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How should animals and plants order their reproduction in time so as to achieve 
the greatest possible fitness? The simplest models of natural selection represent 
Darwinian fitness as being simply proportional to the number of offspring pro- 
duced at the end of a lifetime of fixed duration. More generally, fitness can be 
defined as the rate of increase which is predicated on the reproduction occurring 
during a lifetime of variable duration. (For a rigorous discussion of the relationship 
between fitness and the rate of increase of populations with overlapping gen- 
erations see Charlesworth [1973].) Since this is so, fitness depends not only on the 
total quantity of reproduction, but also on the distribution of this reproduction 
through the life history, a set of data which is usually summarized in the form of a 
life table. For example, it is by now a familiar proposition that a given total 
quantity of reproduction may have very different effects on fitness, according to 
whether it is concentrated early or  late in life. At any particular age an organism is 
faced with two decisions. In the first place, should it reproduce or not? And 
second, if it should, is it better to commit so great a proportion of its resources to 
reproduction that it cannot survive to reproduce again, or  to reproduce at some 
lower intensity? I shall attempt to answer these questions by first taking the age at 
maturity (age at first reproduction) as given, so we know that individuals who have 
not yet reached some given age do not reproduce at all. When reproduction does 
occur, one can ask whether or  not it should be suicidal; that is, whether semelpar- 
ity (monocarpy, "big-bang" reproduction) has a greater fitness than iteroparity 
(polycarpy, repeated reproduction) in a defined set of circumstances. Having 
discovered the expected intensity of reproduction at ages when it is not zero, one 
can then decide how old an individual is expected to be when it first reproduces. 
The first problem, then, is to identify the circumstances in which the intensity of 
reproduction is expected to be maximal, and the second is to identify the circum- 
stances in which it should be zero. In more biological language, I shall look first at 
the evolution of semelparity, and then at how selection acts on the age at maturity. 

The simplest conceivable population model is one in which all the entries in the 
life table, the age-specific rates of survival and fecundity, are independent of one 
another; that is to say, a model in which present reproduction has no effect on 
future survival or fecundity. Because reproduction in this model is not costly, I 
shall refer to its as the "cost-free" model. The evolutionary implications of 
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models of this sort were first studied rigorously by Cole (1954), whose pioneer 
work has been followed up by a number of authors including Lewontin (1965), 
Charnov and Schaffer (1973), and Be11 (1976). Since I wish first to interpret the 
evolution of semelparity, semelparous populations which are characterized by a 
given life table must be compared with iteroparous populations whose life table is 
identical in all respects, except that the rate of survival after reproduction is not 
zero. The first result of the comparison is trivial: The iteroparous habit is self- 
evidently the more fit, since iteroparous individuals not only achieve the same 
quantity of reproduction at the same age as semelparous individuals, but also 
achieve additional reproduction later in life. It follows that semelparity can never 
be the more fit alternative, unless the expected fecundity of semelparous individu- 
als when they reproduce for the first (and last) time exceeds that of iteroparous 
individuals. The attention of theorists has focused on calculating the factor by 
which the fecundity of semelparous individuals must exceed that of iteroparous 
individuals if the two habits are to have precisely the same fitness. The evo- 
lutionary rationale, a weak one, is that if this factor is large it may represent an 
insurmountable obstacle to the evolution of semelparity, while if it is small 
semelparity may evolve more readily than adptations which prolong adult life. The 
relevant theory is reviewed by Bell (1976); briefly, the factor involved is an 
increasing function of the age at maturity and a decreasing function of the rate of 
survival to maturity. It is inferred that semelparity is unlikely to evolve if maturity 
is delayed or if prereproductive survival is poor. Naturally, these inferences are 
not wholly independent, since if the rate of survival per unit time is constant the 
overall rate of survival to maturity will decrease as the age at maturity increases. 

The value of such theories lies wholly in their competence to interpret the 
patterns of variation found in nature. Unfortunately, the conclusions which follow 
from the cost-free model are couched in such vague terms that it is difficult to 
know what sorts of patterns are to be expected, and which are excluded. The only 
quantitative attempt to test the theory has been made by Stearns (1976), and in the 
final section of this article I shall show that his test is invalid. However, one 
receives a strong impression that semelparity ought to evolve only in short-lived 
organisms, and that the existence of even a modest number of very long-lived 
semelparous organisms would be sufficient to cast serious doubt on the usefulness 
of the cost-free model. It is certainly true that the majority of semelparous plants 
are annuals, but the biology of a number of longer-lived species has recently been 
reviewed by Janzen (1976). These include biennial weeds, for example those in the 
families Cruciferae, Umbelliferae, and Compositae (see discussion by Hart 1977); 
and a few other forms which live up to 10 yr, for example, the tropical trees 
Spathelia and Cerberiopsis, the Hawaiian silversword, the monument plants and 
Mimulopsis. There are also semelparous plants which take between 10 and 100 yr 
to reach maturity, such as the Niloo, Strobilanthes, and its root parasite 
Campbellia, the talipot palm, Corypha, the century plants, Agave, and most of the 
bamboos. Finally, the bamboos Phyllostachys and B ~ m b u s amay not reproduce 
until they are more than a century old. Among fishes the number of truly semel- 
parous annual forms is relatively small, although perhaps a number of small 
tropical forms which live in temporary habitats, such as cyprinodonts, might be 
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included; there is often also a large postspawning mortality in small temperate 
cyprinids such as Hybopsis and Pinzephales, as well as in other small fishes such 
as percopsids. More definitely semelparous species, in which the breakdown of 
essential survival mechanisms (for example, the atrophy of digestive tract, skin 
and musculature) almost guarantees death after spawning, are usually longer- 
lived. For example, smelts (Osmeridae) reproduce at 2-3 yr of age, Pacific salmon 
(0ncor.hvnclzlrs) at 2-5 yr, semelparous populations of shad (Alosrr) at 3-4 yr, and 
lampreys (Petromyzontidae) at 3-7 yr (information from Scott and Crossman 
1973; Leggett and Carscadden 1978). The oldest eels (Anguilla) reported by 
Hurley (1972) from Lake Ontario were 18 yr old, and some individuals may not 
undertake the spawning migration before they have spent a quarter of a century in 
fresh water. Among semelparous invertebrates annual species are the rule, but 
some cephalopods are biennial or even triennial (reviews in Arnold and 
Williams-Arnold [I9771 and Wells and Wells [1977]), while Mcrgicicrrdrr takes more 
than a decade to reach maturity (Lloyd and Dybas 1966). The cost-free theory 
does not seem competent to explain the evolution of such long-lived semelparous 
organisms as eels or bamboos, and for a more satisfactory interpretation of 
semelparity we must turn to more sophisticated population models. 

THE SURVIVAL COST A N D  SEMELPAKITY 

The assumption that there is no relationship between the entries in the life table 
is clearly undesirable, and the absurdity of postulating the eventual evolution of 
immortality and infinitely great fecundity is avoided only by the use of calculus as 
a device for studying the relative effects of infinitesimally small increments in the 
variables of interest. In particular, it seems reasonable to suppose that, in general, 
adult survival will vary inversely with fecundity, so that any increment of fecun- 
dity is attained only at the expense of adding to the risk of mortality. This appears 
to be a very widespread, if not very well-studied, phenomenon; short lists of 
examples are given by Stearns (1976) and Calow (1977). I shall use the term 
sur.vi~~crlcost to mean the cost of reproduction in terms of diminished future 
survival. 

The introduction of a cost of reproduction changes our interpretation of life 
histories radically. If reproduction is not costly, then fitness is maximized by 
maximizing reproduction up to the physiologically attainable limit; there will 
always be powerful directional selection for increased fecundity, and no popula- 
tion will ever be at equilibrium. However, if reproduction is costly, then at some 
point the cost may exceed the benefit; that is, reproduction in excess of a certain 
quantity may actually reduce fitness because of its adverse effect on future 
survival. If this should be so, a certain optimal level of reproduction will represent 
an evolutionary equilibrium for a population and will tend to be maintained by 
stabilizing natural selection. The object of theory is then to discover whether or 
not such equilibria exist, and if they do to calculate where they are expected to 
occur in different circumstances. 

