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Abstract. Although we have learned much about avian life histories during the 50 years 
since the seminal publications of David Lack, Alexander Skutch, and Reginald Moreau, we 
still do not have adequate explanations for some of the basic patterns of variation in life- 
history traits among birds. In part, this reflects two consequences of the predominance of 
evolutionary ecology thinking during the past three decades. First, by blurring the distinction 
between life-history traits and life-table variables, we have tended to divorce life histories 
from their environmental context, which forms the link between the life history and the life 
table. Second, by emphasizing constrained evolutionary responses to selective factors, we 
have set aside alternative explanations for observed correlations among life-history traits 
and life-table variables. Density-dependent feedback and independent evolutionary response 
to correlated aspects of the environment also may link traits through different mechanisms. 
Additionally, in some cases we have failed to evaluate quantitatively ideas that are com- 
pelling qualitatively, ignored or explained away relevant empirical data, and neglected log- 
ical implications of certain compelling ideas. Comparative analysis of avian life histories 
shows that species are distributed along a dominant slow-fast axis. Furthermore, among 
birds, annual reproductive rate and adult mortality are directly proportional to each other, 
requiring that pre-reproductive survival is approximately constant. This further implies that 
age at maturity increases dramatically with increasing adult survival rate. The significance 
of these correlations is obscure, particularly because survival and reproductive rates at each 
age include the effects of many life-history traits. For example, reproductive rate is deter- 
mined by clutch size, nesting success, season length, and nest-cycle length, each of which 
represents the outcome of many different interactions of an individual’s life-history traits 
with its environment. Resolution of the most basic issues raised by patterns of life histories 
clearly will require innovative empirical, modeling, and experimental approaches. However, 
the most fundamental change required at this time is a broadening of the evolutionary 
ecology paradigm to include a variety of alternative mechanisms for generating patterns of 
life-history variation. 
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INTRODUCTION 

Birds vary in many aspects of their lives. Re- 
productive rate, age at maturity, and adult life 
span differ more than lo-fold between species 
with extreme life histories. Avian biologists 
have long appreciated general patterns in the re- 
lationships of organism and population attributes 
to variation in the environment, and correlations 
of these attributes among themselves. In one of 
the earliest scientific studies of life-history var- 
iation, Moreau (1944) described in detail the dif- 
ferent number of eggs laid by birds in tropical 
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and temperate latitudes. Lack (1947) developed 
the idea that clutch size evolved by natural se- 
lection to maximize individual reproductive suc- 
cess, and he explained the latitudinal trend in 
clutch size by the greater capacity afforded par- 
ents by the longer daylight periods in temperate 
zones to gather food for their offspring. From 
these early beginnings, a broad scientific inves- 
tigation into the life histories of animals and 
plants, including basic issues of evolution and 
regulation of population size, sprang to life. A 
wealth of new insights, new hypotheses, and 
new empirical and experimental observation 
show convincingly that this research program 
has been an outstanding success and has main- 
tained its vigor to the present. Ironically, how- 
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ever, the oldest and most basic issue of the life- 
history research program-the latitudinal gradi- 
ent in clutch size in birds-remains an unsolved 
problem. This reminds us that we understand life 
histories incompletely, and it should leave some 
doubt in our minds about the comprehensiveness 
of the central paradigms of life-history theory. 

A BRIEF HISTORY OF LIFE-HISTORY 
THINKING 

The study of life histories can be divided into 
two periods: the first extended from 1944 to 
1966; the second began in 1966 and continues 
to the present. The early period is dominated by 
the seminal contributions of Moreau (1944), 
Lack (1947, 1948, 1949, 1954, 1966, 1968), 
Skutch (1949), and Ashmole (1963). Its major 
accomplishments were to establish natural selec- 
tion of individuals as the primary formative 
mechanism of life-history evolution and to iden- 
tify density-dependence in population processes 
as the primary mechanism of population regu- 
lation. The period was highlighted by Andre- 
wartha and Birch’s (1954) spirited challenge to 
density dependence, met effectively by Lack 
(1954, 1966). It culminated in the debate over 
group selection, which was championed by V. 
C. Wynne-Edwards (1962, 1963) and devastated 
by proponents of individual selection (Hamilton 
1964, Maynard Smith 1964, Lack 1966, Wil- 
liams 1966a). However, neither selection nor 
population regulation is a monolithic issue. 
Modem concepts allow selection at many levels 
of organization, as long as there is heritable var- 
iation in fitness among the units of selection (Le- 
wontin 1970, Wade 1978, Wilson 1980, 1983). 
Modern concepts of population biology encom- 
pass many influences on population size, includ- 
ing various forms of density-independence and 
the finite probability of population extinction 
featured in metapopulation models (Hanski and 
Gilpin 1997, Hanski 1998). Nonetheless, by 
1966 a general consensus had been reached that 
the diversification of life histories should be un- 
derstood in the context of selection on the traits 
of individuals and that density-dependent pro- 
cesses balanced the tendency of evolutionary re- 
sponses to increase population growth rate. 

