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Reproductive Value 
and the Evolutionary 
Theory of Aging 

As individuals age, they grow in body size and gain valuable experience, which 
generally improves their success. This means that the trade-off relationship 
between survival and reproduction may be different for different ages-unlike 

the way we depicted the situation in Chapter 7. For example, a reproductive effort of, 
say, 50%, might result in the successful production of only one offspring for a yearling 
adult with a consequent halving of the survival rate compared to no reproduction at all. 
On the other hand, older, larger, and more experienced adults expressing the same 
reproductive effort of 50% might be able to produce three offspring and incur a survival 
decline of only 20% relative to not reproducing at all. With these complexities, how can 
we find the optimal reproductive effort, (), for each age? We cannot simply successively 
optimize the reproductive effort at each age as if these events were independent. True, 
reproductive effort at age x cannot affect births or survival at earlier ages (they are now 
history), but it can most assuredly influence these vital rates at still later ages of life. An 
excessively high reproductive effort at an early age could decrease survival, body size, 
and potential reproduction at later ages and thus lead to a lower lifetime, A.. In this chap
ter we describe how to evaluate the relative importance of each age to future population 
growth and in the process discover some insights on aging. 

THE REPRODUCTIVE VALUE OF DIFFERENT AGES 

Several practical questions in ecology and wildlife management deal with the relative 
importance of different age groups to population growth and persistence. Should we 
restrict hunting in deer to certain ages to minimize the impact on the hunted population? 
If we wish to limit the population growth of an injurious pest insect, which ages would 
be the most effective to kill? If different disease pathogens strike some ages of their host 
more than others, which diseases will have the biggest impact on the growth rate of the 
host or its likelihood of eventual population extinction? If we want to introduce an 
endangered species into a new location, which age groups will lead to the largest 
expected population at some specified future time? 

As an example of this last question, let's work through a simulation. Here is a 
Leslie matrix (ages: 1-4): 

[ 

0 2 

L = 0.5 0 
0 0.6 
0 0 

0.5 0.1] 
0 0 
0 0 . 

0.5 0 

(8.1) 

Figure 8.1 shows the time course of total population size based on iterating population 
growth, beginning with 10 individuals of just age class 1; then 10 individuals of just age 
class 2, and so on. As time goes by, each simulation reaches the same stable age struc
ture well before year 50, and, as expected, each simulation also converges on the same 
rate of population growth (A.= 1.0736) since the vital rates are constant. However, in 

181 



' 

182 Chapter 8 

Figure 8.1 
A graphical explanation of 
reproductive value of age x based 
on the iteration of the Leslie 
matrix in Eq. (8.1). All 
simulations begin with exactly 
10 individuals (In 10 = 2.303) 
from only one of the four age 
classes. If age x has a 
reproductive value of 2, then a 
population initialized with an 
innoculum of only age x 
individuals will be twice as large 
as that begun with an innoculum 
of only age 1 individuals, once 
the stable age structure has been 
reached. 

8.00 
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3.00 
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begins with 
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28.02 

1.00 } After the stable age structure is 
2.146 reached, these ratios remain 

constant over time. These 
0.509 ratios are the reproductive 
0.

093 
values of each age. 

spite of the fact that all the populations begin with the same total population size, 10 indi
viduals, they do not converge to the same population size by year 50. After the stable age 
structure is reached, the lines of In N become parallel as time goes by, implying that the 
population sizes from these different initializations remain different by the same constant 
factor. The endpoint of 50 years and the initial population size of l 0 in this example are 
completely arbitrary and do not affect the resulting ratios calculated in Figure 8.1. 

These ratios represent the relative reproductive values of different age groups to 
future population growth. In this example, two-year-olds have over twice the reproduc
tive value of one-year-olds, and four-year-olds have Jess than one-tenth the reproduc
tive value of one-year-olds. 

Is there a formula that we could use to calculate these reproductive values, Vx based 
on the vital rates~ithout having to rely on simulation? We begin with some guesses thal 
will tum out to be incomplete and naive. We first guess that 

Reproductive value, Vx, of age x = Fx. 