My discussion so far has been confined to the concepts of "reproduction" and 
"reproductive costs." Many theoreticians, including the most able (Schaffer 



48 THE AMERICAN NATURALIST 

1974b; Charlesworth and Leon 1976), have preferred to work with the concept of 
"reproductive effort," which is defined as the proportion of available resources 
(of time or energy) which is committed to reproduction rather than to maintenance 
or growth. Of these three concepts, any two will suffice for a complete description 
and analysis of a life history; the third is redundant and should be discarded. I 
prefer to discard the concept of reproductive effort, because it is defined in terms 
of units (seconds, calories) which are, in themselves, irrelevant to the evolution of 
life histories. If in order to achieve the most fit life history an organism must 
double its current fecundity, it is beside the point that such a doubling involves the 
expenditure of so many seconds or calories, except of course insofar as this 
expenditure may reduce future survival or fecundity. The "effort" expended by 
an organism in order to reproduce has evolutionary significance only if it is 
transformed into units of fitness, so that, for example, the expenditure of a certain 
number of calories entails some corresponding reduction in the rate of future 
survival. However, when we have made the transformation, all we have done is 
measure the reproductive cost, the effect of a given quantity of present reproduc- 
tion on the expectation of future survival. The measurement of reproductive effort 
is technically difficult and laborious, and the results meaningless unless they can 
be related to effects on fitness. Either in theoretical or in practical work, it is more 
direct and less ambiguous to use the concept of reproductive costs in place of that 
of reproductive effort as a tool for interpreting age-specific schedules of reproduc- 
tion. This is not to deny that reproductive effort is a graphic term with immediate 
intuitive appeal in verbal arguments, and I shall use it myself in such contexts; 
rather, it should be discarded as a concept which is central to our interpretation of 
life histories. In the remainder of this article I shall attempt to construct a theory 
of reproduction founded on the concept of reproductive cost. 

The first step is to define the population model to be analyzed. I begin with the 
familiar "characteristic equation" of Lotka (1907), which defines the "finite" rate 
of increase A of an exponentially growing population: 

I shall define all symbols in the text, but for convenience these definitions have 
been collated in table 1. In the equation above V(x) is the product of the rate of 
survival to age x, l ( x ) , and the fecundity at the same age, b(,x). Charlesworth (1973) 
has shown that in a sexual population with diploidy, age structure, and random 
mating, any nonrecessive mutant which has the effect of increasing A will tend to 
increase in frequency. We therefore seek schedules of V(x) that maximize A; this 
procedure is equivalent to the common practice in theoretical population genetics 
of investigating the change in mean fitness with gene frequency. Because the 
derivation of the characteristic equation involves an assumption that the popula- 
tion age structure is stable, in the main my analysis will be restricted to the case in 
which the life table does not change in time. 

As it stands, this model is too general to  be analyzed further, and additional 
simplifying assumptions must be introduced. The first object of the analysis is to 
discover the circumstances in which semelparity will be favored by selection, 
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TABLE 1 

S Y ~ I B O L SUSEDI N  POPULATIONMODELS 

Symbol Meanlng 

Rate of increase of population with stable age distribution 
Overall survival from birth to age x 
Fecundity at age x 
Product of fecundity and survival at age x ;  V(.u) = /(x)b(x) 
Age at  maturity (age at first reproduction) 
Earliest possible age at maturity 
Optimal age at  maturity 
Overall survival to maturity; s - [(a) 
Annual rate of survival of adolescents (a* < x < n) 
Annual rate of survival of adults (x > a )  
Annual adult fecundity 
Factor by which adult fecundity increases from one year class to the next 
Measure of year-to-year variation in juvenile survival 
Measure of year-to-year variation in adult survival 

when the age at maturity is given. Suppose that reproduction first takes place at 
age ci ; individuals which have reproduced at least once, and which are therefore 
aged rr or older, are called "adults." The annual rate of adult survival is p ,  and 
each surviving adult produces b offspring at the beginning of each year. Any time 
unit could be used in place of years; I have used years because annual reproduc- 
tive cycles are very common in plants and animals. These simplifying assump- 
tions enable us to rewrite equation ( 1 )  in the following way: 

Semelparity will evolve if selection always favors a decrease in the annual rate of 
adult survival, p .  That is, if a decrease inp  is always associated with an increase in 
A, the fittest possible life history will be the semelparous one withp = 0. This will 
be true if the partial derivative of A with respect to p ,  dAldp ,  is negative. If 
reproduction is not costly this condition can never be met, because a greater rate 
of survival will always imply a greater fitness. However, the existence of a 
survival cost means that any increase of survival can only be purchased at the 
expense of a reduction in fecundity; fecundity is now a decreasing function of 
survival, so that the derivative dbldp  is negative. It is desirable to know whether 
there are circumstances in which the cost of increased reproduction always 
outweighs its benefit; or, in more formal terms, if dbldp  can take values such that 
dh ldp  is always negative. Implicit differentiation of equation (2) tells us that: 

aAlap < 0 if dbldp  < - ~ ~ - ~ l l ( c i ) .  

Appendix A is a short note on the use of calculus in these and similar manipu- 
lations; the full derivation of condition (3) from equation ( 1 )  is set out in Appendix 
B. This condition is not entirely straightforward, because as selection proceeds 
mean fitness (A ) will increase, and thus the condition will become progressively 
more difficult to satisfy. It is possible to assume that the effect of selection on 
mean fitness will be negligible, but the essential features of the situation are most 
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conveniently studied by assuming that the population is stationary (A = 1) or  
annual ((I = 1). Condition (3) now involves only the graph of fecundity on survival; 
if the slope of this graph is less (steeper) than - lll(a) then semelparity is favored 
by selection. 

In the simplest case the graph of fecundity on survival is a straight line, and the 
geometry, which is set out in figure 1, is straightforward. If the line is very steep, 
then even a small reduction in survival is associated with a large increase in 
fecundity; consequently, selection will always favor lower rates of survival. 
Conversely, when the line is shallow fitness will be increased by any increase in 
survival, since this can be achieved at a negligible cost in terms of fecundity. 
When the slope of the line is exactly - l/l(n) the benefit of an increase in fecundity 
is just balanced by its cost in terms of lowered survival, so that any change in 
survival or fecundity is selectively neutral. 

More generally, one might expect the relationship between fecundity and survi- 
val to be curvilinear, and figure 2 illustrates the more complicated geometry which 
results. Consider first the case in which the graph is convex upward, as in figure 
&I ;  as fecundity increases survival diminishes gradually at first, but does so more 
rapidly as fecundity becomes very great. Condition (3) can now be applied to any 
given point along the curve. If the tangent to the point has a slope of less than 
- lll(a), then a reduction in survival will be favorably selected; while if the slope 
exceeds - lll(a) survival will tend to increase. Since the graph is steeper toward 
the right than toward the left, selection will favor somewhat lower rates of survival 
when the rate of survival is high, but will favor higher rates when survival is low. 
There will therefore be a point of stable equilibrium toward which all populations 
will converge, no matter what their initial rates of survival and fecundity. This 
point represents a joint optimum of survival and fecundity, which will be main- 
tained by stabilizing natural selection. Figures 2b and 2c make the common-sense 
point that this stable point may sometimes be a mathematical fiction, since it may 
describe a biologically impossible situation. If it lies too far to the left, fitness is 
maximized by negative reproduction; in biological populations, this equilibrium 
can never be attained, but populations will instead get as close to it as possible by 
maximizing survival even at the expense of evolving very low rates of fecundity. If 
the stable point lies too far to the right, it involves a negative rate of survival, and 
in this case we expect the evolution of high fecundity and very low or zero rates of 
survival. Figure 242 shows the quite different consequences of a graph of fecundity 
on survival which is concave upward, so that the cost of a unit of reproduction in 
terms of lowered survival diminishes as fecundity increases. By a precisely 
analogous process of reasoning there will again be a point of equilibrium at which 
the tangent has a slope of exactly -lll(a), but in this case the equilibrium is 
unstable. A population situated to the right of this point has a relatively high 
survival cost, dbldp < - lll(a), and so evolves even lower rates of survival; while 
a population with a high rate of survival which is situated to the left of the 
equilibrium point has a relatively low survival cost, dbldp > - lll(a), and selection 
favors even higher survival. This analysis reveals the rather unexpected point that 
semelparity may evolve in either of two rather different ways: Zero rates of 
survival can evolve either as the result of selection toward a point of stable 
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FIG.1.-Evolut~on of semelparity with a linear survival cost, in a species which reproduces 
for the first time at 1 yr of age. Slope of the line is -l/l(cr); semelparity is favored &hen the 
graph of fecundity 6 on adult survival p is steeper (below the line), iteroparity when it is 
shallower (above the line). 

equilibrium, as in figure 2.,or as the result of selection away from a point of 
unstable equilibrium, as in figure 2d. 