These principles set the stage for the second 
phase of investigation of life histories. This 
phase was dominated by the idea that evolution- 
ary response to selection provided the basis for 
understanding variation in life-history traits 

among organisms. In resolving the problem of 
altruism by kin selection and inclusive fitness, 
and by developing game theory approaches to 
the evolution of behavior, Hamilton (1964) and 
Maynard Smith (1964, 1974, 1982) focused at- 
tention on the fates of genes in populations and 
wed life-history theory to population genetics. 
In suggesting that parents must balance a trade- 
off between current and future reproduction, 
Williams (1966b) articulated the idea of con- 
strained evolutionary response. In the same 
eventful year, Cody (1966) formally introduced 
the concept of allocation of limited resources, 
drawing on Levins’ (1962) invention of the con- 
strained fitness set, and Hamilton (1966) showed 
quantitatively how changes in age-specific fe- 
cundity and mortality influenced population 
growth rate, which could be interpreted as in- 
dividual fitness (see also Cole 1954, Lewontin 
1965, Emlen 1970, Charlesworth 1994). Further 
elaboration of the theme of life-history evolution 
encompassed the optimization of the sex ratio 
(Hamilton 1967, Charnov 1982), parental in- 
vestment (Tiivers 1972), parent-offspring con- 
flict (Trivers 1974), optimization in a variable 
environment (Schaffer 1974, Hastings and Cas- 
well 1979), multivariate response of evolution to 
selection through the genetic variance+ovari- 
ante matrix (Lande 1979), sexual selection (Za- 
havi 1975, Hamilton and Zuk 1982), and phy- 
logenetic comparison (Felsenstein 1985, Harvey 
and Page1 1991, Garland et al. 1992). 

THE EVOLUTIONARY ECOLOGY 
PARADIGM 

The paradigm of evolutionary ecology that de- 
veloped during this second phase built upon 
Lack’s principle that life histories reflected evo- 
lutionary responses to selection. Selective fac- 
tors in the environment broadly included indi- 
viduals of other species (coevolution) and of the 
same species (kin selection, parent-offspring re- 
lationships, sexual selection), as well as physical 
factors. However, the rise of the “evolutionary 
ecology” paradigm has had two consequences 
that made the interpretation of differences in life 
histories among populations more difficult. The 
first of these was confusion about the definition 
of life history, which variously includes both ad- 
aptations of individuals and life-table variables 
of populations. Adaptations express the evolu- 
tionary modification of the gene pool of the pop- 
ulation in response to changes in the environ- 
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FIGURE 1. The genotypes of individuals arc ex- 
pressed in the life table of a population through the 
performance of the organism (phenotype) in its partic- 
ular environment. The genotype is the singular intrin- 
sic property of the individual. The form and function 
of the individual expressed in the phenotype are sen- 
sitive to the environment through its influence on de- 
velopment [epigenetics (Waddington 1957); canaliza- 
tion (Mgller and Swaddle 1997); the reaction norm 
(Stearns and Koella 1986, Steams 1992)]. The perfor- 
mance of the individual has meaning only in the con- 
text of the environment (Arnold 1983, Ricklefs 1991). 
This performance ultimately can be summarized in 
terms of components of evolutionary fitness by the sur- 
vival and fecundity of individuals over their life spans, 
that is, by the life table (Caswell 1989, Charlesworth 
1994). 

ment. The life table, however, represents inter- 
actions of an individual’s adaptations and its en- 
vironment (Fig. 1). Evolutionary interpretation 
of life-history variation requires a link between 
attributes of morphology, physiology, and be- 
havior, on one hand, and evolutionary fitness, on 
the other. The life-table variables of age-specific 
fecundity and mortality are related to evolution- 
ary fitness directly, and have often been consid- 
ered as, or in the place of, adaptations, which 
they are not. This confusion has blurred the dis- 
tinction between organism and environment and 
tended to lift life-history evolution out of its en- 
vironmental context. When a life-table entry 
such as fecundity is taken to be a measure of 
adaptation, then variation in the adapted prop- 
erty assumes a fitness consequence indepen- 
dently of the environment. 

DENSITY DEPENDENCE AND LIFE 
HISTORIES 

A second consequence of the evolutionary ecol- 
ogy paradigm for studying life-history variation 
has been to diminish the perception of density- 
dependent feedback as an influence on life-his- 
tory patterns. Changes in the environment and 
adaptive responses to these changes both influ- 
ence population processes and tend to vary the 
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FIGURE 2. The life table of the population reflects 
the performance of individuals in a particular environ- 
ment. Genetic variation in fitness establishes the po- 
tential for evolutionary response in the gene pool of 
the population to variation in the environment. Varia- 
tion in the environment also affects population pro- 
cesses and stimulates density-dependent feedback to 
restore the population equilibrium by modifying the 
phenotypes and performance of individuals. 

density and age structure of a population. These 
changes may stimulate further evolutionary re- 
sponses, but they also induce population re- 
sponses that restore an equilibrium state. The 
role of density-dependence in the regulation of 
population size, perceived in the early 1900s 
(Howard and Fiske 1911, Nicholson 1933), was 
integrated into the development of life-history 
theory by Moreau, Lack, and Skutch in the 
194Os, and especially by Ashmole (1963). Pop- 
ulation and evolutionary responses connect the 
three fundamental components of life histories: 
the environment, the life-history attributes of the 
organism, and the life table (Fig. 2). The envi- 
ronment directly influences the form and func- 
tion of individuals, and their survival and repro- 
ductive rates. The environment also affects the 
gene pool of a population indirectly over gen- 
erations by promoting evolutionary response. 