If Fx were all there was to reproductive value, Vx, then, if two different ages (say. 
ages 3 and 4) have the same Fx. they should have the same Vx. But it takes one more 
year of life to reach age 4 than age 3, and during this time some death, d-:/{3, occurs, so 
there should be fewer aged 4 years than 3 years, and this alone would lower their con
tribution to overall future offspring production. Clearly, Fx does not capture all of what 
we're searching for, and survivorship must be included in the formula for Vx· 

What about setting Vx = lxFx? Again, Jet's explore the consequences of this guess. 
Suppose that we have two ages now with the same (,Fx (say, lxFx = 3.0 for both ages 3 

and 4). In a growing population the babies born to 3-year-old mothers start "com· 
pounding interest" sooner than the babies born a year later to 4-year-old mothers. on 
the other hand, the 3-year-old mothers will be 4-year-old mothers next year if they sur· 
vive, but the 4-year-old mothers will never be 3-year-old mothers again (unless they go 
through some time warp). Somehow we need to reward this relative "head start": 
early reproduction in our calculation of V3 and V4. Since the advantage of the early h 
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start will be greater the greater the population growth rate A is, we can conclude that 
our eventual formula for Vx must somehow be proportional to A. and inversely propor
tional to x. 

Sir Ronald Fisher (1958) wrestled with this difficult problem and was able to make 
the connection. As long as the population is in stable age structure, the future produc
tion of offspring by individuals of age x, is equivalent to the number of offspring pro
duced this year by individuals that are x or older. Reproductive value is this number 
divided by the number of individuals that are x this year. That is, 

No. of female offspring produced this 

R d 
. al V( ) year by mothers age x or older epro uctJve v ue at age x, x = --------------

No. of mothers that are age x this year 
(8.2) 

Now we flesh out the numerator and the denominator of Eq. (8.2). If the total popula
tion size at time Tis N(T), the 

Numerator= Lh1c1 N(T) = Lb1 -1- N(T), 
max m"' ( / A 1 ) 

t x r=x sum 

where c1 is the proportion of individuals of age class t compared to all other age classes. 
This proportion can be expressed as the absolute number of age class t, c;, divided by 
the total of all ages (sum). In Chapter 4 we found that at stable age structure c; = A -111• 

Moreover the denominator of Eq. (8.2) is 

so in total we get, 

kt[ 
Denominator=--' N(T), 

sum 

rb ('
1k

1 

)N(T) rk1l1b1 
Reproductive value _ t=x 

1 

sum = _i=_x __ _ 

of age x - lxA.-x lxA.-x 
--N(T) 

sum 

or, more compactly 

A,x max 
Vx =-

1
-Ik1l1b1 forx=O to max, t0 = 1 
x t=x 

and V0 =1 
(RV 1) 

An equivalent expression that uses the Leslie matrix fecundity data, Fx, instead of 
the raw birth, bx, data is 

(RV 2) 

A,x max 

Vx = -l-'L,A.-< 1+1>!1 F, for x = 1 to max, 11 = 1, Fx = sobx 
x t=x 

and V1 =I 

Note the change in the exponent of A. within the summation in Eq. (RV 2) compared to 
Eq. (RV 1) and the difference in the beginning age that is assigned a survivorship of 
one. The difference between these expressions arises in the same way that we found dif
ferent formulations of the Lotka- Euler equation based on derivations involving bx ver
sus forming the Fx (Chapter 4). 

Exercise: Apply this last formula RV 2 to the Leslie matrix shown in Eq. (8.1). 
Calculate Vx for each age and verify that you reach the same values as those 
produced by simulation and given in the last column of the table at the bottom of 
Figure 8.1. 
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Figure 8.2 
Curves of reproductive values for 
human populations in three countries 
(from Keyfitz 1985). 

Figu.re 8.3 
Reproductive values of rice weevils 
(from data in Birch 1948). 

Figu.re 8.4 
Age-related trends in birth rate bx and 
reproductive value Vx for 
sparrowhawks. The birth rates are 
smoothed estimates based on female 
young produceJ per nest per adult 
female; this includes nests that 
produced no young. The reproductive 
value estimates in this case assumed a 
stationary population, A.= 1 (From 
Newton and Rothery 1997). 
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The reproductive value in three human populations is shown in Figure 8.2. Human 
life histories are typical of many other animal life histories in that Vx increases with age 
up to reproductive maturity and then subsequently declines. The differences in height 
of the three curves parallels the differences in A. for the three countries in those years: 
Mauritius, 1966 >United States, 1967 >Hungary, 1967. 

In Chapter 3, we presented data on the death rates and fecundities of rice weevils 
(Figures 2.9 and 2.10). From those data we may calculate the reproductive values for each 
age, as shown in Figure 8.3. Rice weevils also show a gradual increase in reproductive 
value up to the age of sexual maturity at age 4 weeks and then a decline thereafter. Note 
the higher scale of they axis for weevils compared to that for humans. These rice weevils 
can be a serious pest of stored rice. These data show that 4- and 5-week-old individuals 
would produce a larger infestation in a fixed amount of time than any other age groups. 

