of years. Consequently,

when compared to the previous situation, both C and B

values will be equally decreased. Since fertility does not

depend on age, C and B values are determined only by the

number of years “given away” by the dead individual and

received by its young congener, and these numbers are

equal. Hence, similarly to the previously discussed situa�

tion, one may expect selection to favor individuals pos�

sessing no senescence gene in this case as well. Simulation

results support this conclusion (Fig. 1b).

Simulation results in case of fertility decreasing with
age. If natural deterioration extends to the area of repro�

duction (u > 0), then fertility should decline with age. In

this case the decrease in C with age is not necessarily

accompanied by a corresponding decrease in B. An old

individual with a low reproductive potential (low expected

number of offspring that it is still capable of producing)

does not sacrifice a lot due to premature death. The high�

er is the u value, the more rapid will be the decrease in C

value with age. However, a young individual, who has won

the vacant cell, gains more because its reproductive poten�

tial is still high. It is important to understand that the mere

fertility decrease with age does not lead to a decrease in B.

If B does decrease, then it would happen only because for

the above�described reasons (if s1 > 0). Thus, if u > 0, we

can predict on the basis of Hamilton’s rule that the

advancement of the contributor’s age will cause the C

value to decrease more rapidly than B (if s1 > 0), or only C

and not B will decrease (if s1 = 0). In both cases, sooner or

later the contributor can reach such an age when

Hamilton’s inequality will be fulfilled. It seems obvious

that the higher is R value, the sooner it will happen.

Fig. 1. Dependence of the frequency of “senescence gene” on the intensity of juvenile migration after 20 years of development of the model

population (f0 = 10, d0 = 0.1, u = 0, s2 = 1). a) Complete lack of natural deterioration (s1 = 0); b) deterioration applies only to the sphere of

self�preservation and does not affect fertility (s1 = 0.2).
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Model experiments have confirmed that for u > 0 it

is indeed the carriers of the senescence allele that may

have a selective benefit if the values of v and u are high

enough (Fig. 2). The fact that the carriers of the senes�

cence allele do possess a selective benefit can be derived

from the fact that the frequency of the senescence allele

after 50 years of life of the population is above 0.5 (see

Fig. 2). This figure also shows that the selective benefit of

the senescence allele depends on its “power”, that is, the

rate of aging provided by this allele. For a set of input

parameters, as reflected in Fig. 2, the optimal aging rate is

close to s2 = 0.9. The senescence gene providing such an

aging rate gives its carriers the greatest selective benefit

over individuals lacking the senescence gene.

The dependence of the selective benefit of senes�

cence allele carriers on the combination of parameters v

and u is presented in Fig. 3. This figure shows that for kin

selection to favor phenoptosis, the u value should be suf�

ficiently high, i.e. there should be substantial “natural

deterioration” of reproductive function.

Interestingly enough, in the border area of parameters

v and u (where gray and white areas in Fig. 3 come into

contact), usually the frequency of the senescence gene first

decreases (for the first 30�50 years), and only after that it

begins to rise. The reason is that to ensure the realization of

the benefits of accelerated aging in this border region, a

subpopulation of slowly aging individuals should achieve

middle�age, which leads to a decrease in their total fertility.

In our model, the efficiency of the distribution of

“senescence genes” due to kin selection depends also on

the basic (age�independent) mortality rate (d0). Decrease

in the basic mortality rate causes increase in the selective

advantage of the senescence allele carriers, while its

increase has the opposite effect. For instance, at f0 = 10,

d0 = 0.1, u = 1, s1 = 0.2, v = 0.8, the optimal aging rate s2

is about 0.9, and the proportion of aging individuals after

50 years of development of the model population reaches

0.77�0.81 (see Fig. 2). If the basic mortality rate is

increased to d0 = 0.3, the optimal aging rate is reduced to

0.6, and the proportion of aging individuals after 50 years

at this optimal rate does not exceed 0.59. If the basic mor�

tality is reduced to d0 = 0.05, the optimal aging rate is

increased to 1.0, and the proportion of aging individuals

after 50 years reaches 0.87�0.92. Thus, aging turns out to

be a more beneficial strategy at a low basic mortality rate

than at a high one. Apparently, this phenomenon is due to

the fact that an increase in basic mortality causes a

decrease in B value: adult individuals often die because of

reasons not related to age; that is why phenoptosis as a

rule is less beneficial for young individuals (when com�

pared to the absence of phenoptosis); the population is

effectively “thinned” even without aging. In addition,

slowly aging individuals (because of high basic mortality)

simply have no time to live to the age when their fertility

is significantly reduced, this fact reducing the selective

benefit of rapidly aging individuals.

Differences from the Travis model. A similar model

was studied earlier by Travis [12]. We were not aware of

the publication by Travis in the course of our work on this

model, so similarities originate from the parallel line of

Fig. 2. Dependence of the frequency of a senescence gene on the power of this gene (s2) after 50 years of development of the model popula�

tion (f0 = 10, d0 = 0.1, u = 1, s1 = 0.2, v = 0.8). The graph shows the nonlinear dependence of selective benefit of aging individuals on the aging

rate with maximum benefit at values s2 0.6�1.2. Black circles indicate the results of three model runs at a given s2, and white circles show aver�

age values.
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thinking rather than borrowing. These are the most

important differences of our model.

