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Most work on the evolution of life-history traits stems from Cole’s 1954 paper
on the evolutionary advantage of reproducing once or many times during life.
His conclusion that semelparity {reproducing once) is evolutionarily superior
to iteroparity (reproducing many times) forms the basis of Cole’s paradox and
represents the beginning of modern investigations into the evolutionary basis of
differences in life-history traits within and between species. Despite the large
amount of work devoted 1o this general problem. there is as yet no single model of
life-history evolution that incorperates (1} age strugture, (2) random environmen-
tal variability, (3) life histories of arbitrary length, (4) age-specific variation and
covariation of components of the life history, and (5) genotypic differences in life
history.

We describe here an analytic framework with these features and use it to
determine the evolutionary consequences of spreading reproduction in different
ways over a lifetime. The life histories included in this analysis encompass those
traditionally regarded as semelparous and iteroparous. However, we regard this
dichotomy as too simple and potentially misleading. Instead, we assume the
temporal clumping and positioning of reproduction during life to be a continuous
character. From this continuum, we have chosen various character states in order
to compare a reasonable set of life histories. One biological motivation for this
approach is that many species described as semelparous contain individuals that
reproduce more than once on some time scale (e.g., an ““annual’’ plant species in
which individuals have multiple times of seed set or in which there is a significant
seed bank; see Fritz et al. 1982; Kirkendall and Stenseth 1983).
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where N, denotes the age-structure vector al tume ¢ and X, denotes a Leslie matrix
appearing at time ¢ (for a general discussion, see Leslic 1945 Keyfitz 1968). On the
top row of such a matrix are fertilities ut uge f, say. m,,; euch has an averuge, m,,
and a varniance, which are evaluated with respect 1o alt environmental states. On
the subdiagonal are age-specific survivai probabilities {p,.), each with an average,
p.oand a variance. Al other entries are zeros. For analytic and numerical simplic-
ity. we often refer to a trunsformed version of this equation in which ““net”
fertility values at age / and time £ are specified us b, (= prpa - - - 5 Py, =
Lym,). These have time averages, ¢, and a variance. We use [, to denote the
average value of {,. The dynamics of the process are unchanged by the transfor-
mation.

We assume here that the matrices representing vital rates in different environ-
ments are chosen according to a stationary Markovian stochastic process, The
resulting population dynamics have been studied extensively (Cohen 1977,
1979a.b: Tuljapurkar und Orzack 1980; Tuljapurkar 1982g,6; Orzack 1985). Sev-
eral results are important to note here. First, a population whose dynamics are
governed by such a process has an asymptotic (nonrandom) growth rate:

0 f M,
7 —Th{lnm]. (n

where 1 — = and M, and M, represent the population sizes at times 0 and ¢ (Cohen
1979a). E( ) denotes an arithmetic expectation. Henceforth, we refer to a as the
stochastic growth rate. Second, a bivlogically important feature of the dynamics is
that the long-run dstribution of population size is lognormal (Tuljapurkar and
Orzack [980). Hence, the expected growth rate of an ensemble of populations is in
general unrepresentative of the typical behavior, as is also true with scalar growth
processes (Lewontin und Cohen 1969). Third, the stochastic growth rate, a, is the
key to studying life-history evolution. This is a consequence of 4 simple genetic
analysis. In particular, assume that there are two alleles, B and b, at one locus,
The relative ordering of the growith rates for the thres genotypes determines the
tate of rare alleles (Tubupurkar [9825). For example,

gy < dgy > dpp (]

is a sufficient condition for a polymorphism to be maintained. In this equalion, dy,
represents the stochastic growth rate (eq. 1) of a monomorphic pepulation pos-
sessing the vital rates of Bb. Analogous inequalities for the geometric means of the
underlying vital rates do not necessarily predict the outcome of natural selection
even in a temporally uncorrelated environment (Orzack 1985). Inequadity (2} and
the obvious related inequalities (e.g., ayg > Ugp = dpp) represent the stochastic
analogues of the conditions derived for polymorphism and selection in constant
environmenis by Charlesworth {1980). Although these inequalities strictly deter-
mine only allelic invasion, they often predict dynamic behavier away from the
boundary (i.e., fixation; Orzack 1985).

Given this biological framework, it is appropriale to ask how life history and
environment interact 10 determine «. The calculation of an approximation to « for
particular life histories is refatively simple using an unalytic framework developed
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No1£.—The anabytic snd numerical results are presented in figures 1-3 and 5-9. &, denotes the
average value of net feribny for all ages from the st () W the lasl Gw) age ol reproducion Ay, s the
dominant <igenvalue of the average Leshe matrae T, s the mean generation length of the average
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eurlier (Tuljupurkar 19825). This approach s sirongly supported by the resubts of
numerical simulations, as this puper demonstrates. It is important to note that this
approximation is composed of a constant term, which represents the contributioa
of the average vital rates 1o growth, and two variance terms. The first variunce
term represents the ponpositive contribution to stochastic growth rate of one-
period fluctuations in vital rates. The second represents the contribution of 1wo-
pertod temporal correlations between vital rates and may be positive or negative
depending on the sign of the environmental autocorrelativn. on which portion of
the Life history is varying, and on the covariances between vital rates. This term
can have an appreciable effect on the stochastic growth rute and may altect the
outcome of selection among genotypes (Orzuck [983). However, we 1gnore the
effects of autocorrelated environments because of their analytic and nwnerical
complexity, restricting ourselves here 1o the still-substantial sk of studying
serially independent fluctuations in the vital rates.