It would be of some interest to discover which of these two mechanisms has 
been responsible for the evolution of semelparity in a given natural situation. 
Unfortunately, reliable measurements of the survival cost are exceedingly scarce. 
By far the most satisfactory has been made by Snell and King (1977) for the rotifer 
A~pltrnchr~cr.Since survival is a rate, or equivalently a probability, it cannot be 
measured for individual organisms, any of which are either quick or  dead at any 
given instant in time. It can, however, be measured in clones of genetically 
identical individuals in asexually reproducing organisms such as Asplc~nchnrr,and 
such organisms are therefore ideal material for the description of reproductive 
costs. Snell and King found that the survival rate of individuals within a clone was 
inversely related to their average fecundity, so that a survival cost was entailed by 
reproduction. This cost only appeared 2 days after the reproduction in question; 
Snell and King attribute the fact that no effect was found after 1 day to some time 
delay inherent in the mechanism by which fecundity reduces survival, and the 
disappearance of the cost by the third day to the obfuscating effect of intervening 
reproduction. Their data are reproduced in figure 3 ~ ;the quadratic equation which 
best describes the plotted points is convex upward, but does not depart 
significantly from linearity. In sexually reproducing species the best that can be 
done is to measure average survival and fecundity in groups of genetically diverse 
individuals. The most extensive data I have found is for different populations of 
the shad Alosa sapidissitna, and these are plotted in figure 30. Again, the calcu- 
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unstable equilibrium 

SEMELPARITY 

FIG.2.-Evolution of semelparity with a nonlinear survival cost, in a species which 
reproduces for the first time at 1 yr of age. Selection favors a decrease in adult survivalp for 
any point on the curve at which dbldb < - lll(a), and vice versa; arrows indicate the direction 
of evolution, n ,  When the graph of fecundity on survival is convex upward there will be a 
point of stable equilibrium at which fitness is maximized and which will be maintained by 
stabilizing natural selection. b ,  If this stable point lies outside the graph to the left in an 
imaginary region of negative fecundity, there will be directional selection for very low 
fecundity and very high adult survival. c ,  If the stable point lies below the graph in an 
imaginary region of negative survival, there will be directional selection toward high fecun- 
dity and zero adult survival. d ,  If the graph of fecundity on survival is concave upward there 
will be a point of unstable equilibrium at which fitness is minimized; populations will diverge 
from this point by disruptive natural selection. Note that semelparity may evolve either 
through selection toward a point of stable equilibrium (c), or through selection away from a 
point of unstable equilibrium (d). 

lated curve is convex upward, without being significantly different from a straight 
line. Leggett (1969) estimated the rate of prereproductive survival to be about 14 

(a similar estimate of 4 x lop6 was obtained for the related species Alosn 
aestivalis by Kissil [19691), which suggests that selection will favor iteroparity: If 
the graph is linear then its slope is steeper than -(I4 x 10P) and iteroparity will 
evolve according to the goemetry of figure 1, while if the graph is really curvilinear 
the stable point will lie far to the left and iteroparity will evolve according to the 

x 
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0.6 1 1.4 1-8 

fecundity at age x 

O loo 260 3b0 4b*oob 
thousands of eggs per year 

FIG.3.-Two examples of the survival cost of reproduction. n ,  data for clones of the rotifer 
A.splrit7cht7a hrighr~t,elli  cultured in the laboratory. Source: Snell and King (1977). b ,  data for 
populations of shad Alosn .snpidi,s.sin~nfrom measurements taken in the field. Sources: 
Carscadden and Leggett (1975), Davis (1957), Lapointe (1957), Leggett (1969), Leggett and 
Carscadden (1978), Sykes (1956), Walburg (1956), and Walburg and Sykes (1957). In both 
cases the calculated curves are convex upward, as in fig. 2 a ,  but in neither case is the 
departure from linearity significant at the 5% level. 

geometry of figure 2b. However, it must be borne in mind that the plotted points 
represent different populations and therefore no valid inferences regarding an 
overall direction of evolution within any given population can be made, unless one 
can justify the assumption that the survival cost measured between populations 
corresponds to the survival cost measured between individuals. 

By falling back onto the concept of reproductive effort, one can develop looser 
and less rigorous arguments, provided that levels of effort can somehow be related 
to rates of subsequent survival. Table 2 lists two measures of reproductive 
effort in the better-known North American Salmoninae, the ratio of clutch weight 
to body weight and the degree of anadromy. For given egg size, fecundity in- 
creases linearly with the proportion of total weight represented by the ovaries. It 
seems reasonable to suppose that as this proportion increases the rate of survival 
is reduced, at first relatively slowly, but with increasing rapidity, so that when 
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TABLE 2 

Species 
Rank of 

Anadromy Mean h(n) 

Eggs 
per kg 

total wt 

Egg
Diameter 

(mm) 

Clutch Wt 
-

Total Wt 

No~~. -Coregor~rr . sand Tilymnl1u.s included for comparison. Rank of anadromy from Rounsefell 
(1958). Range of means of virgin fecundity b(a) given from different studies. Ratio of clutch weight to 
total weight calculated assuming the eggs to  be spherical and to weigh 1 g/cm3. Principal sources: 
Rounsefell (1957, 1958), Carlander (1969), Scott and Crossman (1973). Snlmo trurra is an introduced 
European species. 

organs essential to the continued survival of the individual are reduced to less than 
some critical size by the continued growth of the gonads, the rate of adult survival 
falls steeply to zero. A correlation of the clutch/total weight ratio with the rate of 
adult survival ("degree of semelparity") would indicate the type of selection 
illustrated in figure 2c. On the other hand, anadromy seems to imply a graph of 
survival on fecundity which is convex toward the origin. There is considerable 
risk in producing even one egg in anadromous species, but relatively little risk in 
producing many more, since the same migration must be undertaken in any case 
(see Gadgil and Bossert 1970). A correlation between the degree of anadromy and 
the degree of semelparity would implicate the mechanism illustrated in figure 2d. 
Semelparity is not associated with an unusually high clutch/total weight ratio in 
the North American Salmoninae (table 2). In clearly iteroparous salmonids 
(Coregonus and Thyn~allusare given as examples in the table), the clutch/total 
weight ratio is about lo%, and females lose about this proportion of their total 
weight on spawning (e.g., Oosten and Hile 1949). However, a similar value 
characterizes not only the iteroparous Salvelinus alpinus and Salvelinus namay- 
cush, but also the semelparous Oncorhynchus gorbuscha, 0,  keta,  and 0. 
tshan~ytscha.The highest values of the ratio are found in 0, nerka, which is 
semelparous; Salnzo salar, in which the rate of adult survival varies between 
populations from about 1% to about 34% per annum; and Salvelinus fontinalis, 
which is unequivocally iteroparous. However, the rate of adult survival is indeed 
correlated with the degree of anadromy (as judged by Rounsefell [I9581 without 
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reference to the present theory), and therefore presumably with the "effort" that 
adult fish must make in order to reach the spawning grounds. O~~corhynchus is the 
most anadromous genus, its members making extensive ocean migrations and 
often becoming sexually mature in the ocean; all species are semelparous. Sal- 
vrlinus is the least anadromous, oceanic migrations being short and confined to 
coastal and estuarine waters, or even nonexistent (in Salvelinrrs nanznycush); all 
species are iteroparous. Salmo is intermediate in both respects. These results 
suggest that figure 2d describes the evolution of semelparity in the North Ameri- 
can Salmoninae, the survival cost of reproduction decreasing with increased 
fecundity. It is noteworthy that Oncorhynchus produces relatively few, large eggs, 
and so presumably has a relatively high rate of prereproductive survival; this 
would have the effect of locating the unstable point to the left of figure 2d, and thus 
making the evolution of semelparity more probable. This interpretation of semel- 
parity is supported by the well-known fact that most semelparous fishes do 
undertake extensive spawning migrations (for example, lampreys, smelt, and 
some populations of shad). Sturgeons may appear to be exceptional, since most 
are anadromous but unequivocally iteroparous. However, sturgeons produce 
hundreds of thousands of small eggs in each spawning, and the resulting low rate 
of survival to maturity will locate the unstable point well to the right of figure W ,  
and thus predispose them to evolve iteroparity. More problematically, the catad- 
romous eels combine semelparity with enormous fecundity, a life history which 
presents considerable difficulties in interpretation. 