1) In the Travis model, adult individuals produce off�

spring one at a time, and fertility is understood as the

probability of giving birth to the offspring at some con�

crete moment, while in our model offspring is produced

in “broods” once a year, and fertility refers to the size of

the brood.

2) In the Travis model, a young individual “jumps”

from the place of its birth in a random direction; each indi�

vidual is entitled to only one jump. If it gets into an empty

slot, it survives, and if the cell it occupied, it dies. The pop�

ulation viscosity is regulated by the range of jumps. In our

model an individual successively moves from cell to cell, at

the risk of dying at each step. If the individual first gets into

an occupied cell, it still has the chance to find a free cell at

the next step. Population viscosity is determined by the

probability of death at each step.

3) In the Travis model “aging” is defined as the age

when an individual dies; in our model aging is understood

as the increase in probability of death with age. At the

same state of the “senescence gene” in the Travis model,

individuals die at a specific age, while in our model the

exact age of death is not known beforehand.

Our results are basically consistent with those of

Travis, this fact indicating the sustainability of these

results to changes in key assumptions and principles of

modeling; it also improves the reliability of conclusions.

Given that the fundamentally different analytical model

also confirms the conclusion about the possibility of kin

selection favoring the genetic program of aging under the

conditions of high viscosity of the population and rapid

decrease in fertility with age [14], validity of this conclu�

sion becomes even higher (see also [11]).

Our results confirm the conclusions made earlier by

Travis [12] on the basis of analysis of a model similar to

ours in many respects, but different in a number of signif�

icant details. Similarly to the model of Travis, our model

shows that for kin selection to favor mutations accelerat�

ing the reduction of viability with age (“senescence

genes”), the following two conditions should be met.

1) The intensity of the movement (intermixing) of indi�

viduals in the population should be sufficiently low for the

living space freed by a deceased individual to be occupied

rather by its relatives and not by any random individuals

of this population. This condition is called “population

viscosity”, and it was Hamilton who spoke about it as an

important prerequisite for the functioning of kin selection

and evolution of altruistic behavior [8]. Hamilton rightly

pointed out that individuals often cannot or do not want

to move long distances from their birth places in many

natural populations. Every living being is born in a certain

place, and any migration is usually connected with risk.

Even in the case of long migrations being a mandatory

part of a life cycle, organisms often return to breed to

their birth place, for it is generally safer than trying to

explore new and unfamiliar places for nesting or spawn�

ing. It is due to this fact that there develops a positive cor�

relation between the spatial proximity of individuals and

the degree of their genetic relatedness. The presence of

such a correlation is an important condition necessary for

the efficiency of kin selection in general and for the evo�

lution of altruistic phenoptosis in particular.

2) There should be a significant discrepancy between

the rates of “natural deterioration” of different functional

systems of an organism. More specifically, fertility should

decline with age more rapidly than viability (this must

have been happening originally, before the appearance of

a special “genetic aging program”). It does not matter

what the reason of fertility decline is – reduction in the

number or quality of gametes, reduced sexual attractive�

ness, decreased efficiency of care for the offspring, or the

Fig. 3. Dependence of selective benefit of senescence allele carriers on the combination of parameters v and u. The area where rapidly aging

individuals (s2 = 1) have a selective benefit over slowly aging individuals (s1 = 0.2) is shaded gray. White cells correspond to the area where

slowly aging individuals have selective benefit over rapidly aging ones. Other parameters: f0 = 10, d0 = 0.1.
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loss of leadership in the group. Specific mechanisms of

viability reduction also do not seem to be important,

whether it is the reduction of running speed and subse�

quent increase in probability of being caught by a preda�

tor, or weakened immunity, or reduced efficiency of

procuring food or something else. There is only one con�

dition to be met for this mechanism to work: “natural

deterioration” should cause reproductive potential of an

individual to decrease more rapidly than its viability over

time. In this case, kin selection can favor mutations cor�

recting this imbalance, i.e. accelerating viability decrease

with age in such a way as to conform to the natural

decline in fertility rates. This mechanism will work also in

the case of initial viability not being the object of deterio�

ration, i.e. not decreasing with age (in the absence of

aging). However, it will not work in case of individual

reproductive potential not undergoing deterioration. If in

the course of evolution the species managed to develop

adaptations that ensure continuity of reproductive poten�

tial for an unlimited time, this mechanism will not favor

“senescence genes”. Quite the opposite, it is the alleles

that prolong life that will be strongly favored. The same

phenomenon will be observed in all the cases where natu�

ral deterioration reduces viability faster than fertility.

Thus, “natural deterioration”, even when affecting only

one of the functions of the organism, a reproductive one,

should be initially present for the mechanism discussed in

this article to ensure the spread of senescence alleles in a

population.