BIGLOGICAL AND MATHEMATICAL ASSUMPTIONS

Given the demographic and genetic structure outlined above, analysis of the
evolutionary consequences ot differing reproductive patierns depends on four
additional assumptions.

L. Construction of the set of average life histories.— We constrained life histo-
ries 1o have identical average amounts of lifetime weighted reproduction (= Ry =
Ed,). as did Murphy (1968), The sum is taken over all ages §, and as noted above,
the &;'s are stalionary averages over all environmental states. Other constraints
may be chosen, but we regard this one as biologically plausible and reasonably
general. Presumably, a different constraint might lead to qualitatively different
results.

Within a life-history set, two general classes of life histories may be distin-
guished (see tables 1, 2): those with an identical age at first reproduction () but
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distinct ages at last reproduction (wh; and those with distinet o but identical w.
Our analytic results (see below) indicate that stochastic growth rates can be
thought uf as simple tunctions of just two parameters: the intrinsic rate of increase
(tnkqg) and the mean generation length (T} of the average life history. Therefore,
we focused on the greatest span of Ingy and T, given a value of w. All other life
histories that can be reasonably added to these sets (such as those with inter-
mediate o and w) have intermediate values of Inx, and T, relative to the lite
histories in the tables.

Given a and w, the next constraint needed concerns the dependence of b, values
on age. Analyses of empirical data (e.g.. Murphy 1968; Caughley 1977 Leggett
and Carscadden 1978; Snell 1978; Shine and Bull 1979; Taylor 1979: 1td 1980;
Millar and Zammuto 1983; Begon et al. 1986) sugpest that most life histories have
&, values that are flat, that decline, or that have an intermediate peak with respect
to age. Each “*shape™ represents different constraints on the average values of the
vital rates in the underlying life history. Hence, flat life histories {as in table 1), for
example, resullif {, and m, do not vary with age and may also result from declining
average survival rates (1) and increasing average fertility values (s,). In contrast,
peaked life histories (as in table 2) result from age-independent /, and peaked
average fertitity values (m,). The general analytic results (eqs. 3-6} apply to life
histories with any age dependence of &,'s (given one constraint noted below
concerning the periodicity of reproduction).

The specific results presented here (figs. 1-9) are a subset of a large collection,
since we examined anatytic and numerical stochastic growth rates for all 25 life
histories (9 fAat, 9 declining. 7 peaked) for many patierns of random variability. We
focus on presenting results for the life histories with “flat™ ¢,'s because (1) the
qualitative features of interest are the same regardless of the shape of ¢,'s
{compare figs. 3 and 4), (2) our goal is to highlight conclusions that appear robust
in the fuce of geometric changes in the life-history set, and (3) we can make
coherent comparisons within the set. Accordingly, most of the results for declin-
ing and peaked life histories are omitted.

2. Periodicity of reproduction. —The results apply to any life history as long as
it has 1wo nonzero &, values that are not periodic (i.c.. the associated ages i and j
share only 1 as a divisor). This is a standard assumption (e.g.. Pollard 1973). The
demographic consequence of this constraint is that an appropriate time unil must
be chosen for quantitative analysis such that all life histories being compared are
tteroparous. Numerical analysis indicates that the calculation of growth rates for
some populations may be litle affected by the time unit chosen (Pollurd 1973,
p- 37). The biological and demographic criteria needed 10 make biologically
realistic decisions about appropriate time units need elucidation (see Cull 1980).
Atpresent, it is known only that such time units vary among taxa (Kirkendall and
Stenseth 1985).

3. Random variation: age and environmental sensitivity. —Qur major assump-
tion is that variubility in vital rates is a function of extrinsic changes in the
environment or of the way in which organisms “experience’ these changes. This
distinction is most apparent in the analysis of “‘indifference’” curves (see below).

Qur analytic and associated numerical results relate to life histories in which
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the coetticient of variation (C) of the b, values does not change with age. This
assumption wus made primunly because it sumplifics the analytic calculations.
(The general analytic framework can accommodate any kind of age dependence
for C.) Few data ure avalabie 10 guide vne's choice in this segard. The results of
Rose and Charlesworth (1981) iadicate that the cocthcient of variation of daily
Fecundily increases with age in lines of Drosophile melanogasier sampled from a
tuboratory population. Alternatively, the data of Pifere and Sarukhan (1982)
suggest that the coefticients of variation for survival rates decline with age tn the
palm Astroceryum mexicanwm. If we ignore (purely for the sake of argument) that
these data do not relate directly 10 ¢,, values, the data most likely indicate that one
could find species in which € values decrease, remain constant, of increase with
age. Hence, we consider our choice of un age-independent C vatue convenient for
analysis and most likely applicable to many organisms but not the only choice one
could make.