T H E  SURVIVAL COST I N  TIME-VARYING ENVIRONMENTS 

These results must be qualified if the environment varies in time, although the 
basic principles continue to hold. For purposes of illustration I shall use an 
amended version of a simple population model proposed by Schaffer (1974~).  I 
deal with an organism which first reproduces at the end of its first year of life (a = 
1); the rate of survival to age a is a constant s ,  used for convenience in place of 
l ( a ) ,and its annual rate of survival thereafter i sp ,  as before. Surviving individuals 
each produce b offsping at the beginning of each year. Equation (2) now has the 
explicit solution A = bs + p.  Now suppose that both juvenile survival (s) and adult 
survival (p) vary so that either can be "good" or "bad" in a given year; good and 
bad environments are equally frequent and occur independently in juveniles and 
adults. There are therefore four equally probable rates of increase, any one of 
which will be obtained in any given year: 

A, = bs(1 + k) + p ( l  + K); 

A, = bs(1 - k) + p ( l  + K); 

A, = bs(l + k) + p ( l  - K); 

A, = bs(l - k) + p ( l  - K); 

where k and K measure the departure of juvenile and adult survival, respectively, 
from their arithmetic mean values s andp.  The geometric mean rate of increase is 
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A,, = ( A ,  . A, . A, . AJ1I4, and this leads directly to A,, = [(bs + p)2 - (kbs + 
Kp)2]'12.The reasoning now follows as in the case of a constant environment. The 
derivative of the geometric mean rate of increase with respect to the rate of adult 
survival is: 

-- - (bs + p )  (4) 

If semelparity is to evolve, this derivative should be negative for all values o f p .  
The condition which corresponds to condition (3) is that dA,/dp < 0 if 

where H = (bs + p)/(kbs + Kp). If the environment is constant k = K = 0, and the 
condition becomes dbldp < - (lls), the result derived more rigorously 'in the 
preceding section. More generally, it follows that in a varying environment 
the evolution of semelparity becomes more probable as the arithmetic mean of 
juvenile survival increases (s increases), as juvenile survival becomes less variable 
(k decreases), and as adult survival becomes more variable (K increases). Schaffer 
(19740) came to the same conclusions, using models couched in terms of repro- 
ductive effort in which either juvenile or adult survival, but not both, were allowed 
to vary. It is important to note that if juvenile and adult survival fluctuate with the 
same magnitude (k = K) then (H - K)I(H - k) = 1, and the condition for the 
continued reduction of adult survival under selection is identical with that which 
holds in a constant environment. A fluctuating environment will alter the way in 
which selection acts on the life history only if the fluctuations have different 
effects on individuals of different ages. 

T H E  ACTUAL FECUNDITY COST AND DELAYED REPRODUCTION 

In the preceding sections I have described how the existence of a survival cost 
of reproduction can lead to the evolution of semelparity. In one respect this model 
echoes the cost-free model: Semelparity will evolve most readily in short-lived 
organisms. Since semelparous organisms may in fact be very long-lived, the 
question is how can selection favor delaying the onset of maturity given a semel- 
parous life history, which is in turn only a part of the more general problem of how 
selection acts on the age at first reproduction. Having identified the circumstances 
in which reproduction should occur with maximum intensity, I shall now attempt 
to specify the circumstances in which, among individuals of a given age, it should 
not occur at all. 

The simplest case to analyze is that of a semelparous population with discrete 
generations, so that all individuals reproduce at the same age a and then die. Since 
reproduction is zero up to age a and survival is zero thereafter, the only entry of 
V(x) in the life table which is not zero is the product of survival and fecundity at 
age a ,  V(a). The characteristic equation of the population is thus 1 = KnV(a),  
which has the explicit solution A = [V(a)l l la.If selection is to favor increasing the 
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age at maturity, we require that A should increase as a increases. Obtaining the 
derivative is straightforward, and yields 

dh - dV(cr)ldn - V(cr) In A 
dcr aV(cr)A-I 

Observe that the denominator of the expression on the right-hand side of this 
equation must be positive, while the second term in the numerator is very small if 
the population is nearly stationary, as I shali assume that it is. The derivative 
dhlda is then positive if V(a) increases with a .  However, V(a) is the product of the 
overall rate of survival to maturity and the fecundity. It seems entirely reasonable 
to suppose that any delay in maturity can only add to the risk of dying before 
reproduction so that /(a) must diminish as a increases. It follows that if delayed 
maturity is to be favorably selected fecundity must increase with age at a rate 
which is more than sufficient to counterbalance the decrease in survival. Thus, a 
necessary condition for the evolution of long-lived semelparous organisms is that 
fecundity should increase with age. This requires the existence of a second sort of 
reproductive cost, associated with a trend in age-specific fecundity, which I shall 
call the "actual fecundity cost." This is a "cost" (that is to say, it implies a 
possible net disadvantage to present reproduction) only if a survival cost also 
exists. When fecundity increases with age, then present reproduction involves an 
additional risk of failing to realize a greater future fecundity if reproduction 
increases mortality. 

In this form the theory cannot be tested, since it requires the impossible task of 
measuring fecundity across a range of ages in a population all of whose members 
reproduce at the same age. I shall therefore proceed to derive an equivalent 
condition that delayed maturity should be favorably selected in an iteroparous 
population with overlapping generations, from which the condition for semelpa- 
rous populations will follow as a special case. This is of some biological impor- 
tance, since, despite the vagueness of the term "delayed reproduction," it seems 
clear that many species of animals and plants do not become mature as quickly as 
they are physiologically capable of doing. Of the 404 species in four vertebrate 
classes shown in figure 4, about 271 (67%) mature later than 1 yr of age; 177 (44%) 
at later than 2 yr; 33 (8%) at later than 5 yr; and 8 (2%) at ages between 10 yr and 
30 yr. 

To investigate the significance of delayed maturity in iteroparous species some 
new terms must be introduced. The population in question is made up of a number 
of types of individual, and each type is characterized by a different age at 
maturity. I isolate one of these types, which matures at age a ,  and ask whether 
making a larger, and thus delaying maturity, would raise the rate of increase of the 
population as a whole. It is convenient to designate an age a *  as the earliest 
possible age at maturity, and to use "adolescents" as a technical term to indicate 
individuals of age x ,  where a >x > a*;  that is, adolescents are individuals which 
overlap the age distribution of mature individuals but which have not yet them- 
selves reproduced for the first time. The annual rate of survival of adolescents is a 
constant, c. Fecundity is assumed to increase by some constant factor h per year 
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PLACENTAL SQUAMATA AMPHlBlA FRESHWATER FISHES ; 

MAMMALS U.S.A. CANADA 


FIG.4.-Frequency distribution of age at maturity of females in five groups of vertebrates. 
"Typical age at maturity" is the midpoint of the range, where only a range is given. Sources: 
Carlander (1969; USA freshwater fishes, excluding Perciformes); Scott and Crossman (1973; 
Canadian freshwater fishes); Porter (1972; amphibians); Porter (1972) and Tinkle (1969; 
Squamata); Asdell et al. (1962; placental mammals). Species (and data base) overlap some- 
what for Canadian and USA freshwater f i s h e s t h e  two lists have 43 species in cornmow-but 
the faunas are recorded separately because of the consistent increase in age at maturity 
toward higher northern latitudes. 

in both adolescents and adults, so that b ( a )  = ha-"*b(ae) .Implicit differentiation 
of the characteristic equation of such an iteroparous population then yields: 

The derivation of this equation is set out in Appendix C; an incorrect form, lacking 
the second term in the numerator of the right-hand side, was given in a previous 
paper (Bell 1976).To reduce this equation to a form in which its consequences are 
self-evident, first assume that the population is nearly stationary, so that In A - 0 
and the second term in the numerator of the right-hand side can be neglected. 
Next, the characteristic equation for this population model can be written in the 
form 

1 = A-"V(a) ( 1  + hph-I + h2p2A-2+ . . .). (8)  

However, this cannot be true if hph-I > 1 ,  since in that case the expression in 
parentheses would sum to infinity. Because this sum must converge on some finite 
value it follows that hp A-I < 1 .  It then follows that a > (hp A-')(a - 1 )  so that the 
denominator of equation (7 )  must be positive. Selection will therefore favor 
delayed maturity if V ( a ) increases with a ,  just as found for semelparity. 

Since V ( ~ I )= I(a)b(c~),then by the rules of calculus 
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For the present population model, this condition is equivalent to In 11 > -In c :  
Delayed maturity will be favorably selected if the rate of increase in fecundity with 
age exceeds the rate of decrease in survival, an intuitively transparent result. 
Wiley (1974ri) has used a similar population model to show that a necessary 
condition for the evolution of delayed maturity in stationary populations is an 
increase in fecundity with age, and his condition is identical with that obtained 
above. He also speculates that delayed maturity might be favorably selected if it 
caused an increase in early survival, but I find it difficult to imagine how this could 
be. An analogous result. but expressed in terms of reproductive effort, is given by 
Schaffer and Gadgil (1975, p. 151, eq. [20]). 

In short, the effect of a survival cost depends on the magnitude of the actual 
fecundity cost, measured in this simple population model by 11, the annual rate of 
increase in fecundity. If a survival cost exists, reproduction at ages of low 
fecundity involves an additional risk of failing to survive to ages of high fecundity, 
and selection may then favor delayed maturity. This is, in effect, an algebraic 
restatement of the hypothesis advanced by Lack (e.g., Lack 1946, p. 275) to 
explain the evolution of delayed maturity in birds. 