For David Lack (1947), variations in the life 
histories of birds were driven by the influence 
of differences in the food supply on reproductive 
rate. Accordingly, natural selection and evolu- 
tionary response adjusted clutch size to the max- 
imum number of young that parents could nour- 
ish adequately. The resulting reproductive rate 
influenced population density through the re- 
cruitment of young individuals into the breeding 
population. Lack (1949) felt that “population 
density is determined primarily by the operation 
of density-dependent mortality factors (i.e., fac- 
tors whose proportionate effect increases as the 
population density rises) and that such factors 
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FIGURE 3. Three different views of the relationship 
between population density and reproductive rate: (a) 
Lack (1947) (b) Skutch (1949) (c) Ashmole (1963). 

produce the apparent stability of many bird pop- 
ulations” (Fig. 3a). Skutch (1949) argued that 
the influence of density ran in the opposite di- 
rection. In his view, reproductive rate is adjusted 
to match the rate at which breeding opportuni- 
ties become available in the population through 
the deaths of adults (Fig. 3b). The problem with 
Skutch’s idea is the mechanism by which this 
feedback is achieved. Skutch suggested that 
overproduction of offspring is wasteful, but he 
did not explicitly link waste to evolutionary 
mechanisms, except through selection of popu- 
lations. Natural selection, argued Lack, is inca- 
pable of restraining individual reproductive per- 
formance to match mortality rate; the waste pro- 
duced by density-dependent mortality is inevi- 
table. This impasse was resolved by Ashmole 
(1963), but not in a manner to rationalize 
Skutch’s predilection against waste. Ashmole 
suggested that population density, determined by 
mortality rate, could influence reproductive rate 
through its effect on the food supply (Fig. 3~). 
To the extent that population density depresses 
breeding success, the influence of reproductive 
rate on mortality was diminished. 

The different perspectives of Lack, Skutch, 
and Ashmole are diagrammed in Figure 4, which 
shows points of similarity and difference among 
these authors. For Lack, food availability was 
the driving force in life history; for Skutch and 
Ashmole it was adult mortality. Lack empha- 
sized the evolutionary response of reproductive 
rate to food supply, however evolution was 
merely the mechanism that brought clutch size 
(an attribute of the individual, that is, form and 
function) into line with the availability of re- 
sources for rearing offspring. Thus, variation in 
reproductive rate (performance), and the pattern 
of the life history more generally, was driven 
largely by variation in the food supply. One of 
the ironies of the development of life-history 
theory is that the major debate centered primar- 

Different views of the the relationship 
between mortality and reproductive rate 

FIGURE 4. A diagram of the different views of Lack 
(1947), Skutch (1949) and Ashmole (1963) of the re- 
lationship between mortality and reproductive rate in 
populations. Arrows indicate the direction of influence. 
For Lack, food supply for reproduction drove variation 
in life histories; for Skutch and Ashmole, adult mor- 
tality took on this primary role. The only points of 
agreement were between Lack and Ashmole over the 
determination of reproductive rate by the food supply 
and between Ashmole and Skutch over adult mortality 
driving variation in population density. 

ily over the mechanisms of natural selection and 
evolutionary response, while the phenomenon of 
life-history variation was seen as driven primar- 
ily by variation in one or more aspects of the 
environment. With respect to generating varia- 
tion in life histories, Lack, Skutch, and Ashmole 
agreed that variation in the environment was pri- 
mary and that correlations among life-history 
traits or life-table variables were the secondary 
result of density-dependent feedback. One of the 
unfortunate consequences of the second phase of 
the development of life-history theory was that 
evolutionary adjustment largely replaced both 
direct environmental determination in explaining 
variations in life histories and density-dependent 
feedback in explaining correlations among life- 
history attributes. In his review of life-histories, 
Cody (197 1) illustrated this shift when he said, 
“The variation in clutch size with latitude seems 
to be no more than a particular case of reduced 
reproductive commitment with the increased 
“stability” of the conditions under which the 
populations exist” (p. 492). 

By the early 1990s the paradigm of evolu- 
tionary ecology was so firmly established that 
two important books (Roff 1992, Stearns 1992), 
which provided major overviews of life-history 
thinking, together had only a single entry for 
“density-dependence” in their indices. 