4. Random variation: distribution of environmental states.—Numernical caleu-
lation of stochustic growth rates requires a choice ubout the distribution trom
which random “environmental™ deviates are to be sampled. In all our simuli-
tions, the underlying distoibution is tognormal. Several reasons motivated this
choice. The first is that a continuous disiribution was deemed more biologically
realistic than one with discrete states, and its use avoids possible mathematical
singularities (see. ¢.g., Tuljupurkar 1984). Sccond. this distribution applics natu-
rally to &, vidues since it arises as the limiling distribution of products of indepen-
dent or weakly correfated positive random varisbles (see, e.g., Johnson and Kotz
1970, p. 183). Finally, it is known that a skewed environmental distribution can
have an appreciable effect on the stochastic growth rate (Slade and Levenson
1984).

Further assumptions about the correlation of ¢,,'s among ages are discussed in
the following section.

METHODS

Analyiic Estimation of Stochastic Growth Rutes
Calculation of stochastic growth rates requires further AssUMpluns concermng
the correlations among the ¢, values. A “small noise™™ approximation {Tuljapur-
kar [9825) to the stochastic growth rate for a life history subject to small tempo-
rally uncorrelated envirenmental Auctuations is
S'vs
-

a=lnky — (3)
where A, is the dominant eigenvalue of the average Leslic matrix; $ is a column
vector of the sensitivities of the intrinsic rate of increase 10 a Hucluation in the ¢;
values (i.e., the ith component of 8§ is alnay/ad,); 8" is the trunspose. Elements of
these vectors are always nonnegative. V is a variance-covariance matrix of the
&i's. This approximation is very accurate at predicting « whea € < 0.3, As our
numenical results indicate (see below), it is even accurate to within a few percent
when C is as large as 3, especially for longer life histories.

[«
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Any botogically plausible or implunsible patteen of correlations can be accom-
modated within equation (31 To indicate the power of the method, we present
three specific cases.

L Complete independence of &, values.—1n this case,

CHEG?
4~ g - L1280 (4)
275
where G, 05 by ', and T, is the mean generation leagth (Xidg,hy ) as defined by
Leslie (1966). This ind all subsequent sums are over all ages il = a, ..., w)

unless noted otherwise, This case most simply corresponds to the vanability of
the underlying fertility values, not to the variability of the survival rates. which
are, by definition, hkely to be positively correlated. In this case, one can direcily
see the dynamic consequences of varying degrees of “diversity” of the ¢, values.
This follows because TG, = 1.0, and therefore, D = G is a measure of he
diversity of the reproductive schedule similar to Simpson’s index for species
abundances. This index decreases as reproduction is spread over more ages. Fora
life history of length w, D has a minimum value of Vw, corresponding (if Ay, is 1.0)
o a flat &; schedule with reproduction at all ages, and a maximum value of 1.0,
when reproduction oceurs at one age only (see tables 1, 2).
2. A correlation between each pair of &, values of +1.0.—1n this case,

C ,
5. 3
o7 ©)

a4 = Ini, —

Simple cases of hie-history variation cncompassed by this eyuation include varia-
tion in the first survival rate only and variation in an age-independent average
fertility.

3. An age-independent correlution r between &, values:
CUNGE + r ENG6G))
2T
(i # k). In this case, r may tuke any value between — [0 und + 1.0, It is tmportant
to note that life histories of different lengths must differ in the degree tw which
their ¢, values can be negatively correlated. In particular, it is straightiorward 1o

show that

a = lnky —

(6)

r= ;ﬁ (7)
is a necessary lower bound on the correlation among the ¢, values (m, 15 the
number of varying &, values in the hit history). Thus, assuming age-independent
correlations, the most negative correlation for any lite history with two varying

w8 18 — 1.0, [n contrast, the most negative correlation possible for any life
history with 10 varying &,,'s, for example, is approximately -0.11.