As a final example, Newton and Rothery (1997) studied the life history of spar· 
rowhawks in south Scotland. The birth rate and reproductive value schedule are shown 
in Figure 8.4. Some hawks reach sexual maturity at age 1 but most do not reach sexual 
maturity until age 3. Since the reproductive value at age x sums the reproductive con
tributions for age x and beyond, we see that the Vx curve lies above the bx curve. jl/ore 
also that the peak of Vx occurs earlier (at ages 3 and 4) then the peak of bx (at age S). 



Reproductive Value and the Evolutionary Theory of Aging 185 

The reproductive value at any age x may be further decomposed into the sum of 
two simpler parts by taking the first term in the summation, t = x, outside the summa
tion side and then summing the rest from x + 1 to the maximum age: 

A_x [ max ) 
V = - A,-x[ b + "" k 1l b x l xx £.J ti 

x t=x+I 

(8.3) 

This last expression .has two parts: 

1. present reproductive value, bx; 

2. future (or residual) reproductive value, Vx* = (sxlA-)Vx+i· 
(8.4) 

Thus we can write a recursion formula for reproductive value of age x based on the 
reproductive value of the next oldest age, x + 1: 

Sx 
Vx =bx +~Vx+I (RV 3) 

The simplest way to calculate reproductive value therefore is first to determine Ymax. 

which is simply bmax. and then work backward successively in age to the very first age, 
applying Eq. (RV 3) at each step. An example will illustrate this technique. Consider 
the following vital rates. 

Age group,x Sx bx Ix 

0 1.0 0.0 1 
1 0.5 0.0 1 
2 0.5 0.0 0.5 
3 0.4 3.2 0.25 
4 0.0 1.111 0.1 

For this life history, A,= er= 0.970633 and A-1 = 1.0302. Using Eq. (RV 3), we start 
with the maximum age, x = 4, and work our way backward: 

= 1.111 

V3 = b3 + s3k1 V4 = 3.2 + (0.4)(1.0302)(1.111) = 3.6578 

V2 = b2 + s2k1 V3 = 0 + (0.5)(1.0302)(3.6578) = 1.8843 

Vi =bi + s1k1 V2 = 0 + (0.5)(1.0302)(1.8843) = 0.97063 

Vo= bo + sok1 Vi= 0 + (1)(1.0302)(0.97063) = 1.00 

In summary, we have the following. 

Age group,x 

0 

2 
3 
4 

Reproductive value, Vx 
(using Eq. RV 4) 

1.0 
0.9706 
1.8842 
3.3657 
1.111 

In Figure 8.1 the reproductive values were based on the Leslie matrix approach 
where the age class 0 is not explicit and the Fx terms are used instead of the bx terms. 
If we were given the Fx terms, we could apply Eq. (RV 2), or, equivalently, we can 
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take the reproductive values just calculated from the bx terms, simply cast out V0, and 
renormalize the others (x = 1- 4) by dividing each by Vi. By this method, then, we 
arrive at 

Vi= 1 

V2 = 1.8843/0.9706 = 1.941 

V3 = 3.6578/0.9706 = 3.768 

V4 = 1.11/0.9706 = 1.144 

Exercise: Verify that these same values can be reached by the application of for
mula RV 2. 

For this life history, three-year-olds contribute the most to future population growth. If 
these data were from an endangered species, we might want to concentrate our conser
vation efforts on factors that might increase the survival and fecundity of this age group. 

REPRODUCTIVE VALUE AND OPTIMAL 
REPRODUCTIVE EFFORT 

Reproductive value is an important concept in population biology for another reason: it 
helps us to predict optimal reproductive effort when different ages have different poten
tials for reproduction and survival. The life history strategy of an organism can be char
acterized by the series of reproductive efforts at each age: 0= (Bo, Bi, B2, . . , ltiax). 

The optimal strategy is the set of Bx that maximizes A( 0) for x = l to max. 
The fecundity Fx of age class x depends on the reproductive effort at age class x, or 

Bx. Additionally, it could depend on the reproductive efforts at previous age classes. 
Higher reproductive efforts at ages less than x may lead to lower amounts of energy 
available for body growth and energy storage and thus lower potential fecundity at age 
class x. Hence we may write 

Fx = Fx( Bo, Bi. B2, . . . , Bx). 