The construction of adequate comparative tests of these hypotheses is crippled 
by the vagueness of the term "delayed reproduction"; the theory predicts the 
direction of evolution, but not its end-point. However, a comparison of 
poikilotherms with homoiotherms produces some suggestive results. First, the 
increase of female fecundity with age is much more pronounced in poikilotherms 
than in homoiotherms, and the actual fecundity cost will be correspondingly 
greater. This may explain the decrease in the average age at maturity in the 
sequence fishes-amphibians-squamate reptiles-mammals shown in figure 4. Sec- 
ond, there is a sex difference between the two groups. In female fishes, fecundity 
is usually proportional to body size and increases sharply with age; fecundity 
schedules for males are very imperfectly known, but it seems unlikely that the 
age-specific fecundity of males increases to the same extent in most species. 
Female fecundity in homoiotherms may increase with age, but the increments are 
very modest in comparison with poikilotherms. However, the reproductive suc-
cess of males is known to depend on age, size, or previous experience in many 
mammals, especially in polygynous species (e.g., Geist 1971; Schaller 1967; Le 
Boeuf 1972): while Selander (1972) and Wiley (1974b) have invoked the greater 
success of older and larger males to explain the evolution of delayed male maturity 
in polygynous birds. If these generalizations are valid, it might be expected that 
among teleosts males should usually mature earlier in life than females, while 
among birds and mammals females should usually mature earlier than males. 
Figure 5 shows that this is indeed the case. Moreover. the exceptions to the rule 
among North American freshwater fishes are of some interest. In four species 
males have been reported to mature later in life than females, and one might 
anticipate that in these species male reproductive success should show some 
unusual degree of dependence on size. The inclusion of Hybogr~crthlr~tzuchtrlis in 
this group is based on the statement made without authority by Scott and 
Crossman (1973, p. 419) that: "Some females are thought to spawn when . . . only 
one year old, but males probably do not spawn until their second year." Females 
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FIG.5.-Sexual bimaturism in fishes and mammals, a and b ,  summary data on USA and 
Canadian freshwater fishes, respectively, taken from Carlander (1969) and Scott and 
Crossman (1973). Each plotted point is a species identified by family: K,Acipenseridae; 
-AM, Amiidae; a,Clupeidae; S ,  Salmonidae; 0 ,  Osmeridae; H ,  Hiodontidae; U, Umbridae; 
E ,  Esocidae; C,  Cyprinidae; T, Catastomidae; G, Gasterosteidae; CA, Gad idae ;m,  Percop- 
sidae; C-H, Centrarchidae; P, Percidae. c ,  summary data on placental mammals (from Asdell 
et  al. 1962), with a few species of birds (from Lack 1966; Ashmole 1971; Selander 1960; Willis 
1967). Solid circles = mammals, open circles = birds. 



61 COSTS OF REPRODUCTION 

are larger than males, and the eggs are deposited, without parental care, on the 
bottom ooze in quiet water. These facts seem incompatible with theory. However, 
the remaining three species in which the males have evolved delayed maturation 
rather strongly confirm theoretical predictions. In Setnoti/lr~ N ~ I . O ~ ? I N C L I / ~ ~ I ( Jand 
Carnpo~totvcr crt~omcrlrrt?~ the male builds a nest with small stones and aggressively 
defends the best territory against other males; when the nest has been filled with 
eggs it is abandoned. In Pitncpl~rrle~ notrrtrrtn, adhesive eggs are deposited on 
submerged objects whose surface has been "prepared" by the male, and the male 
subsequently guards the developing eggs, driving off conspecific males and other 
small fishes. Size is presumably at a premium in the performance of all these 
activities, and in all three cases Carlander (1969) records the male as being the 
larger sex or as having the greater rate of growth. These are precisely the 
circumstances in which exceptions to the normal rule of earlier reproduction in 
males might be anticipated. 

T H E  POTENTIAL F E C U N D I T Y  COST A N D  T H E  OPTIMAL AGE A T  MATURITY 

If many organisms do not seem to reproduce as soon as they are physiologically 
capable of doing so, many also seem not to delay maturity into extreme old age. 
The imprecision of the terminology and the unknown degree of variation between 
species in the short-term physiological limits on maturation make it impossible to 
come to any final conclusion, but a review of the literature leaves me with the firm 
impression that in very many species, and especially amongst teleosts of moderate 
size, the age at first reproduction is approximately normally distributed about 
some intermediate value (see, e.g., Hartley 1947; Alm 1959). In the newt Tritrlrw~ 
~julgrrri~,Bell (1977) has suggested that this is caused by selection favoring early 
maturation in males and late maturation in females, and this interpretation may 
possibly be extended to other poikilotherms. However, if the initial observation 
has any value, an alternative interpretation is possible: that some intermediate 
value of the age at first reproduction may represent a maximum of fitness, and thus 
be favored by selection over either an earlier or a later age. 

The population model used in the previous section lends no support to this 
view. Suppose that there exists an optimal age at maturity. which I designate as 8; 
then if one were to graph fitness on age at maturity it would at first rise until it 
reached a maximum at 6,and would then fall. In terms of the differential calculus, 
the optimal age ri is a point such that the first derivative of fitness with respect to 
the age at maturity is zero, while the second derivative is negative; formally, it is 
required that ah la~l  = 0 and also that a2hlarr2 < 0, when both derivatives are 
evaluated at a = ri (but see Appendix A). The line of argument developed in the 
previous section tells us that in a stationary population these conditions are 
equivalent to requiring that dV(a)lda = 0 and also that d2V(cr)/da2 < 0. However, 
referring to condition (9), it will be appreciated that the first derivative is equal to 
zero only if d In b(a)/dn = -d In I(a)/dcr exactly, or,  in terms of the present 
population model, if In h = -In c exactly. Suppose one were to  graph the 
logarithms of fecundity at the age of first reproduction, b(n), and the inverse of 
survival to that age, -l(a), on the age at maturity a .  Both graphs would be straight 
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lines with slopes of In h and -In c ,  respectively, since I have assumed that 
fecundity increases and survival decreases by the constant factors h and c per 
year. Any particular value of u can represent a maximum of fitness only if 
dV(tr)ida = 0, and this holds only if the slope of the fecundity graph is equal to the 
slope of the survival graph at this point. However, since the graphs are both 
straight lines, if this condition is satisfied for any one point it will be satisfied for all 
points, since in order to have the same slope at any particular value of a we must 
be able to superimpose the two graphs. The probability that the two graphs do 
coincide point by point is of course exceedingly small; and even if they were to do 
so there would still be no optimal age at maturity, since all possible ages at 
maturity would have the same fitness. It follows that if the survival cost and the 
actual fecundity cost of reproduction alone exist selection will always favor either 
an increase or a decrease in the age at maturity (see Bell 1976), so that no.single 
age at maturity will represent a stable equilibrium under natural selection. If an 
optimal age at first reproduction is to be generated, the model must be modified, 
preferably in the simplest possible way that will achieve the desired result. 

An intermediate optimum of the age at maturity is generated only by a third type 
of reproductive cost, which I shall call the "potential fecundity cost." This 
expresses the possibility that the fecundity of an individual which has previously 
reproduced may be lower at a given age than that of an individual of the same age 
which has not previously reproduced. For example, consider a fish with indeter- 
minate growth in which fecundity is directly related to body size. If the rate at 
which an individual can assimilate energy is limited, then putting energy into 
gonadal production (or into any other energy-requiring process of reproduction, 
such as breeding displays) will imply the withdrawal of energy from somatic 
production. Thus, an individual which reproduces in a given year will be smaller, 
and therefore less fecund, in the following year than an individual which has 
previously abstained from reproduction. Now, the existence of such a reproduc- 
tive cost is not in itself sufficient to guarantee that some intermediate age at 
maturity will be optimal. Suppose that the annual rate of increase in "potential 
fecundity" (the fecundity which an adolescent of given age would have, if it 
reproduced for the first time at that age) is h ,,while the annual rate of increase in 
actual fecundity (among individuals which have reproduced previously) is h,. 
Then a potential fecundity cost exists if h ,  > h,. However, it can easily be shown 
that, in these circumstances, the condition that dV(a)lda = 0 is equivalent to the 
condition that In h ,  = -In c ,  which again has no interesting behavior; even if it 
were satisfied, all ages at maturity would have equal fitness, and there would be a 
neutral equilibrium. In order for there to be an optimal age at maturity, the 
condition that d In b (a)lda = -d In l(a)lda must be satisfied for only a single value 
of a ,  and this will be true (granted a constant rate of adolescent survival) only if 
the increase in the logarithm of potential fecundity with age in adolescents is 
nonlinear. 