Numerical Estimation of Stochustic Growth Rates

Monte Carlo simulations were performed in order 1o determine the aceursey of
the analytic results. The lite histories shown in tables | und 2 were used. The sum
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Ry is constrained to be 1.05 for all life histories. At each time ¢, vital-rate values
were chosen from lognormal distributions with the appropriate means (b, values),
variances (caleulated from C), and correlation structure. The uniform random
numbers underlying the lognormal deviates were generated using the multiplica-
tive congruential method (further details of the simulations are available upon
request). Each run for a particular hife history, correlation among vital rates, and
coeffictent of variation lasted 5000 time units. The starting population size was
arbitrarily chosen to be 10, and the initial age-distribution vector was chosen 1o be
as fat as possible, given integral numbers of individuals in each age class. All
single-period growth rates (n = 4999} were calculated and then averaged to
produce an estimate of the stochastic growth rate. Since the process is ergodic,
this expectation converges to the himit in equation (1),

The generation of correlated tognoermal deviates deserves comment. The corre-
lation coefficient between lognormul deviates (r) is an exponential function of the
correlation between the underlying normals and the coefficient of variation of the
lognormal deviates (C). This dependence imposes a constraint on the possible
values of r, in addition to relationship (7). Consider the case when n, is 2. In
general, the range of possible correlitions between the twe random variables is
- 1.0 to 1.0. However, as C increases (when R, increases), the lower limit on r
increases. Most important, for the life histories we used. some of the desired
combinations of r and C cannot be achieved, including all of the combinations for r
= —0.95, for example. Accordingly, we included numerical results for only one
negative vatue of r, one for which we can generate the exact distributions of
random variables. We have numerically explored other more-negative values of r
by calculating stochastic growth rates for simitar life histories with a lower R,
(resulting in smaller C values). This approach indicates that our analytic frame-
work accurately predicts stochastic growth rates even when the correlations of b,
values are strongly negative, as in figure 1. For simplicity and conciseness, we
have omitted these simulation results.

AN pumerical data in figures 1, 2, 3, 5, and 6 are obtained from polynomial
equations fitting the refation between the numerically estimated stochastic growth
rates and the associated coefficients of variation. For a set of simulation data
involving a given life history, polynomial curves of various degrees (=4) were
fitted and one chosen depending upon the general fit of the curve. regardless of the
degree of the polynomial. Almost all chosen curves are cubics, and for almost all,
R* is greater than 0.90.

RESULTS

Application to Specific Life Histories

Stochastic growth rates for specific cases of correlation among ¢, values are
shown in figures 1-6, most of which contain both analytically and numerncally
derived “indifference’” curves. (The lines in these figures are not meant to imply
intermediate life histories; i.e., the abscissa represents a categorical variable.)
Such curves indicute lite histories that are selectively neutral with respect to one
another, [t is clear that very distinct life histories can be 5o classified. For ex-
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(top) and - 0.3 {bortom). Aaalytic values from equation (6) using the flat average life his-
tones in table 1.

ample. when « equals 0.002, a life history with early reproduction and short life-
time (b, = 0,525,/ = 1,2) has no selective advantage over a life history with
delayed reproduction in a long lifetime (b; = 00,7 =1,... .8, ¢ =055, =
9.10) if it differs in the amount of environmental variability it experiences. [n
particular, the values of C producing neutrality when &,’s are completely cor-
related (fig. 6, rup) are approximately 0.37 and 0.75 for the early- and late-
reproducing life histories, respectively. This result indicates that it is important to
determine whether life histories are differentially sensitive to a given amount of
environmental variability. Acquisition of such data and information on temporal
variability of vital rates (for a rare example, see Baker et al. 1981) should be an
important goal of experimental evolutionary genetics.

There is no consistent relation among life histories with respect to the coef-
ficients of variation (C’s) allowing neutrality: € can increase (fig. 1, r = —0.95,
a = 0.0), have an intermediate peak (fig. 3, ¢ = 0.0), or decrease (fig. 3.
a = 0.014). The consequence is that predictions about the direction of life-history
evolution must also be based on adequate guantitative information about the
quality of the environment {as indexed here by the stochastic growth rate),
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Figure 4 contains analytic indifference curves for the declimng and peuked life
histories when the &,’s are independent. (The numericul inditference curves are
omitted for reasons of space but indicale that the analytic curves are quantita-
tively accurate.) Comparison with figure 3 indicates the general similarity of
inditterence curves despite changes in the geometries of the life histories. Similar
results hold tor oiher values of correlation between the ¢,,'s. Accordingly. further
analysis will focus on the flat set of life histories in table 1.

The analytic data in figures 1, 2, 3, 5, and 6 can be plotted in a ditferent manner,
as in figures 7-9, to reveul how natural selection acts upon tife histories with the
sume sensitivity to environmental Auctuations (a given value of €). {The numeri-
cal results are omitted since they are clearly redundant.)

We can identify three dynamic regimes associated with small, intermediate, and
high levels of eavironmental variability, as defined by different values of C. We
define these terms relative (o the correlation structure. Accordingly, for a given €
value, a life hustory with completely correlated ¢,'s experiences more variation
than one with independent ¢,'s. Consider, for example, the latter case (fig. 8,
r = 0.0).