In words, "Fecundity at age x is a function of present and previous reproductive effort 
but not future reproductive effort." In cases where there is extended parental care, this 
assumption may be violated since a mother's reproductive effort now affects the repro
ductive effort of the offspring under her care. 

Survival to age class x, or ix, depends on all the reproductive efforts that have gone 
before to age x - 1. Hence we may write 

lx = ix( Bo, Bi, B1, . . . , Ox-1 ). 

In words, "Survivorship to age x is a function of all the reproductive efforts that have 
gone before, but not present and future reproductive effort." Again, in cases with 
extended parental care, this assumption could be violated. 

Now we focus on age x and its reproductive effort, or Bx. We can write the 
Lotka-Euler equation-split into two parts-as 

x-1 max 

i = 2,.Fii,k' + IFit,k' cs.s) 
t=I t=x 
'-----v----' '----v----' 

Ages before x Ages x and after 

The first sum in Eq. (8.5) depends on Bx only through its effect on A( Bx). since previous 
ages' birth and survival are not influenced by present reproductive effort, Bx· Presenl 
reproductive effort (i.e., at age x) does affect the second sum, both through A.( f1..) and 
through effects on F1(Bx) and l1 (Bx) for all ages t=x to max. 
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The second sum bears a relationship to the formula for reproductive value, 
Eq. (RV 2): 

( 
A_x+I ) 

(Second sum) T = Vx , 

and thus the second sum = VxlxA. -(x+ I). Substituting this last expression for the second 
sum into Eq. (8.5) gives 

x-1 
1 =" F.l ,1.-t + V ,1_-(x+I) [ .£..Jtt x x· (8.6) 

t=I 

To find an optimal Bx we need to differentiate Eq. (8.6) with respect to Bx: 

x -
1 

aA. [ aA. av ] O="-tF.lA.-t-l __ +l -(x+l)A.-x-2 __ V +A.-<x+l ) __ x . 
.£..J I t aB X aB x aB 
1=! x x x 

(8.7) 

From first sum From second sum 

We can rearrange Eq. (8.7) to give an expression for the partial derivative of Vx with 
respect to Bx in terms of the partial derivative of A. with respect to Bx: 

After we collect terms, this last expression becomes 

:;2-= - LtF,l1A.-1 +(x+l)A.-1Vx -':I-. 
av [ ,{x x-1 l aA. 
oBx lx t=I oBx 

(8.8) 

The term in brackets in Eq. (8.8) is always positive. Therefore, av JaOx has the same 
sign as aA.taOx and when a.AJaOx is at 0 representing a maximum for A, avJoOx 
will also be at zero. 

Equation (RV 3) shows the trade-off involved in maximizing Vx. Note how similar 
this equation is to the equation for A. for a perennial life history with instant adult vital 
rates that we used in Chapter 7 (Figure 7.14). We write them side by side to emphasize 
this similarity: 

A similar expression for reproductive value shows this similarity even better: 

Vx = k 1(Fx + SxVx+1). (RV 4) 

In all three equations, the first term is a measure of birth rate at the present age, and the 
second term is a measure of the value of living to later ages to reproduce again. 

A greater investment in births at any one age will generally be at the expense of 
maintenance and growth, leading to a potential decrease in survival to the next age, Sx, 
and possibly reduced fecundities at future ages. How detrimental this decrease in sur
vival to the next age is on total fitness, A., depends on the reproductive value of indi
viduals at the next age (the Vx+I term). This is why the product of Sx and Vx+I is evident 
in Eq. (RV 4). All else being equal, the lower the future reproductive value, Vx+h 
the more important (in terms of Vx and thus in terms of A,) is present reproduction, 
F x, thus favoring a higher present reproductive effort, Ox· 

To find the optimal Bx for a particular age x we search for a maximum in Vx as a 
function of Bx: 
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(Conclusion: The optimal B is ~ = 0. ) 

(a) 

Figure 8.5 
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(conclusion: The optimal B is ~"" 0.4.) 

(b) 

Reproductive value is the sum of present and future (or residual) reproductive value: (a) age 1 and (b) age 2. 

or, equivalently, we could use Eq. (RV 1) if we had bx data instead: 

VA Bx)= bx(Bx)+ Sx~x) Vx+i(Bx)· 

Note that A-1 in Eq. (RV 4) is multiplying both terms in parentheses and is always pos
itive. Thus the Bx that maximizes reproductive value at age x will also be the Bx that 
maximizes the sum of present and future reproductive value, or Fi Bx)+ sx(Bx)Vx+1(Bx). 
This will also be the Bx that maximizes Vx and that locally maximizes A, (i.e., for age x). 
Figure 8.5 shows two examples of hypothetical trade-off curves between present repro
ductive value (i.e., fecundity, Fx). and future reproductive value, vx+I· 

SOLVED PROBLEM 

1. (Advanced) Find the reproductive value schedule for a life history 
where reproductive maturity occurs at age 1, so= 0.6/year and each 
adult age has survival rates= 0.8/year and fecundity b = 2/year. 