Take first the case in which the logarithm increases less steeply than linearly 
(that is, has negative second derivatives everywhere). Some value of the age at 
maturity, 8 ,  corresponds with the point on this curve whose tangent has a slope of 
-In c .  For smaller value of the age at maturity the curve is steeper, and the 
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tangent to any point in this region has a slope s f  less than -In c ;  hence seiection 
will favor delaying maturity. Conversely, for larger values of the age niatulity 
the curve is shallower, and the tangent to any point in this region will have a slope 
which exceeds -In c ;  selection will then favor shortening the period of matura- 
tion. It follows that ri is an optimal age at maturity and will represent a stable 
equilibrium under natural selection. 

By analogy with the arguments which underlie figure 2, it should be easy to 
appreciate that if the logarithm of potential fecundity increases with age more 
steeply than linearly (has positive second derivatives everywhere) there will again 
be a point of equilibrium: but it will be unstable, representing an age at maturity at 
which fitness is minimal. In this case selection will act disruptively, so as to favor 
even earlier maturation among forms which already mature early in life or even 
later maturation among forms which do not reproduce until late in life. It is at least 
conceivable that disruptive selection of this sort"cou1d maintain two forms with 
different ages at reproduction in the same population, and I surmise that some 
cases of paedogenetic reproduction can be interpreted in this way. For example, 
in the ctenophore Plerrt~obt.crchii~adult individuals spawn at 60 days of age and a 
diameter of 14 mm, producing about 12,000- 17,600 large eggs : however, some 
individuals also spawn at 40 days of age and a diameter of 2 mm, producing about 
150 small eggs (Pianka 1974). Interestingly. the more rapidly growing individuals 
do not reproduce as juveniles. The hypothesis of disruptive natural selection 
generated by an increase in potential fecundity with age which is steeper than 
linear offers an attractive interpretation of such aberrant life histories. 

The geometry of selection toward a single optimal age at maturity is illustrated 
in figure 6. If a statistical description of the way in which potential fecundity varies 
with age can be obtained, analytical solutions for r^r are readily found: table 3 gives 
solutions for five of the simplest possibilities which lead to stable, ~~ns tab le ,  or  
neutral equilibria. If some of the population model's more restrictive assumptions 
are relaxed, the positions of equilibria shift but their stability does not change; the 
details are relegated to Appendix D. 

The existence of an optimal age at maturity, then. hinges in the first place on the 
existence of a potential fecundity cost. This is well established in fishes, arid 
seems to be more pronounced in females than in males. For example: among 
North American freshwater fishes a considerable loss of size or growth resulting 
from reproduction has been demonstrated in Acipetl.v~r , f i rh~esccn~  (slow growth 
2-3 yr before spawing, Roussow 1957); Cor.egonlr.c c,llrpeofort?ii,v (weight loss in 
females l l%>males zero; Oosten and Hile 1949); Coregonus kiyi (females 12%, 
males 2%: Deason and Hile 1947); Co/.egonrrs r.eigllrr/.cii (females 852, Jobes 1943); 
S ~ l t n oS N I ~ I I .(females 25% or more; Warner 1962; Schaffer and Elson 1975); Strltr~o 
grrir~ine~~'(females 2552, males 16%: Mottley 1938): ,Ttrln~o c.ltrrlii (greater fecun- 
dity of first spawners, Calhoun 1942); Sulvrlinus tzatnciycush (slower growth with 
onset of maturity, Webster et al. 1959); and Catustornils commersoni (females 
1452, males 8%; Bassett 1957). Bell (1977) has calculated the loss of growth and 
fecundity caused by reproduction in the newt Trifrri.irs \~lrlgrrr.i.s. In homoiotherrns. 
on the other hand, the existence of potential fecundity cost is much less well 
documented. Indeed, these costs may even be negative, so to speak: In his study 
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FIG.6.-Finding the optimal age at maturity, 6.Fitness is maximized at the point where the 
tangent to the curve of fecundity in virgin individuals has a slope of -In c, c being the annual 
rate of survival of adolescents. 

of the penguin Megrrdyptes, Richdale (1957) found that 3-yr-old females who had 
previously reproduced lost only 18% of their eggs before hatching, while virgin 
3-yr-olds lost 30%. Coulson and White (1958) also show experienced breeders to 
be more successful in the kittiwake Rissrr tridrrctylrr, but do not separate age 
classes. 

If the potential fecundity cost is greater among poikilotherms than homoio- 
therms, and greater in female than in male poikilotherms, then these are further 
reasons for expecting poikilotherms to evolve delayed maturity more often than 
homoiotherms, and for expecting female poikilotherms to mature later in life 
than males; both predictions have already been verified. It is also possible to make 
rather more precise predictions. For example, it is interesting that in Lesser Slave 
Lake the effect of reproduction on growth in the whitefish Coregonus clrrpec~for- 
mis is about the same for males and females, and the two sexes mature at nearly 
the same age (Bell et al. 1977), while in Lake Erie the effect is greater in the 
females, which mature later in life than the males (Oosten and Hile 1949). Further, 
where fecundity is related to size the age at maturity is expected to increase with 
the growth rate, provided that the rate of adolescent survival does not change; 
Schaffer and Elson (1975) have shown that this is true for North American 
populations of Scrlmo srrlrrr. 

In well-studied cases, it is even possible to predict what the age at maturity 
should be. Sometimes an intuitive assessment seems sufficient. For example, in 
the gizzard shad, Dorosoma cepedicinum, fecundity rises abruptly from about 
59,000 in the second year of life to about 379,000 in third-year fish, and thereafter 
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declines at a rate of 10%-15% per year, until by the seventh year it has fallen to 
about 215,000 (Bodola 1966). It seems clear that the optimal age at maturity will be 
the third year, and in fact at least 80% of third-year fish breed for the first time at 
that age, with very few individuals maturing in their second or fourth year. For 
species in which fecundity increases continuously with age a more sophisticated 
analysis is necessary, and two examples are shown in figure 7 .  Females which are 
breeding for the first time cannot be distinguished from repeat spawners in the 
newt Triturus vu1ga1.i~ (figure 7c1),so the raw fecundity data is the total number of 
oocytes counted in the ovaries of adolescent females; it is assumed that this total 
fecundity bears some constant relationship with realized fecundity when spawning 
does occur. The two adolescents (marked by crosses in figure 7 0 )  in which some 
yolked oocytes were present showed that vitellogenesis does indeed diminish the 
total number of oocytes. The optimal age at maturity is estimated to be about 4.1 
yr, which is in excellent agreement with the mean age at first reproduction of 4.3 
yr estimated for the population from which the fecundity data was obtained; 
however, a much more accurately censused population about 15 km away had an 
average age at maturity of about 6.0 yr (Bell 1977). The data for sockeye salmon, 
Otzcorhynchus nerku (figure 7 b ) is more satisfactory in that all females are virgin; 
here, the optimal age at maturity calculated from Cultus Lake data is about 3.8 yr, 
while the dominant class among individuals with 2 yr of lake residence is the 
fourth year. In both cases, then, prediction and observation are in reasonably 
good agreement with one another. 

T H E  USE A N D  ABUSE O F  COMPARATIVE D A T A  

Stearns (1976, p. 42) remarks that "Only experiments can truly test theory," 
and the remark in itself draws attention to the paucity of experimental investiga- 
tions of life histories. Experiments, of course, are not necessarily manipulations 
which are performed in the laboratory. The most crucial gap in our present 
knowledge does not involve manipulation at all, but only the measurement of 
reproductive cost under controlled conditions. As I have pointed out, the ideal 
organisms on which to make these measurements are those which reproduce 
asexually, in which one can therefore measure how future survival and fecundity 
vary with present fecundity both within and between genotypes; appropriate 
material should be sought among organisms which reproduce by ameiotic 
thelytoky, such as rotifers, bryozoans, tardigrades, cladocerans, and ostracods. 
The pioneering work of Snell and King (1977) deserves to be followed up 
enthusiastically. 

Neither is the laboratory necessarily the best place to perform manipulations. If 
life histories represent adaptations to particular natural environments, it may be 
very misleading to study the response of populations when they are cultured in 
wholly novel circumstances. To study the response of populations to manipula- 
tion, one should be careful to ensure that manipulations represent the only change 
in the normal ecology of the populations being studied, and this implies that 
experiments must be done in the field. However, there is a major difficulty here. 
Suppose that a population is at evolutionary equilibrium, so that the age-specific 
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FIG.7.-The optimal age at maturity in two poikilotherms. ( 1 .  Newt, Trittrr lr.~vlrlgnris. 