EVOLUTION OF ITEROPARITY 911

Indifferance curves
Independant {luctuations

35 analytic
[= .
2
H
g 2
>
S
s | 7
I
©
a
< ¢l L—

— stochastic

T
2 3 4 5 5 7 89 growth rate
Ife nistory —e— 0000
—o— 0002
—— Qo4
34 numericei >~ 000
c -—=— 0ooe
2 —0— 00t0
5 —a— 0012
C e 0014
o 21
>
&
< )
@ 17 %
o
=
[
[=]
- ] — T —r—
1 2 3 4 5 6 7 8 ¢
hie nistory

Fis. 3. Indifference curves when net feribities are mdependent. Top, Analyue values
from equation {4) using the Aat average life histories in table L. Bomam, Numerical eshimates
from polynomial fit W simulation data.

Small variabilicy. —When C is relattvely low (e.g., = 0.5), there is a cleur
selective advantage 10 a type of semelparity: reproducing early in a short lifetime.
This is basically Cole's result in an age-structured, stochastic context.

{ntermediate variability. —Lifte histories with various types of iteroparous re-
productive schedules have an advantage relative to genotypes with larger Inh, or
Ty values. For example, when C = 0.75, life history 3 can invade as 2 hetero-
Zygous mutant inlo a monomorphic population composed of any other life history.
Note that the entire set of life histories has similar stochastic growth rates when ¢
is approximately 1.0-1.3, and the outcome of life-history evolution depends
closely on the details.

High variability. —For larger C values (= 1.5), there is un advantage to the most
iteroparous life history. Note that when bi;'s are positively correlated, long-lived,
late-reproducing genotypes can also (depending on the value of r) have the highest
stochastic growth rates, since their long mean generation lengths allow them to
*miss”" much of the variability (e.g., C = 1.0 in fig. 9. r = 1.0). Consequently,

selection may favor dispersed or delayed reproduction in highly variable environ-
ments.
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[t is clear that knowing the absolute amount of environmental variability and the
correlation of b,,'s can be critical to predicting the direction of life-history evolu-
tion in a particular instance, Note, for example, that when C = 1.0, the life lastery
from table | with the highest value of wis | whenr = - 095, 2 whenr = —0.30,
Jwhenr = -0.05.4whenr = 0.0, 8 when r = 0.50, and 9 when r = 1.0. When
C = .25, life history | has the highest value of « regardiess of the value of r.

General Features

Only the analysis of population dynamics allows one to determine the way in
which Inx, and T, jointly determine evolutionary suceess (see abso Cehen 19794).
A static approach might identify a large value of Ink, or 1, as advantageous and
thereby predict selective differences among the life histories on an indifference
curve. Values of a are determined by the balance between their growth potential
in the average environment (Inky} and the level of environmental variability
discounted by Ty. A ““crossover™ value of ¢ distinguishes environments with low
and intermediate variability. A lower bound on this value {regardless of correla-
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tion among fluctuations) is

_ Xlnhomux — InAgmin) '
[ I/ Timin -~ /T hmax
where max and min refer to the smallest and largest values among the life histo-
ries t_!eing analyzed. This crossover value is obtained by equating the analytic ap-
proximation (5) for stochastic growth rates of the two extreme phenotypes in the
life-history set and solving for €. Comparison of this estimate with the € value
associated with a particufar life-history polymorphisim may help determine
whether the poiymorphism is transitory or stable.

Selection between genotypes can be based purely on the sign of the covanances
between vital rates. For example, assume that enviroamental variability affects
only fertilities but does so equally for all genotypes. Then, a mutant heterozygote
with negative correfations among fertilities can enter a population composed of a
genotype with identical average fertilities that are independent or positively cor-
related. This point underscores the multivariate nature of “fitness' in age-
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structured populations and is also a remender that negatve correlations between
life-history components can be selectively advantageous. Hence, care must be
taken when amalyzing “costs’ of reproduction (for a general discussion, sce
Reznick 1985) to separate such correlations from those caused by a nonselective
constraint on reproduction and survival.

One evolutionary implication 10 be drawn from indifference curves concerns
the comparative analysis of life histories within or between conspecitic popula-
tions or between closely related species. There is clearly the potential toc the
nonsclective (and probably transitory) coexistence of distinct life histories, say,
within a population as a result of mutational accumulation. One consequence of
this accumulation is that even a marked differentiation of life histories between
populations or between closely related species may be caused by the random
fixation of alleles resulting from stochastic fluctuations in population size or
genetic drift. It is not appropriate to assume, a priori, that such differentiation

EVOLLUTION OF ITEROPARITY 915
r=-09%
Jad35 analytic
wm b
o0Vl
I~
00251
E
0020
(=4
G G015
L0010
p=
§OOOS e
0600 ——
Q 1 2 3 4 5 =} 7 hfe
coeflicient of variation history
—_—— 1
—_— 2
r:-030 8
00357 —
analylic

0 | 2 3 4 5 6 7
coefficient of variatian

Fii. 7.—Analyng stochastic growth rates versus coctlicient of vanation when net fertitities
have correlanons of -0.95 trop) and = 030 (horrem). Values trom equation (61 using the tat
average life histones in table 1.

reflects adaptation to different environments (see, e.g., Gadgil and Bossert 1970,
Schaual 1984; the same point is made using a different approach in Schatter 19744).