Ronce and Promislow [14] using another (analyti�

cal) model confirmed the conclusion made by Travis and

supported by our work, that kin selection can favor

“senescence genes” if population viscosity is sufficiently

high and fertility decreases with age. However, these

authors doubt that consolidation of senescence genes

under the pressure of kin selection often occurs in nature.

They emphasize that for kin selection to consolidate a

“senescence allele”, individuals first need to experience

sufficiently fast natural deterioration of reproductive

function. In other words, aging should already exist before

kin selection can speed it up. This observation is consis�

tent with our results: indeed, fertility reduction with age is

a prerequisite for senescence gene consolidation by kin

selection to take place. However, mortality increase with

age does not seem to be such an essential condition. If we

assume “aging” to be the process of mortality increase

with age (rather than fertility decrease), then the initial

presence of aging is not required for our mechanism to

work.

Ronce and Promislow [14] also note that if fertility

rapidly decreases with age due to deterioration, then

selection will favor not only accelerated aging, but also

redistribution of reproduction potential by ages. In other

words, instead of acquiring senescence genes, individuals

can simply make sure that their fertility does not decrease

that rapidly with age, and then no senescence genes will

be favored by kin selection. However, we can assume that

the probability of appearance of mutations accelerating

aging is usually higher than that of mutations increasing

fertility at old age. This issue requires further special stud�

ies.

It was also shown that not only the rate of aging can

evolve depending on population viscosity, but also the

migration activity (which directly determines viscosity)

can evolve under the influence of aging rate. On the one

hand, analysis of the models proves high viscosity to sup�

port evolution of accelerated aging, while low viscosity

favors slow aging. On the other hand, slow aging may

contribute to the evolution of increased migration activi�

ty, which leads to viscosity decrease [13]. Similar to the

previous case, we can assume that the emergence of

mutations that accelerate aging is as a rule a much more

likely event than the appearance of mutations decreasing

migration risks. It is particularly evident for social ani�

mals, whose departure from the original group is usually

accompanied by a significant increase in mortality.

For our model, growth of the basic mortality rate

(which may correspond, for example, to increased preda�

tor pressure) makes evolution of a genetic program of

aging more difficult. This contradicts the well�known

pattern, according to which the increase in predator pres�

sure in wild populations leads, as a rule, to evolution of a

shortened life cycle (including early maturation, the shift

towards r�strategy, high fertility at young age, small size)

[27]. Kin selection appears to be irrelevant to this pattern.

It may be better understood within the classical model of

a trade�off redistribution of resources between the func�

tions of reproduction and survival accompanied by a

decreased impact of purifying selection on the mutations

that are expressed late in life.

The increase in mortality with age (aging) seems to

develop for many different reasons in different living

organisms. Consolidation of senescence genes caused by

kin selection appears to be but one of the possible mech�

anisms of evolution of aging. It is not yet clear how often

this mechanism operates in nature [11].

How realistic is the situation when individual repro�

ductive potential is reduced much faster than the ability

for self�preservation because of deterioration? It seems

that this phenomenon may occur in animals, the repro�

ductive success of which depends primarily on the out�

come of kin competition for the right to reproduction,

for example, in species with complex algorithms for

choosing a mating partner, in polygamous species with

intense competition for the right to mate, in social ani�

mals, whose reproductive success is highly dependent on

their hierarchy status. In such situations, an animal while

still being quite healthy and viable may have no chances

to reproduce because younger individuals will beat it in

competition for mating partners. In this case even a min�

imal loss of health and strength may result in drastic loss

of chances for reproduction. In such situations, we can
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expect viability to be reduced in proportion to age, and

fertility in proportion to the square of age. It is in this

type of situations that kin selection will be efficient in

favoring senescence genes, especially in territorial ani�

mals with high probability of “inheriting the resources”

[15].

The results suggest that in nature there may be rather

chaotic, hardly predictable distributions of forms having a

genetic program of aging and those without such a pro�

gram. Moreover, phenotypic manifestations and signs of

aging, life expectancy, and other features of the life cycle

are likely not to be fundamentally different in these

forms. For some species with previously existent discrep�

ancy between the rates of deterioration of different func�

tional systems (accelerated fertility decline in comparison

with viability), mutations which accelerate aging will be

recorded in the genotype. At the same time, other species

with no such previously existent imbalance will not have

such mutations, and they will age only because of deteri�

oration, the rate of which can be controlled through the

mechanisms described by traditional models (such as

accumulation of late�manifested harmful mutations and

trade�off distribution of resources between the functions

of reproduction and self�preservation).

Thus, the proposed model, along with the model of

Travis [12] and in accordance with the conclusions of

other authors [11, 13, 14], shows that the possibility of

evolution of a genetic aging program stems from the the�

ory of kin selection. It seems quite important that this

possibility can be justified within the framework of classi�

cal population genetic approach, without invoking group

selection and “evolution for the sake of species”. This

model does not contradict the classical theories of evolu�

tion of life strategies. Apparently, the causes of aging are

manifold, and the phenoptosis theory should be consid�

ered as complimentary rather than alternative to other

models, including the classic Hamilton evolution theory

of aging and the models of evolution of life strategies dis�

cussed in the literature.
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