Plotted points are raw fecundity data from two populations: crosses are total oocpte numbers 
in two adolescents which had begun to yolk oocytes, but which would not breed until the 
following pear. Sources: Bell 1973, 1977. b ,  Sockeye salmon, Ot~corlzyt~chusrferku in Cultus 
Lake. B.C. Rate of adolescent survival given by Parker (1962). Fork length of adults taken 
from Foerster (1968), and used to estimate fecundity from the fork-length vs. fecundity 
regression for 1932 given by Foerster and Pritchard (1941). 

rates of survival and fecundity have all been optimized with respect to the 
environment in which the population lives. To perform the experiment, the popu- 
lation is perturbed by changing one or more of these rates: Predictions concern 
the way in which the life history should respond to selection. For example, 
the perturbation might consist of reducing the rate of survival to maturity. The 
population may respond by resisting this perturbation and undergoing selection 
which tends to restore the previous rate of survival, by raising rates of survival at 
other ages. or by altering fecundity: it is predicted that the response which 
maximizes fitness will be the one which actually occurs. Unfortunately, there is 
at present no theoretical basis for making such predictions; there is no published 
model which is designed to calculate the increment of fitness entailed by a given 
response to a given pertubation. While conceding that experiments of the sort that 
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I have outlined are eminently desirable, I feel that this is one area in which theory 
lags behind experiment. The exploitation of fish populations has provided us with 
a great fund of data on the response of populations to the perturbation of their life 
histories, but in the absence of an appropriate theory it is premature either to 
attempt to interpret these large-scale experiments or to design smaller-scale ex- 
periments under more tightly controlled conditions. 

We must proceed, therefore, by advancing comparative tests of the current 
body of theory. This has the additional advantage that huge amounts of compara- 
tive data are available, and have as yet only begun to be tapped by such studies as 
those of Schaffer and Elson (1975). Comparative tests are capable of falsifying 
hypotheses as decisively as experimental tests, and in one respect they are 
superior: They lead directly to an interpretation of patterns observed in nature, 
which is the eventual goal of any scientific theory. Nevertheless, if a decisive 
result is to be obtained, comparisons must be conducted according to a protocol as 
rigorous as that which governs the design of experiments. In the discussion below 
I have singled out certain studies for criticism, not because they are exceptionally 
weak, but rather because they represent some of the best work in the current 
literature. 

In the first place, comparative tests must be risky; there must exist a possibility 
that the hypothesis under test will be falsified. For example, Charnov and Schaffer 
(1973) suggest that the likelihood that iteroparity will evolve increases as the ratio 
of adult to juvenile survival increases. Stearns (1976, his figure 1) proposed to test 
this idea by regressing the "average number of breeding season," as a measure of 
the degree of iteroparity, on the ratio of juvenile to adult mortality for a number of 
different species of animals. He obtained a weakly significant positive relationship 
between the two variables, which he interpreted as evidence favoring the theory. 
The appropriateness of the test is open to criticism: Charnov and Schaffer's 
conclusion concerns the likelihood that iteroparity will evolve within a species, 
and not differences in the degree of iteroparity between species. However, a more 
immediately fatal flaw is that the two variables whose relationship was studied are 
autocorrelated. It is easy to see that the expected number of breeding seasons will 
vary inversely with the rate of adult mortality, being high when mortality is low 
and vice versa; in fact, under the conditions of the population model used by 
Stearns (stationary population, stable age distribution, constant rate of adult 
mortality), the expected number of breeding seasons is exactly equal to the 
reciprocal of the rate of adult mortality. Since this is regressed on the ratio of 
juvenile to adult mortality, a positive slope is guaranteed. 

Second, comparative tests must be relevant, in that they contrast possible 
alternatives. For example, Bell and Lawton (1975) found that the rate of juvenile 
survival in the newt Triturus vulgclris was highly variable from year to year, and it 
has been shown above that this situation may favor the evolution of iteroparity; 
indeed, Healy (1974) has suggested that the iteroparity of the related North 
American species Notophthalmus viridescens has evolved to minimize the effect 
of environmental fluctuations. However, Bell (1977) has been able to show that 
semelparity is not a possible alternative in T. vulgaris, since the additional fecun- 
dity required to achieve the same average fitness as the observed degree of 
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iteroparity would involve metabolizing almost all the tissues in the body. This is a 
particular aspect of a more general difficulty. The rate of advance of a character 
under selection is equal to the product of the selection differential and the herita- 
bility. Life history theory, including the theory developed in this article, is a 
theory of selection differentials. It has been assumed not only that the characters 
undergoing selection have appreciable heritability, but also that their heritabilities 
are roughly equal. If we take any two life history variables, these will have 
different effects on fitness and different heritabilities. If one has a much higher 
heritability than the other it may be selected more rapidly, even though it has the 
smaller effect on fitness. This difficulty is evaded by assuming, as I have here, that 
we are studying life histories at their evolutionary equilibrium, but it will be a 
serious problem in any manipulative approach to life histories. The severe practi- 
cal difficulties of estimating the genetic variance of survival and fecundity rates 
emphasized by Lewontin (1974) have discouraged all but a handful of workers 
(e.g., McLaren 1976) from attacking this problem. 

The third and most crucial requirement is that comparative tests should be 
exclusive. It is not enough that a given set of data should support an hypothesis; it 
must also exclude some other clearly defined alternative hypothesis. A long list of 
examples could be drawn up from studies which interpret life histories as having 
been selected so as to minimize the effects of environmental fluctuation. For 
example, Leggett's extensive work on the shad Alosa scipidissirnci (summarized in 
Leggett and Carscadden 1978) has shown that there is a latitudinal cline in life 
histories along the east coast of North America, from semelparity in the most 
southerly populations to well-developed iteroparity in the most northerly. This is 
interpreted as a response to the more variable rates of juvenile survival expected 
in more northerly streams. Although this explanation is plausible enough, it does 
not exclude the hypothesis that the survival cost of reproduction diminishes 
toward the north; this would be an affect on the mean rather than the variance of 
fitness, which would nevertheless generate the same pattern of variation. More 
generally, arguments involving the variance of some component of fitness in time 
must exclude any effect on the mean before they can be tested; semelparity, for 
example, may be selected either if mean juvenile survival increases, or if its 
variance decreases, and the two effects can be separated only in situations where 
it can be shown that the mean and the variance increase together. 

If these strictures are obeyed, how can life history theory most usefully be 
tested? Perhaps the most powerful general test would be a comparison of the 
calculated optimal with the observed average age at maturity across as wide a 
range of species or populations as possible, to flesh out the preliminary results 
presented in the previous section. The power of the test lies in the fact that the 
predictions are precisely quantifiable, so that any large discrepancy between 
prediction and observation should be immediately apparent. Suitable material 
should be sought among organisms in which the past reproductive history of 
individuals can be assessed; for example, among semelparous plants and animals, 
anadromous fishes in which spawn marks can be distinguished, and bird popula- 
tions in which long-term banding programs permit the recognition of individuals 
throughout their lifetimes. A rather weaker test concerns the schedule of repro- 



70 THE AMERICAN NATURALIST 

duction, either within clones or, although less satisfactorily, between individuals 
in a sexual population. As individuals age, the contribution of present reproduc- 
tion to fitness may increase in importance relative to the expected contribution of 
future reproduction, in which case older individuals should be willing to incur 
greater costs of reproduction. The conditions under which older individuals 
should take more risks in order to reproduce, although put in terms of reproduc- 
tive effort, have been identified by Williams (1966), Schaffer (19476) and Charles- 
worth and Leon (1976). Their ideas seem to deserve a much more searching 
empirical test than they have received. It might also be suggested that if reproduc- 
tion among older individuals is less important it should also be more highly 
variable. A test of this sort was performed by Lewontin (1965), who reasoned that 
the age at maturity was a more important component of fitness than lifetime 
fecundity in rapidly increasing populations and should therefore have a lower 
heritability. However, his test was to compare the average value of these two 
characters between populations (of Drosophiln), which gives no information about 
heritability (see, e.g., Feldman and Lewontin 1975); the critical comparison 
should be made between individuals within populations. 

The importance of pelforming such tests can scarcely be overestimated. Only in 
the field of life histories is fitness an inevitable and precisely calculable conse- 
quence of a given phenotype, the life table. If our predictions agree with observa- 
tion, there is the best of reasons for claiming that natural selection represents not 
merely a plausible mechanism, but a sufficient cause. For this reason, the theory 
of life histories is of unique importance to general Darwinism. 

SUMMARY 

This paper identifies the effects of different types of reproductive cost on the 
pattern of life histories. By ~.eyi.oril~ctive cost I mean the generally deleterious 
effect of present reproduction on future survival or  fecundity or both. My ap- 
proach is first to discover the circumstances in which reproduction at a given age 
should be maximal, and then to investigate the conditions under which reproduc- 
tion at given age should be zero; this leads to a discussion first of semelparity and 
later of the optimal age at maturity. 