VARIATION IN LIFE HISTORIES 

In the more than 50 years since the seminal pub- 
lications of Moreau (1944) and Lack (1947) on 
variation in clutch size in birds, our understand- 
ing of the forces that mold the life-history attri- 
butes of individuals and life-tables of popula- 
tions has developed to a high level. Yet we still 
lack compelling explanations for many empiri- 
cal patterns in life-history variation, including 
the latitudinal gradient in clutch size that pro- 
vided the initial motivation for life-history stud- 
ies. That evolutionary responses and density-de- 
pendent responses are both important features of 
populations should no longer be an issue. How- 
ever, the extent to which each of these is re- 
sponsible for variations in the attributes of in- 
dividuals and populations is not resolved. Nor is 
there a clear research agenda for approaching 
this problem. 

My reading of the literature suggests that 
many factors together explain the current mud- 
dle in life-history thinking. Several of these al- 
ready have been mentioned: (a) confusion over 
what constitutes a life history, (b) de-emphasis 
of density-dependent influences, and (c) divorc- 
ing life-history from its environmental context. 
To these factors might be added (d) ignoring or 
explaining away relevant empirical data, (e) fail- 
ing to pursue the logical implications of certain 
plausible ideas, and (f) not evaluating quantita- 
tively ideas that are compelling qualitatively. 
For example, density dependence is one idea 
that has hardly been pursued in the development 
of life-history thinking, and yet provides a pow- 
erful paradigm for understanding correlations 
among life-history traits and life-table variables 
(Ricklefs 1980). Empirical observations indicat- 
ing that birds do not provide as much food to 
their broods as they can (time-activity budgets, 
brood enlargement experiments) have accumu- 
lated in the literature since Skutch (1949), yet 
these data were often ignored because they were 
associated with untenable theory or ran counter 
to accepted theory (see, for example, the dis- 
cussion in Ydenberg and Bertram 1989). The 
idea that increased environmental variation 
might select for increased parental investment 
and higher reproductive rates is compelling 
(Schaffer 1974, Hastings and Caswell 1979) but 
has received little rigorous quantitative scrutiny 
(Sibly et al. 1991, Coach and Ricklefs 1994). In 
general, theory has been used to develop quali- 
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FIGURE 5. Amount of variation in life-history traits 
and life-table variables associated with the first prin- 
cipal component derived from the correlation matrix 
among the logarithms of these values (a) with all var- 
iables included and (b) among residuals from the log- 
arithmic regression of each variable on body mass. The 
first principal component explained 71% of the total 
variance in (a) and 46% in (b). In the first factor anal- 
ysis, the second component represented variation in 
survival to maturity. The remaining components did 
not represent significant axes of variation. 

tative rather than quantitative tests, but these of- 
ten have little power to reject hypotheses. 

It would be overly optimistic to hope that we 
can resolve the life-history problem at this time. 
The issues are complex. Many mechanisms 
mold life histories. These mechanisms are ex- 
pressed under the unique environmental circum- 
stances of each population, thereby producing 
the tremendous variety of life histories and life- 
table patterns observed in nature. However, a 
useful point from which to begin to organize our 
thinking about life histories is that of empirical 
observation. To this end I have compiled values 
for 34 species of birds for several variables that 
are often included in studies of avian life his- 
tories. These variables include six attributes of 
individuals (body mass, clutch size, egg mass, 
incubation period, nestling growth rate, and age 
at maturity) and three life-table variables (sur- 
vival to maturity, annual fecundity, and annual 
adult mortality). A principal components analy- 
sis of the logarithms of these measurements 
shows that most of the variation among species 
constitutes a single “life-history” dimension ex- 
plaining 71% of the total variation in the data 
(Fig. 5). Only survival to maturity is unrelated 
to this axis of variation, and it will be shown 
below that this value is relatively invariant 
among populations of birds. Much of the vari- 
ation among species is related to body mass, 



with larger species tending to slower develop- 
ment, delayed maturity, lower fecundity, and 
higher survival. Even with body mass removed 
statistically, however, the other variables contin- 
ue to be interrelated along a single dimension of 
life-history variation (Saether 1988, Promislow 
and Harvey 1990). In particular, the life-table 
variables and age at maturity remain highly in- 
tercorrelated, whereas individual components of 
the life-table variables (e.g., clutch size, incu- 
bation period, nestling growth rate) exhibit 
unique variation not related to the predominant 
life-history continuum. 

CORRELATION AND FUNCTIONAL 
CONSTRAINTS AMONG LIFE-HISTORY 
ATTRIBUTES 

Correlations among life-history attributes have 
provided a foundation for many ideas about the 
mechanisms responsible for life-history patterns. 
Many of these mechanisms are firmly embedded 
in the paradigm of evolutionary ecology. For ex- 
ample, the direct relationship between reproduc- 
tive rate and adult mortality is consistent with 
the idea that where extrinsic factors cause little 
mortality, evolution reduces parental investment 
to reduce reproduction-related mortality and pre- 
serve the potentially long life spans of individ- 
uals. The result would be low fecundity and high 
adult survival. According to this idea, evolution- 
ary adjustment of the life history with respect to 
adult survival rate would be responsible for 
much of the correlation between the resulting 
life-table variables. 