Answer: 

Recall from Chapter 7 that this simple life history has A.= s + sob = 0.8 + 
(0.6)(2) = 2/year. The survivorship from birth to age x is ix = sos<x:1> 
for x > 0 and I for age x = 0. Therefore, using Eq. (RV 1), ' 

we may write for all ages x > 0, 

After we remove constant terms from the summation, 

and cancel out the s0, we have 

(8.9) 

It is not immediately obvious how to evaluate the sum of this infinite 
series given by Eq. (8.9). We note thats is less than or equal to I, so 
as t (or x) gets larger, the terms get successively smaller, approach
ing 0. In Chapter 4 we presented three useful identities involving 
infinite sums for a fractional element S when S < 1. One of these, 
Infinite sum I , is 

The next step is to try to push Eq. (8.9) into a fo rm resembling Infi
nite sum 1. To do so, we bring everything but the constant b into the 
summation: 

v. = b I_,A.x-t s(t-1-x+l) 

t=x 

oo S t - x 

- b"-- ,£.., A,t-x ' 
t=x 



To give the last expression a visual appearance more like that of Infi
nite sum 1, we make the substitution, y = t - x for all ages, which will 
yield a 0 below the summation sign as in Infinite sum 1. Now we sum 
beginning at age y = t - x = 0: 

v =b L, .!... ~ ( )y 
x >=t-x=O A 

for ages x > 0. (8.10) 

We note also that sf 2 < s < 1. (Recall that 2 = s + sr}J; therefore 2 must 
be greater than s since b and so are both positive.) Therefore we can 
apply Infinite sum 1 to Eq. (8.10), noting that in this case S = s/2: 

b 
Vx = -- for ages x > 0 

1-.!... 
2 

(8.11) 

This is a remarkable result. Since everything to the right of the equals 
sign is a constant, we see that the reproductive value does not depend 
at all on age x for this life history; all the age subscripts (x, t, and y) 
disappeared with cancellation. How can we explain this? Examining 
Eq. (RV 1) we see that the summation term must diminish for older 
ages since the sum begins at a later age, but the term outside the sum
mation, A_xllx increases with age in a way that exactly offsets this 
decline. The net result is that the reproductive value of all ages 
(beyond zero) are exactly equal. Moreover, since Sx, bx and Vx+l are 
equal for all adult ages, the optimal reproductive effort is the same for 
all adult ages for this life history. Hence the reproductive value of ages 
at and beyond reproductive maturity (age 1) in this life history do not 
decline with age as they did in Figures 8.2, 8.3, and 8.4 for humans, 
weevils, and sparrowhawks, respectively. What is the numerical value 
for this constant reproductive value? Since we know A., we can easily 
calculate it. Thus 
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Reproductive value when all ages but the first and the last 
have the same vital rates. Here, all ages but newborns have 
the same vital rates, ba = 2 and s= 0.8 (except that everyone 
dies at age 20; s20 = 0). Newborns have survival s0 = 0.6. 

b 
Vx=----

1---s __ 
(s+s0 b) 

for x >0, 

and Vo = 1. Using the values for s, s0, and b, we get 

2 
Vx =-= 3.333... for x > 0. 

0.6 

Any senescence that differentially diminishes bx or sx in later ages 
would, however, create a reproductive value schedule that declines with 
older ages. Suppose, for example, that senescence happens abruptly in 
the 20th year. Figure 8.6 shows the resulting reproductive value sched
ule. Note that reproductive value begins to decline even before age 20. 

THE EVOLUTIONARY THEORY OF AGING (ADVANCED) 

Have you ever wondered why life is not immortal? Why do people die? Clearly there 
are catastrophic events that can wipe people out, like fires or gunshots, but why does 
the probability of dying from natural causes increase as people get older? As people 
age, they accumulate knowledge and experience; for this reason alone we might, if any
thing, expect higher survival rates at older ages. Yet susceptibility to certain diseases 
increases at older ages. In short, people seem to deteriorate as they get older. 