Since a is defined solely in terms of numbers of individuals and has no pheno-
typic dimension, it is not a fitness by itself {except in a tautological scnse). As
shown above, radically different life histories can have identical values of a.
Hence, it is inappropriate to make inferences about the evolution of phenotypes
except by using approximations such as (4), (5), and (6}, which conaect the life
history o «.

Our dynamic analysis of lite-history evolution using « is generally distinct from
an optimization analysis bused on a Taylor-series expansiun of In Ay, For example,
in our analysis, the first-order structure of a lite history {(e.g.. aln Ay/9¢,) modifies
the contributions of variances and covariances of vital rates to stochastic growth
rate. In a Taylor-series expansion, the second-order structure of a life history
(e.g.. @*lnhe/dd7) acts in this manner. (For a more extensive discussion, see
Tuljapurkar 1988.) An optimization analysis also fails to account for the effects of
environmental autocorrelation, which can be appreciable (e.g., Orzack 1985). All
of these considerations (and several noted in the Discussion) make clear that a is
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the only adequate descriplor of density-independent growth in age-structured
populations.

DISCUSSION

Context of Results

Where do these results fit in? We find ourselves in the unusual position of
simultanevusly agreeing and disagreeing with previous theoretical treatments.
These may be roughly divided into “r— K" theory tbased on extrapolation of
deterministic theory to variable environments) and “bet-hedging™ theory (the
analysis of simplified stochastic dynamics for particular life histories: see below).
The dichotomy between the predictions of the theories {see Stearns 1976, table 4)
implies that the incorporation of environmental variation per s¢ accounts for the
differences. The more general analysis of dynamics used here clearly shows
instead that the magnitude of variation and the correlation structure of ;'8 are

X4
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critical in determining the direction of evolution. In passing, we note that this
general analysis would not be possible without the considerable mathematical and
demographic achievements of Furstenberg and Kesten (1960) and Cohen (1977,
1979a.h), which form the underlying framework of our results.

In order 1o highlight the value and distinctiveness of our approach, consider
Schaffer’'s (1974b) important attempt to understand life-history evolution in
varisble environments. He analyzed how dichotomous variation in an age-
independent average litter size (8) or average adult survival rate (P) affecls the
geometric mean of the growth rates (8 + P). if variability affects B, the optimal
life history spreads reproduction over many ages (i.e., the life history is more
iteroparous). This case includes the consequences of variable juvenile survival
rates since B is the “effective iitter size,” a product of adult fertilities and juvenile
survival rates (as is a ¢, value). Conversely, if P is affected by variability, the
optimal life history has more-concentrated early reproduction (j.e.. is more nearly
semelparous).

Schaffer’s results are most usefully viewed as applying to a special kind of hife
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history in which the average eftective litter size and age-specific survival rate are
age-independent in 4 long litetime (see Tuljapurkar 19826, p. 163). However, his
results are not general because the geometric mean he used does not equul the
stochastic growth rate for other kinds of life history. Coben (1977) has shown that
such meuns do not predict the stochastic growth rate of age-structured pupula-
tions in variable environments. This raises a key question: whit results does our
more general analysis produce that sre not seen in Schaffer’s speciul analysis?

Variance only in B corresponds to a life history in which alf nenzero &, vilues
vary temporally but decline with age because of the fixed average survival rates
{p). Hence, the results in figure 4 concerning declining life histories apply. So, for
example, when € = 2.0, life history 7 (see table 2) has the highest vatue of a.
When C = 1.4, life histories 4 and 8 huve nearly identical a values. It is ¢lear that
variance in B does not necessarily select for dispersed reproduction,

Variance only in P corresponds to hife histories in which b, 18 nonzero but does
not vary. All uther ¢,,'s vary. Therefore, equations (4, (5), and {6}, which assume
that all &,,’s vary, do not apply. The effect of this difference for 4 given life history
Is to increase the coetficient of variation necessary to achieve a particular stochiy-
tic growth rate, but the qualitative results of the analysis remain unchunged.
Hence, variance in P does not necessarily select for coneentrated reproduction.

Our conclusion is that Schatfer's results do not carry over o more-general
classes of life history,

Schafter's resubts using geometric means have been criticized by Hastings and
Caswell (1979, who noted that natural selection may maximize either the arith-
melic mean or the geometric mean of a variable trajt lineurly affecting titness.
There are signiticant differences in the predictions of the theory depending on
which meun is used (see their table 1). In response, Bulmer (1985) has correctly
noted that the arithmetic mean is useful in a scalar model only it the Rtnesses are
independent over time (i.e.. if there is density independence}. whereas the
BEOMeTric mean does not have this restriciion, One need not resort 10 density
dependence to Justify the use of the geometric mean. Cohen {19794) showed that g
is the geometric mean of the overall rate at which individuals are contributed o
the population at the next time intervat, However, one cannot equate a 1o a simple
arithmetic-mean rate of contribution because matrices do not generally commute.
Commutativity is necessary for the analogue of equation (5) in Hastings and
Caswell to hold for age-structured populations. Finally, it is clear that both the
geometric und arithmetic means of the cigenvalues of the vital-rate inutrices are
not good predictors of a (Cohen 1977). Indeed, one can construct examples in
which such means are negative when ¢ > 0 (Tuljupurkar [98%).