The idea that two life-history attributes are 
functionally constrained and that evolution op- 
timizes the allocation of resources between the 
two provides a compelling explanation for the 
inverse relationship between fecundity and adult 
mortality, or the relationships between any other 
set of life-history or life-table variables. This 
idea was developed by Cody (1966) and Gadgil 
and Bossert (1970), who postulated that limited 
time, energy, and other resources must be allo- 
cated among competing demands. Evolution op- 
timizes the point of allocation. In the example 
just mentioned, survival by adults of the poten- 
tial risks of reproduction should decrease as pa- 
rental investment increases because time and re- 
sources that could be allocated to adult mainte- 
nance and avoidance of predation are instead de- 
voted to offspring. The bounded area in Figure 
6 represents the “fitness set” of all possible phe- 
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FIGURE 6. A diagram of the optimization of the 
trade-off between annual adult survival and annual fe- 
cundity. The bounded area within the curve represents 
the set of possible phenotypes, among which those po- 
tentially having maximum fitness are represented on 
the periphery. The adaptive function is a line running 
through combinations of fecundity and survival having 
equal fitness and just tangent to the fitness set. The 
tangent point is the phenotype that maximizes evolu- 
tionary fitness. The slope of the line (- 1/7J is the neg- 
ative value of the inverse of the average age (r) of a 
female at the birth of her offspring. Thus, the slope is 
related to the negative of the adult mortality rate. 

notypes with respect to realized fecundity and 
reproductive survival of parents. Because fitness 
increases as one moves away from the origin of 
the graph (a combination of higher fecundity 
and higher survival), all internal points in the 
area represent less fit phenotypes. Therefore, se- 
lection leads to an optimum phenotype that re- 
sides somewhere on the perimeter of the fitness 
set. The optimum point depends on the demog- 
raphy of the population. I will not go into the 
mathematics here, but one can show that this 
point is tangent to a line (the “adaptive func- 
tion”) whose slope is determined by the annual 
adult survival rate (see Ricklefs 1977b, 1983a). 
Thus, when adult survival of factors other than 
reproductive risk is higher, the adaptive function 
has a shallower slope and is tangent to the adap- 
tive function at a lower fecundity but .higher 
adult survival rate (Fig. 6). 

The idea of functional constraint makes good 
sense, but it is not the only idea that explains 
the relationship among life-history variables. In 
Figure 6, the difference between two optimized 
points in the phenotype space represents a shift 
in the optimized point along the same fitness set. 
But it also could represent a shift in the fitness 
set itself without a change in the adaptive func- 
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FIGURE 7. (Top) The relationship between adult 
survival of males and females and realized fecundity 
(number of young fledged) in experimental and control 
broods of European Kestrels (F&co tinnunculus) 
(Dijkstra, et al. 1990). The data points show the results 
of the field experiments. The points are fit by a curve 
relating survival to fecundity by the equation S = 
S,,,exp(-cBZ). This curve features a baseline survival 
(S,) with minimal reproduction and an increase in mor- 
tality as a function of realized fecundity (B) controlled 
by the shape parameter Z. For the European kestrel, Z 
= 6.4 for females and 7.4 for males, indicating a rap- 
idly accelerating mortality rate above a moderate level 
of fecundity. (Bottom) The survival-fecundity trade-off 
for males is log transformed to show the adaptive func- 
tion at the optimized point (fecundity resulting from 
normal broods) and to show how little change in the 
optimized point results from major changes in the 
slope of the adaptive function. 

tion. To distinguish between these possibilities it 
is necessary to measure the fitness set, which is 
problematic because most phenotypes far from 
the optimal point will have long been removed 
by natural selection. Experimentation by brood 
size manipulation offers one possibility. For ex- 
ample, Dijkstra et al. (1990) changed brood size 

environmental variable 

independent but parallel 
response to environment 

Independent response to 
correlated attributes of 
the enwonment 

FIGURE 8. Five ways in which correlations may be 
generated between life-history traits or life-table vari- 
ables in response to variation in the environment. The 
mechanisms stressed by the current evolutionary ecol- 
ogy paradigm are framed by a line-box. Of the other 
four mechanisms, density-dependent feedback was ad- 
vocated by Ashmole (1963) and others, but is not now 
an important point of consideration in the literature. 
The other three possibilities, especially the last, are 
rarely discussed in the context of life-history variation. 
Arrows denote paths of influence. 

in European Kestrels Falco tinnunculus and ob- 
tained values for annual adult survival and re- 
alized annual fecundity shown in Figure 7. Al- 
though only three data points are available (re- 
duced, enlarged, and control broods), the results 
suggest that the decrease in adult survival ac- 
celerates very rapidly with increasing brood 
size. As a consequence of the sharp curvature of 
this “fitness set,” large changes in the adaptive 
function result in rather small changes in real- 
ized fecundity, making it doubtful that large dif- 
ferences among life-table variables observed 
among species of birds could result from differ- 
ent adaptive functions applied to the same fit- 
ness set. 