When all entries in the life table are independent of one another there is no 
reproductive cost, and it can be shown that semelparity is unlikely to evolve if 
maturity is delayed or if prereproductive survival is poor. The existence of a 
number of conspicuous exceptions to these rules points to an inadequacy in the 
model. Once reproductive costs are introduced, reproduction will be optimized 
rather than being merely maximized. The "survival cost" is the decrease in the 
rate of adult survival which accompanies a given increase in fecundity. If the 
graph of fecundity on survival is linear, semelparity will be an optimal life history 
provided that the slope of the graph. and thus the magnitude of the survival cost, 
does not exceed a quantity which can be defined mathematically. More generally, 
the graph of fecundity on survival will be curvilinear. If it is convex upwards there 
will be a stable equilibrium at which a given combination of survival and fecundity 
maximizes fitness; if it is concave upward there will be a point of unstable 
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equilibrium at which some combination of survival and fecundity minimizes 
fitnecs. Semelparity may evolve either through selection toward a stable equilib- 
rium or through celectiorl ~Iway from an unstable equilibrium. The latter route 
seems to be recponsible for the evolution of semelparity in some North American 
salmonids. Tile same principles continue to hold in fluctuating environments, but 
the evolution of semelparity is further favored if variation in prereproductive 
survival is less than variation in adult survival. 

Delayed maturation, either in semelparous or in iteroparous species, may be 
favorably selected given that a survival cost exists, if fecundity increases with age 
(the "actual fecundity co4t"). This idea is supported by the facts that poi- 
kilotherms usually mature later in life than homoiotherms, that females mature 
later than males among poikilotherms, and that males mature later than females 
among homoiotherms. A necessary but not sufficient condition for the existence 
of an optimal age at maturity is thatpresent reproduction should cause a decrease 
in potential future fecundity (the "potential fecundity cost"); a sufficient condi- 
tion is that the potential fecundity cost should decrease with age relative to the 
actual fecundity cost. Potential fecundity costs appear to be widespread amongst 
poikilotherms, and their general use in interpreting ages at maturity is explained. 
Methods of finding the optimal age at maturity are outlined, and the estimated 
optima are compared with the mean ages at maturity in two poikilotherms. 

Finally. I argue that experimental tests of life history theory are not yet feasible, 
and that we must instead rely on comparative techniques. After criticizing a 
number of recent comparative studies on methodological grounds, I suggest areas 
in which further research should be undertaken, and conclude by stressing the 
importance of life histories to general evolutionary theory. 

APPENDIX A 

USE O F  D I F F ~ R E N T I - \ I  N C EQ N D  DIFF'ERF EQUATIONS 

The basic technical problem in the theory of life histories is to discover how the rate of 
increase A varies with a given component of the life table, say y .  Throughout this paper I 
have followed conventional practice in using differential calculus: An increase of y will be 
favorably selected if dAIi3y > 0, and the value? represents a maximum of fitness if 8AIdy = 0 
and 8'hid.v' < 0. when the derivatives are evaluated a t y  = $. When!. is a character such as 
the annual rate of adult s ~ ~ r v i v a l  p ,  it can be assumed to have an underlying continuous 
distribution, even in finite populations. and no problems arise. However, the population 
models that I have used are in discrete time, since most interesting plants and animals 
reproduce at discrete intervals of time, and age has been defined in an essentially discon- 
tinuous sense. In particular. taking derivatives with respect to the age at maturity rr is a 
mathematically dubious procedure, since in most organisms of interest (1 can take only 
discrete v a l ~ ~ e s  1 ,  2. 3. . . . A more appropriate procedure is therefore to use difference 
equations. For example, if we wish to find the value of ( 1  at which V(tr)is maximized. the 
conditions clV(a)i~l~i  0 and cI2V(r~)irl~i2 is continuously = < 0 are appropriate only if a 
distributed: if t r  can take only integer values it is appropriate to use the criterion AV(tr)< 0. 
Expanding this yields 

As rr increases. I ( ( / )  decreases while l)(tr) increases; conversely, as  tr decreases, l ( 0 )  
increases while h(ii)decreases. The third term on the left-hand side of the equation above 
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therefore always has negative sign. It follows that for the sum h(~r)AI((i)+ /(ii)iib(il)to be 
negative is a sufficient but not a necessary condition for A V ( L ~ )< 0. AS the magnitude of the 
product Al(n)Ab(a) approaches zero, the difference equation formulation approaches a 
differential equation. I suspect that these mathematical strictures have rather little biolog- 
ical relevance. 

APPENDIX B 

DERIVATION (3)OF CONDITION 

The characteristic equation is equation ( 1 ) :  

1 = 

.1'="

1A-.V(x). 
0 


If ii is the age at first reproduction then V(,Y;.Ycr ) ,  and 1 = C A-.'V(s), where this and 
subsequent summations are understood to be terminated at.\. = x.Definep to be the annual 
rate of adult (s3 tr) survival, and b to be the annual rate of fecundity. Then we can rewrite 
the above equation: 

1 = I(a)[bA-" + hpA-'"+'I + bp2A-("+2'+ . . .] 
= A-"Dl(rr) 2 (PA-I).". 

rr 

Summing the geometric series on the right-hand side yields 

1 = A-"hl(a)[l/(l- PA-')] .  

Defining V(tr) = bl(ii) and rearranging, 

A"(1 - P A - ' )  V ( o )= 0 ,-

which is equation (2). Differentiating with respect to p yields 

Performing the differentiation and collecting terms leads to 

Rearranging. 

However, PA-' < 1 ,  so the denominator is positive. Thus tlhidp < 0 if and only if the 
numerator of the right-hand side is negative, and this is equivalent to the condition that 

which is condition (3) .  

APPENDIX C 

Refer to Appendix B. The only novelty in the population model is the definition of 11 as 
the factor by which fecundity increases from one year class to  the next. The characteristic 
equation can therefore be written in the form: 
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Differentiating with respect to cr gives: 

Recalling that dAu/da = ahf'- '(dhlda)+ A" In A, and that V ( o )varies with a ,  proceed to 
perform the differentiation, collecting terms to obtain 

"h LaAu-l ( 1  - hpA-l) + hpAU-l]+ ( 1  - hpA-l) A" In A -*= 0. 
dtr da 

Since hu(l  - hpA-') = V(rr)follows from the characteristic equation, rearranging yields 

d h  = [dV(rc)idn]- V ( o )In A 
do A"-' [cr - hp ((I - 1 )A-'1 ' 

which is equation (7). 

APPENDIX D 

Two assumptions have been made in order to obtain the simple result illu4trated in figure 
6: that the population is stationary, and that the annual rate of increase in actual fecundity 
is constant with age. Dropping the former assumption does not lead to any serious compli- 
cations; for example, for h not necessarily equal to unity, case (5) of table 3 becomes 
d = a / [ l n  (c ih )] .Since dtiidh < 0, d will be smaller in expanding populations and vice 
versa, as expected. 

Discarding the second assumption leads to more serious problems. If an optimum exists, 
then i3dii3c. > 0 (table 3). so that the optimal age increases as the rate of adolescent survival 
increases. For a given value of p ,  this is equivalent to saying that the optimal age at 
maturity will increase as the survival cost of reproduction increases, and this is intuitively 
reasonable. Moreover, the characteristic equation (see Appendix C). guarantees that the 
summation on its right-hand side converges, which is true in a stationary population only 
if 11p< 1, or in other words i f p  < 1/17. However, the condition for delayed maturity is that 
In 11 > -In c ,  or that c > 1 / 1 7 ,  Therefore, the condition for delayed maturity implies that 
c ,  > 11-that is, that a survival cost exists-even though only c ,  rather than the ratio clp, 
appears in the inequality. In the same way, because p is constrained by the structure of 
the population model, the magnitude of arildc measures the effect of the survival cost on 
the optimal age at  maturity. Of course, 17 is constrained in a similar manner, so that the 
schedules of virgin fecundity listed in table 3 also measure the potential fecundity cost, 
relative to the constant acutal fecundity cost implied by h .  An optimal age at  maturity exists 
only if the potential cost decreases with age relative to the actual cost. It is interesting, 
therefore, to investigate the effect of an age-specific trend in 1 1 ,  which is common among 
fishes (see, for example. Nikolskii 1969). If both potential and actual fecundity correspond 
to case ( 1 )  of table 3 ,  

and 

~ ( . Y ; . Y  > r r )  = y(.v - r r )  + h(tr), 

where h(.r;y)is the fecundity of individuals aged 1 which first reproduced at age y .  This 
leads to the following result: 
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Inspection of this equation shows that the optimal age at  maturity increases: ( ( 1 )  as the 
survival cost increases; and (17) as the potential fecundity cost increases relative to the 
actual fecundity cost. Both results seem entirely reasonable. 
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