Hastings and Caswell (1979) also noted thit the direction of evolution differs
depending on how variance affects a life-history trajr. Consider survival rate 1o
age 1, for example, having value p,, at time ¢ with mean py and variance s%p,,).
Consider aiso a temporally variable force of mortality for age class 1, say W,
where pi, = exp{—pu,). Given the mean and variance of w,. one can then compute
the resulting meun and variance of pi.. say. p; and sMpi). Sttements about the
consequences of variation in the survival rate {i.e., py, ar p},) are well defined in
their respective contexts, However, unless P = pland s%p,) = ol the two
stochastic models must differ becuuse Usurvival rate™ and “variation” have dit-
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ferent detinitions. To compare their respective theoretical predictions requires
only thul une remember the distinet nature of the hife-history traits involved. The
models are in no sense contradictory.

An additional feature of biological note is that a iy equal to an arithmetic
average of the geomelric-mean growth rates of individual sample paths of the
process (e.g.. Tuljapurkar 19826, p. 157), Since the process is ergodic, the sume
decomposition can be applied to a single sumple path divided into seguences of
fixed length. This decomposition serves as a reminder that a single measure of
puputation growth rate can have an arithmetic-mean and a geometric-mean Char-
acter.

Goodmaun (1984) argued that iteroparity is advuntageous in a variable environ-
ment because a lopg reproductive span reduces the dispanty between the stochas-
tic growth rate and the growth rate associated with the average Leshe matrix. This
concliusion matches the results we obluain for certain types of random vanation. It
is important 10 note that Goodman’s focus on the average Leshie matrix and on
density dependence accounts for the generably distinet character of his results and
ours.

Extensions

The results presented here are not, of course, a complete anulysis of the
dynamics of life-history evolution. At least two potentially impuortant ¢lements of
a general theory are not directly included in this analytic framework. They are
density dependence and complex™ genetics, We consider them in order.

Density-dependent interactions constitute a grab bag of bivlogical phenomena.
For example, N, might be affected by density in a manner dependent on or
independent of age. When the effect is independent of age, one cun construet .
model in which the population age structure has density-independent dynumics
and a final population size adjusted by the product of all scalar density-dependent
multipiiers occurring in the sample path {Desharnais und Cohen [986). Our results
apply to a population obeying such dynamics. The more complicated (and more
realistic} case of age specificity in sensilivity 1o density is not encompassed by our
Fesults. Such effects can, if sppreciable, produce chaotic dynamics and could lead
to a different picture of life-history evolution.

There is, however, another sense in which the linear dynamic system anuly ced
in this paper may describe the dynamics of some natural populations. Assume that
the vital rates of a homogeneous population are such that it has no long-term
tendency to increase or decrease, that is, that ¢ = 0.0. Even so, the probability of
passiug an extinction boundary is 1.0 (Tuljupurkar and Orzack 1980, p. 332). Docs
inevitable extinction somehow invalidate this picture of life-history evolution? We
think not, given present information concerming population longevity. The picture
arising from these data (e.g., Schoener and Spiller 1987, fig. 2) is that local
populations may have high “short-term’ extinction probabilities. (> 50%), al-
though some may survive for “'a long time.”" Just such a distribution of extinction
times is associated with our linear model. This can be seen by looking at the first-
passage-time distribution for the Wicener process, which approximately describes
the dynamics of total population size (Tuljupurkar and Orzack 1980; Lande and
Orzack 1988). This distribution has the form of an inverse Gaussian distribution
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(Cox and Miller 1965; Johnson and Kotz 1970). Tt is straightforward to show that,
when a = 0, the cumulative extinction probability at a given time and the mode of
the first-passage-time distribution are increasing and decreasing functions, respec-
tively, of lnhy. Assuming a = 0.0, an extinction boundary of, say, 1) individuals,
amd Inky = 1%-2%, populations may have modal imes to extinction that are
relatively small (= 50-100 years). However, the distribution of first-passage times
is such that populations may have long lifctimes refative to the typical value. For
example, approximately 13.5% (4.38%) of the hifetimes are greater than 100 (1000)
times the value of the mode. Hence, populations may survive for times commen-
surate with a time scale over which appreciable life-history evolution can occur
(= 10" years?). Indeed, the moments of the first-passage-time distribution do not
exist when a = 0.0 because some sample paths become extinct only after infinite
ume.