The formal definition of aging is a persistent decline in the age-specific fitness 
components of an organism due to internal physiological deterioration (Rose 1991). 
The evolutionary theory of aging posits that aging evolves through the action of nat
ural selection because the force of natural selection generally diminishes with age and 
therefore any deleterious genes that increase mortality at late ages (e.g., like heart dis
ease or Huntington's disease) are not strongly countered by natural selection. Thus 
these genes can increase in frequency either through genetic drift or because they might 
have side effects (pleiotropic effects), which may be slightly advantageous in the same 
individual when it is younger. That is, the bad effects in later ages are tolerated because 
of good effects at earlier ages. What does the Lotka-Euler equation have to say about 
this? Here we use Eq. (LE 3) from Chapter 4. 

max 

1 = "b l A.-x .£.... x .r 
x=O 
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Hamilton (1966) argued that the proper assessment of selection against aging is by eval
uating the effects of age specific perturbations of the vital rates, sx and bx, on r (A= e'), 
since r is often the appropriate measure of fitness in age-structured populations. Basi
cally he sought to evaluate 

and 

the change in 
fitness due to a 

that enhances but decreases 
survival at age x survival at a 

gene by this amount later age, x + a, .\. . i by 'amount 

dr dr I I 
tl.r =---11 ln Sx + /1 ln Sx+a 

d In s x d ln s x+a 

the change in that enhances but decreases 
fitness due to fecundity at age fecundity at a 
a gene. . . x by this amount later age, x + a, 

\ 
I /his amount. 

dr n dr n 
Ar=-Ahx +--Ahx+a· 

dbx a hx+a 

(8.12) 

(8.13) 

To determine the selection on such genes, we need to know the magnitude of their 
effects at different ages (i.e., the 11bx, 11bx+a• 11sx, and 11sx+a in Eqs. 8.12 and 8.13 and the 
sensitivity of the fitness of the life history, which we take to be r, to changes in bx and 
Sx, for different ages x, or, in other words, dr!d In sx and drldbx. (The change to a In 
transform for sx is simply for mathematical convenience.) To determine these sensitiv
ities we begin by taking the partial derivative of both sides of Eq. (LE 3) with respect 
to the change of the vital rate of interest (e.g., bx). The partial derivative of the constant 
1 with respect to bx is, of course, O leaving us with just the chore of evaluating the par
tial derivative of the right-hand side 

a[Ib,l,A-1
] 

dl.0 =O=-t-=O __ _ 

dbx dbx 

Move the partial operation inside the summation 

max d(b [ A,-t) O=I ti • 

t=O dbx 

Next evaluate the partial derivative on the right 

max (()A,) 
O - [ A,-x - """'t b [ A,-r-1 -

- X £..J I I db ' 
t=O x 

Rearrange this equation to solve for dA/dbx 



Figure 8.7 
The force of selection on the vital rates 
based on the life histo~y in the Solved 
Problem. Reproductive maturity 
occurs at age 1, so= 0.6/year, and 
each adult age has survival rate 
Sa= 0.8/year and fecundity b = 2/year. 
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Finally, express this last result in terms of the intrinsic growth rate r rather than the dis
crete growth rate A 

dr a lnl cU lxA,-x 
-- = --=--= 
dbx dbx A-()bx max 

~> b1l1A-- 1 

t=O (8.14) 

lxA,-x 

A 

where the term A in the denominator is just another measure of generation time--0ne 
that is slightly different from the previous definition of T introduced in Chapter 4. 
It is the mean age of mothers of a set of newborns in a population with a stable age 
distribution. 

Similarly, the parallel result for survival rate at age x, Sx, is made easier by taking 
natural logarithms: 

t=x+I ---= ---= '----'-'-'-'----dr a In A 

d In Sx d In Sx A 
(8.15) 

We learned in Chapter 4 that it is generally impossible to find a closed-form solution 
for r in terms of the vital rates, nevertheless, we have now found closed-form solutions 
given by Eqs. (8.14) and (8.15) for the precise way that r varies with changes in each 
of the vital rates bx and Sx· 

Figure 8.7 shows how drldbx and drld In sx change with age in the perennial popu
lation considered earlier in the Solved Problem (so = 0.6, Sa = 0.8, and b = 2). Recall 
that for this life history the vital rates do not change with age; all adult ages have the 
same sx and bx· Nevertheless, the force of selection on sx and bx declines sharply in older 
ages. Once reproduction begins, the magnitude of the sum in the numerator of 
Eq. (8.15) must decrease with age because fewer positive terms are included. 