ORIGINS OF CORRELATIONS AMONG 
TRAITS 

Figure 8 illustrates five ways in which correla- 
tions between life-history traits can be generated 
in response to variation in features of the envi- 
ronment. First, variation in two traits could rep- 
resent independent responses to variation in a 
single environmental variable. For example, a 
better food supply might promote both higher 
fecundity and higher adult survival, resulting in 
a positive correlation between the two. Second, 
variation in one environmental variable could in- 
fluence a life-history trait or life-table variable, 



which through a functional relationship, or con- 
straint, could cause a correlated response in a 
second trait. The constraint might take the form 
of a genetic correlation (for example, between 
brain and body mass: Lande 1979) or it might 
result from the allocation of resources among 
competing functions, as in the way the relation- 
ship between adult survival and fecundity often 
is conceived (Cody 1966). The third and fourth 
possibilities are similar to the second except in 
the way in which the correlated traits are inter- 
related. In the third case, adaptive response or 
other change in one trait selects change in an- 
other trait by changing the demography of the 
population. Optimization of character traits is 
sensitive to population demography, as illustrat- 
ed in the case of the adaptive function for opti- 
mizing the survival-fecundity trade-off. Rather 
than being established by functional relation- 
ships among character traits of individual organ- 
isms, correlations between life-history traits 
arise over generations through evolutionary re- 
sponses. For example, any environmental 
change that influences the component of adult 
mortality that is unrelated to reproduction will 
secondarily select for a shift in the optimized 
point in the survival-fecundity fitness set. Two 
traits also can be connected through density-de- 
pendent population processes. For example, 
when a change in adult mortality, regardless of 
the cause, results in a change in population den- 
sity during the breeding season, then the food 
supply available to each adult for reproduction 
might be affected by density-dependence in the 
consumer-resource interaction. The consequence 
of this change will be a shift in the boundary of 
the fitness set, leading to a shift in the optimized 
point and generating a correlation between two 
life-history traits. The fifth possibility is that two 
life-history traits independently respond to dif- 
ferent attributes of the environment, but that 
these environmental variables are correlated 
with one another. In this case, the correlation 
among the life-history traits is fortuitous. It is 
conceivable, for example, that pelagic seabirds 
have low adult mortality because of the absence 
of predators on the open ocean, but also have 
low fecundity because of the great distance be- 
tween nesting colonies and the food supply 
(Ricklefs 1983b). 

THE RELATIONSHIP BETWEEN 
FECUNDITY AND ADULT MORTALITY 
The basic variables of the life tables of birds are 
annual fecundity (B), annual adult mortality (M), 

Annual martalllq (rvq Annual mortality (Ml 

FIGURE 9. Empirical relationships among life-table 
variables of birds. Data compiled from the literature 
for 34 studies of 32 species, including 14 listed by 
Ricklefs (1977b). (a) Annual fecundity (number of 
fledglings per year) as a function of annual adult mor- 
tality: logarithmic regression, F,,,, = 183, P < 0.001, 
R* = 0.85, slope (b) = 1.08 (f 0.08). (b) Survival 
from fledging to maturity as a function of annual adult 
mortality: logarithmic regression, F,,,, = 1.0, P = 
0.34, R2 = 0.03. S, was calculated as the ratio of an- 
nual mortality to fecundity, assuming constant popu- 
lation size. (c) The geometric mean of annual mortality 
of immatures M, as a function of annual adult mortal- 
ity. M, was calculated as 1 - Sa1’a. The logarithmic 
regression, F,,,, = 144, P < 0.001, R2 = 0.82, slope 
(b) = 0.62 (i 0.06). (d) Relationship of age at maturity 
Cyt~i to annual adult mortality: logarithmic regres- 

= 76, P < 0.001, R* = 0.82, slope (b) = 
-0.66 1: 0.07). 

age at maturity (a), and pre-reproductive surviv- 
al (S,). Long-term studies of natural populations 
have shown that fecundity and survival vary 
with age (e.g., Newton 1989, Ricklefs 1998), 
however, these variations do not modify the ba- 
sic patterns. The primary empirical relationships 
among the life-table variables of birds are sum- 
marized in Figure 9. The most striking pattern 
is that annual fecundity is directly proportional 
to annual adult mortality, that is, B = kM, a pat- 
tern shown quantitatively by Ricklefs (1977b). 
Charnov (1993) calls the ratio k = B/M a life- 
history invariant (Fig. 9a). In a balanced popu- 
lation, the inverse of k, i.e., M/B, is equal to the 
survival of young to maturity, S,. Thus, pre-re- 
productive survival tends to vary little among 
populations and, more importantly, it is insen- 
sitive to adult mortality and the turnover of 



breeding individuals in the population (Fig. 9b). 
We now define IV, as the geometric mean of the 
annual mortality fraction of immature individu- 
als prior to reproduction. Therefore, S, = 1 - M, 
is the mean annual survival fraction, and S, = 
S,U, where a is the age at maturity. M, may be 
estimated as 1 - ,S,‘ln. It seems reasonable that 
the average annual mortality rate of immature 
individuals should vary among populations in 
proportion to the annual mortality rate among 
adults, and this is indeed the case (Fig. SC). As 
a consequence, to produce the relationship S, = 
M/B = constant, the age at maturity a must in- 
crease as M decreases, as shown in Figure 9d. 