We use this argument to show that, in an abstract sense, linear population
models in stochastic environments may provide a sufficient biclogical framework
for understanding tife-history evolution. Whether they are hiologically complete
can be resolved only with better information about the distribution of population
longevity and the nuture of population regulation. In the absence of such dita. we
regard statements stressing the exclusive necessity of density dependence (or for
that matter, density independence) as statements of faith. More generally. we find
it odd that asymptotic stabitity of populstion number {not seen in a density-
independent moded) 15 regarded as an essential feature of models of life-history
evolution. Indeed, given the empirical observations that many populativns arc
ephemeral in the ““short term™ and that all specics are so in the “long term.”” one
might regard instability as essentiab. We wonder why life-history theory should
differ from many other areas of ecological and evolutivnury theory in which
stability is not regarded as necessary. Imagine a model of clude diversity with the
assumption of stable species number or an anatysis of genetic variation based on
the assumption that a polymorphism must be stable! Clearly, stability of popula-
tion number will be important for the analysis of life-history evolution in some
populations. This does not imply, however, that linear models are biologically
irrelevant. As our numerical example demonstrates. a linear model may he gener-
ally compatible with the available data about extinction probubititics of populu-
tions, just as it may be for species’ longevity data (Levinton and Ginzburg 1984).
A linear model may ulso serve as the best null hypothesis for explaining popula-
tion extinction data and, thereby, allow one to determine whether density-

dependent interactions do act to stabilize populations. We regard both types of

models as biologically relevant and worthy of sy,

The positive dependence of the cumulative extinction probability on fnh, when
a = 0 also implies that a population with higher average vital rates (say, life
history I relative to life history 9 has 2 higher probability of extinction after a
fixed time, assuming equal stochastic growth rates. (For a related conclusion
based on a different approach, see Holgate 1967.) Given that higher average vial
rates might arise from selection within a population, this point flustrates that in
this dynamic system the interaction between selection processes operating at
different fevels can be understood both qualitatively and quantitatively.

The genetic basis of the present analysis is one locus with 1w alkeles. This is, of

]
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course, unrealistic as a complete model for the genetic basis of life-history traits.
However, Lande (1982} has shown in a constant-environment polygenic model
that natural selection maximizes the intrinsic rate of increase of an age-structured
population just as in the single-locus case (Charlesworth 1980). These results
assume the existence of a stable age distribution. This assumption 15 almost
always inappropriate in a variable environment except when the time scale for
fluctuation is much longer than the time scale aver which demographic equilib-
rium is attained. We note the Charlesworth and Lande results because we suspect
that an analogous concordance of results may occur when polygenic modets of
lite-history evolution in variable environments are investigated. Whether or not
this surmise is correct, our results represent the beginnings of the general dynamic
framework by which life-history evolution in changing environments can be
analyzed.

Conclusions

Finally, to come full circle, one can appropriately ask how our results relate to
Cole’s paradox. His biotogical conclusion was that short-lived carly-reproduciag
semelparous life histories should overrun the world. Why haven't they? We have
two nonexclusive answers. Reasoning (rom the results in figures 7-9. it may be
that the magnitude of environmental variability and the correlation structure of
vital rates arg such that this type of semelparous life history is often selectively
disadvantageous. Reasoning from the results on extinction dynamics, populativns
with such lite histories have higher extinction rates. if « vaiues are equal and
nonnegative. Determining the truth obviously depends on (1) better data about the
magnitude of environmental variability experienced by matural populations, (2)
better data about the temporal variability and correlation structure of life his-
tories, and (3) better data about the extinction dynamics of different life histories.
[t is our hope that the present resuils provide a motivation for such cmpirical
studies and demonstrate their necessity for future gains in the understanding of
life-history evolution.

SUMMARY

A dynamic analysis is presented of the manner in which survival rates and
reproductive schedules evolve in variable environments. This approach accounts
for (1) uge structure, (2) density-independent Auctuations in vital rates. (3) life
histories of arbitrary length. (4) variance and covariance of vital rates, and (5) an
incorporation of penotypic differences in life history. The results indicate that
there is no general advantage 10 a more tleroparous lile history in a variable
eavironment and that the direction of evolution depends on the absolute amoumnt
of environmental variation and the correlation structure of the vital rates. Analy-
sis of “indifference” curves akso indicates that there is considerable potential for
neutral evolution with respect to life history, given genotypic differences in
environmental sensitivity, We suggest two nonexclusive partial answers to Cole’s
paradox. One is that the magnitude of environmental variability and the correfa-
tion structure of vitul rates cause short-lived, early-reproducing semelparous life
histories to be disudvantageous within populations. The other answer is that, if

7
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stochustic growth rates ure nonnegidive, such hte histories have higher eatinetion
rates when their stochastic growth rutes equal those of morc-iteropuarous life
histories, given that all the life historics share u constraint on the average lite
history.
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