As you can see in Figure 8.7, the force of selection is relatively weak at older ages. 
Any mutations that might have deleterious effects at these older and relatively "worth
less" ages, could increase in the population if their negative effects late in life were 
compensated for by even slight positive effects earlier in life. Referring back to Eqs. 
(8.12) and (8.13), we can see that, as long as Libx and Libx+a are approximately equal in 
absolute value or when Li In sx and Li In sx+a are approximately equal in absolute mag
nitude, natural selection will favor alleles that enhance early survival or reproduction at 
the expense of later survival and reproduction. For birth rates, only if Libx+a (which is 
negative) is many times greater in absolute value than Libx (which is positive), would 
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Figure 8.8 
The force of selection on ln Sx when all 
adult ages have the same sr; so= 0.6. 

Figure 8.9 
Reproductive value and the force of 
selection based on a more complex life 
history. The birth rate, bx, is 0 until 
reproductive maturity at age 4, then 
increases gradually to a maximum of 
2.0 at age 7, and later declines 
gradually to 0 at age 10. The 
individuals are assumed to be 
immortal (sr = 1) for all ages. 
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this tendency be counteracted. Similarly for survival rates: as aging evolves, the lx curve 
swings downward some more, in tum weakening selection still more in later ages and 
thus creating a positive evolutionary feedback loop. Figure 8.8 shows the force of selec
tion on ln Sx when sx = 1, as well as when sx = 0.8 for all ages x except newborns (as in 
Figure 8.7) to illustrate this comparison. 

Any deleteriou~ mutations that affect just later ages will be opposed by natural 
selection, albeit with weak force, unless they occur only in adults that no longer repro
duce. However, if these same mutations have positive pleiotropic effects at earlier ages 
by enhancing reproduction or early survival, they could still increase in frequency 
because the net effect on r is positive. Mildly deleterious genes can also increase in fre
quency simply by random genetic drift, although this would happen only in relatively 
small populations. Yet, as selection becomes weaker, as it does at later ages, deleterious 
mutations could accumulate even in relatively large, but still finite, populations. So 
under both conditions, senescence might evolve. 

Figure 8.9 shows a more complex life history. Superimposed is the force of selec
tion on survival at each age, which stays at a maximum until reproductive maturity and 
then declines. The force of selection on sx is most potent at weeding out deleterious 
mutations in the earliest ages and weakens progressively through life past reproductive 
maturity. 

You may have noticed by now that the evolutionary theory of aging includes the 
assumption that genes exist that affect specific age classes. If genetic differences pro-



Figure 8.10 
The number of eggs laid per year as a 
function of hen age for different 
strains of domestic chickens with 
different laying rates (from Pianka 
1994 after Romanoff and Romanoff 
1949). 

Experimental lines 

Figure 8.11 
Mean longevities (days from pupal 
emergence) of early reproducing and 
late reproducing Drosophila 
rne/anogaster populations after 
25 generations of selection (from 
liutchinson and Rose 1990). 
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duce better or worse functioning for an organism at every stage of its life and for all life 
history components, then natural selection would not mold the rate of aging. All the 
vital rates would then be positively correlated, evolving together. The validity of this 
assumption is an open question and is subject to empirical tests. The best evidence that 
age-specific genetic differences exist is provided by selection experiments. The tiny 
nematode worm C. elegans has a particularly simple body plan and a rapid generation 
time and fecundity. Thus it is an ideal organism to use for isolating single mutations and 
studying their effects. An "age" mutation in the gene age-1 increases mean life span by 
about 65% and maximum life span by 110% by conferring resistance to extrinsic stress 
due to oxidizing agents (Lithgow and Kirkwood 1996). The mutants appear very simi
lar to wild-type strains in their developmental rates, but they do show a loss in repro
ductive output (Johnson 1990). Thus even a single gene may exhibit pleiotropic effects 
between survival and reproductive output. Artificial selection on hens also reveals this 
trade-off. Selection for higher and earlier egg-laying in chickens results in more severe 
deterioration of egg production later in life, as illustrated in Figure 8.10. 

One prediction from the curve for the force of selection on sx in Figure 8.9 is that, 
if the age of reproductive maturity is postponed experimentally, then natural selection 
should remain at full intensity later into life. Over a number of generations, this might 
lead to the postponement of aging, as evidenced by higher survival rates for older ages. 
Michael Rose and colleagues conducted several experiments of this type with 
Drosophila. In one long-term experiment, five groups of flies were allowed to repro
duce early in life and five groups of flies were kept from reproducing until late in 
life (Hutchinson and Rose 1990). The age at which females contributed eggs in the late 
reproducing lines was progressively increased, from generation to generation, until it 
was 70 days, compared to 14 days in the early reproducing lines. The mean lifetimes of 
these lines after 25 generations are shown in Figure 8.11. Note the increase in longevity 
of the late reproducing lines. This difference in longevity at the end of the experiment 
still exists if the flies are kept as virgins throughout their lives; therefore it seems that 
the physiology of the flies has really been altered by selection. 