The implications of the direct relationship be- 
tween annual adult mortality and annual fecun- 
dity (M/B = constant) in terms of the possibili- 
ties outlined in Figure 8 are not clear. It has been 
suggested that fecundity may respond to varia- 
tion in adult mortality through density depen- 
dence of the food supply for reproducing indi- 
viduals. This may explain part of the relation- 
ship between M and B; however, the relationship 
between mortality (much of which occurs during 
the nonbreeding season), population density, and 
food supply for reproduction is not known. Fur- 
thermore, B has components, such as season 
length and rate of predation on nests, that may 
be unrelated to the food supply during the breed- 
ing period. Finally, not all components of fecun- 
dity contribute to its variation. For example, 
among the 32 species depicted in Figure 9, var- 
iation in annual fecundity is strongly correlated 
(log-transformed values) with variation in clutch 
size (I. = 0.73, P < 0.001) and number of nest- 
ing attempts (r = 0.48, P = 0.006), but not with 
fledging success (r = 0.27, P = 0.13). 

Although density-dependence may have a 
strong influence on the relationship between M 
and B, the inverse relationship between age at 
maturity and M also implies that density depen- 
dence strongly impacts the young, forcing im- 
mature individuals to delay their maturation. 

In a balanced population, adult mortality 
equals recruitment of new breeders, that is, M = 
BS,. Life history adjustments have resulted in 
constant pre-reproductive survival and a direct 
proportionality between adult mortality and fe- 
cundity. An extreme view of these relationships 
would hold that adult mortality rate is an intrin- 
sic property of the biology and ecology of each 
species and is unaffected by the density of adults 
in the population. In this case, the parallel be- 

tween fecundity and mortality could result from 
density-dependent effects of adult populations 
on their food supply through resource depletion 
or territory size (density-dependent establish- 
ment of life-history correlations). Alternatively, 
it may result from similar body-size scaling ef- 
fects on mortality and fecundity or the indepen- 
dent influence on each of these traits of corre- 
lated aspects of the environment. That is, a life 
style with low mortality may only be possible 
physiologically and ecologically in conjunction 
with low fecundity. At present, the basis for pro- 
portionality between adult mortality and fecun- 
dity is not clear. 

AGE AT MATURITY 

Having established a parallel between fecundity 
and mortality (Fig. 9a), it follows that pre-repro- 
ductive survival must be approximately invari- 
ant (Fig. 9b). Although the average annual mor- 
tality of immature individuals is consistently 
higher than that of adults, the two values main- 
tain a relatively constant proportionality (Fig. 
SC), in contrast to the inverse relationship of age 
at maturity to adult mortality rate (Fig. 9d). 
Clearly, density-dependent feedback may delay 
maturation when adult mortality rate is low. This 
simply requires that older birds control access to 
resources for breeding, with the implication that 
age and experience count for a lot (Curio 1983). 
An individual should delay breeding as long as 
its personal fitness increases as a result. Density- 
dependence would imply that social interactions 
have a strong impact on fitness, either directly, 
or through forcing younger birds into marginal 
habitats with poor prospects for successful 
breeding at low reproductive risk. Independently 
of density-dependent feedback, populations with 
low M might exhibit delayed maturity if food 
supplies for such populations required consid- 
erable experience to master. For example, it 
might take many years for pelagic seabirds to 
learn the vagaries of weather, ocean conditions, 
and shifting food supplies well enough to pro- 
vide for even a single offspring. In this partic- 
ular example, much of the correlation between 
mortality, fecundity, and pre-reproductive sur- 
vival would result from the independent effects 
of correlated aspects of the environment, leaving 
direct feedback among the life-table variables to 
achieve the final population balance. 



TABLE 1. Results of a multiple regression of log-transformed fledging success on log-transformed values of 
its six components as calculated by Ricklefs and Bloom (1977). The overall regression explained 96.3% of the 
variance in fledging success (F6,25 = 110, P < 0.001, residual variance = 0.0018). 

Component 
Variance in 
component Slope SE Type III SS Consistent?a 

Fledging success 
Season length 
Clutch size 
Nest cycle length 
Nest failure rate 
Renesting interval 

after success 
after failure 

0.039 
0.017 
0.016 
0.005 
0.045 

0.030 
0.028 

1.09 0.08 
0.93 0.09 

-1.42 0.13 
-0.60 0.05 

-0.32 0.07 
-0.16 0.07 

1.167 
0.295 
0.214 
0.208 
0.232 

0.036 
0.009 

no 
yes 
yes 
yes 

yes 
yes 

a Is the regression consistent with the difference in fledging success between tropical and temperate regmns? 