Moreover, after comparing these selected Drosophila lines that they had pro
duced to be different in longevity, other characteristics associated with fitness were 
also apparent between them. The lines that were experimentally prevented from early 
reproduction and had evolved greater longevity showed declines in early fecundity, 
early metabolic rate, and early locomotor activity. On the other hand, these same lines 
had evolved greater fecundity at older ages and greater starvation and desiccation 
resistance. These changes in fecundity follow predictions based on the optimal repro
ductive effort model. Increases in older adult survival rates selects for decreases 
in earlier reproductive effort. The observed increase in later reproductive effort 
would also be expected if the sx of these older ages was greater than somewhat 
younger ages-producing an ix curve that declined abruptly in the terminal ages. This 
indeed was the case. 
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PROBLEMS 

1. If you have access to mathematical software like Matlab©, the cal
culation of reproductive values is very easy. We have already shown 
that, for a Leslie matrix L (or any transition matrix for that matter), the 
dominant eigenvalue of L is equal to A, and the associated eigenvector 
(once scaled so that each element is divided by the sum of all the ele
ments) gives the stable age structure. It turns out that the reproductive 
values are given by the dominant eigenvector (once divided by V1) of 
the matrix which is simply the transpose of L. 

What are the reproductive values associated with this Leslie matrix for 
the hypothetical deer population in Chapter 3 (Table 3.1)? Recall that 
F1 is the first element in the first row. 

Answer: 

[ 

0 
0.9 

L (before) = ~ 

0.42 
0 

0.9 
0 

0.468 
0 
0 

0.5 °fl 

Recall that this Leslie matrix has 4 = 1.0. The transpose of L(before) 
also has a dominant eigenvalue of 1.0. The associated eigenvector is 
given by Matlab as 

0.5604 0.6227 0.4304 0.3362 

We divide each element by the first V(l) = 0.5604, to calculate the 
reproductive values: 

[ 

1.0000] 
V( )= 1.1112 

x 0.7680 
0.5999 

Do you reach these same values for ages I to 4 using formula RV 2? 

., IO JO = Age 1 'i ;.. 

ca .o = ·;;: :s '.C :a <.I 
~ .g 

0 

"' c. ., 
"' 0 0 

0 IO 0 

Fi 

., JO 10 = Age4 'i 
;.. 

<; .0 =·-"O .::: ·- ... "'<.I ., = 
~ "O 

e c. 
~ 0 0 

0 JO 0 

F4 

Figure 8.12 

2. Consider a hypothetical organism with the relationship between 
residual reproductive value and present fecundity, Fx. shown in 
Figure 8.12. 

a. Determine the approximate sequence of optimal fecundities 
for each age. 

b. What is the optimal age of reproductive maturity for this 
organism? 

c. What is the maximal life span of thi s organism assuming opti
mal reproductive effort? 

d. Is this organism optimally semelparous or iteroparous? 

3. Two similarly sized and closely related beetles live in the same habi
tat. The first beetle (species A) completes its entire life cycle on the 
leaves of deciduous trees. Adult beetles overwinter in the soil and then 
oviposit on leaves when they leaf out next spring; then the adults die. 
The other beetle (species B) completes its entire life cycle beneath the 
safety of bark of these same trees. These adults potentially live several 
years. Which beetle probably has the earliest age at reproductive matu
rity? Which beetle probably has the highest reproductive effort at age 1? 

4. You want to become a green chinchilla rancher. Green chinchillas 
reach sexual maturity at age 2. Their yearly survivorship is about 0.8 
and their yearly fecundity is bx = 2 during the ages 2 to 5. After year 
5, bx = 0. Green chinchillas cost $I 000/pair, regardless of their age. To 
get your ranch profitable as soon as possible, what age chinchillas 
should you buy? 

5. In many fish species, larger individuals have higher market value 
and thus fishing is concentrated on the larger individuals. These will 
be the fastest growing and/or older individuals in the population. This 
bias is sometimes even mandated by fishing regulations which restrict 
the catch based on a body size limit. What will the indirect evolution
ary consequences be to the fish life history based on such a harvesting 
scheme? 
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