COMPONENTS OF REPRODUCTIVE 
SUCCESS 

Returning now to the life histories of temperate 
and tropical birds, an analysis of the components 
of annual fecundity in Nearctic and Neotropical 
passerines shows how difficult it is to understand 
the differences in life-history and life-table traits 
associated with contrasts between environments. 
For each of 32 species, Ricklefs and Bloom 
(1977) estimated annual fledging success from 
season length, clutch size, nest cycle length, nest 
failure rate, and renesting intervals after failures 
and successes. Multiple regression of the loga- 
rithm of fecundity on the logarithms of each of 
the independent variables showed significant 
contributions of all the independent variables ex- 
cept renesting interval after nest failure (Table 
1). This result is not surprising in that the in- 
dependent variables were used to calculate fe- 
cundity. What is striking, however, is that less 
than a quarter of the variation in annual fecun- 
dity is related to variation in clutch size. Season 
length, nest cycle length, and nest failure rate 
each explain similar amounts of the variation in 
annual fecundity. The statistical influence of 
each of independent variable is consistent with 
the lower fecundity of tropical compared to tem- 
perate songbirds, except for the length of the 
breeding season, which is generally longer at 
low latitudes. Among the independent variables 
in this analysis, season length, clutch size, and 
nest failure rate presumably have large environ- 
mental components, but nest cycle length is like- 
ly to reflect evolved attributes of individuals and 
exhibit less direct environmental influence. 

The breakdown of fecundity into its several 
components distances fecundity even further 
from the direct influence of adult mortality 

through phenotypic constraint or density-depen- 
dent feedback on the food supply. Although 
components of fecundity other than clutch size 
may be related to parental investment or food 
supply, other explanations for variation in these 
components are equally plausible. For example, 
renesting interval may be determined by the nu- 
tritional state of the parent at the time of brood 
failure or fledging, thereby relating this compo- 
nent to food supply and parental investment. 
However, renesting following fledging also may 
be related to the fitness value of fledged off- 
spring to a parent, which increases as rate of nest 
failure increases (Ricklefs 1969b). At present, 
we have very little understanding of the rela- 
tionships among these variables. 

PREDATION AND REPRODUCTIVE RATE 

One hypothesis that has received attention since 
the 1940s is the idea that parents may rear fewer 
chicks than they can nourish because of the dis- 
proportionately higher risk of nest predation 
among larger, noisier broods (Moreau 1944, 
Skutch 1949). Lack (1949) agreed that this was 
a plausible mechanism and recommended that it 
be tested by brood-enlargement experiments. A 
question that comes to mind is whether clutch 
size-dependent predation sufficient to noticeably 
reduce optimal brood size could be detected by 
such an experiment. In this case, it is worth go- 
ing through the mathematics to determine 
whether a qualitatively compelling idea makes 
quantitative sense. Consider a tropical species 
with a typical clutch size of 2 eggs. Assume that 
the instantaneous nest mortality rate (m) increas- 
es with brood size (C) according to a simple 
power relationship m = bCy, where Y indicates 
how fast the slope of m increases with respect 



to C. In this case, nest survival (S) over the nest- 
ling period t is S = exp( -btP). The expected 
nesting success is S times C, which is maxi- 
mized when 

at which point 

1 fix- 
tY 

(Ricklefs 1977a). When we evaluate these rela- 
tionships, we find that the expected increase in 
nest mortality rate is substantial and should be 
detectable experimentally. For example, suppose 
that optimum clutch size is 2 and nest losses 
result only from clutch-size dependent preda- 
tion. In this case, increasing the clutch from 2 
to 3 would increase daily nest mortality rate by 
a factor of 1.5 for Y = 1, 2.25 for Y = 2, and 
3.38 for Y = 3. The only direct test of the nest- 
predation hypothesis has been that of Young 
(1996), which failed to detect an increase in nest 
predation in enlarged broods of Tropical House 
Wrens Troglodytes aedon in a nest box colony 
in Costa Rica. Indirect evidence that predation 
is not important in regulating clutch size comes 
from the observation that the nest failure rate 
during the nestling period (high nest activity) 
does not increase over that during the incubation 
period (low nest activity) in most species of 
birds (Ricklefs 1969a, 1977a). Comparisons of 
nest loss during the day compared to the night- 
time period of inactivity would also be reveal- 
ing, if not conclusive (Lack 1949). 

SOME UNRESOLVED PROBLEMS 

In spite of the spectacular progress that has been 
made in understanding the diversification of life 
histories of birds and other organisms, some is- 
sues have been difficult to resolve. Among these 
issues is the relationship between the basic life- 
table variables of age-dependent survival and fe- 
cundity, which subsume age at maturity and pre- 
reproductive survival. Over a wide range of bird 
taxa, the basic patterns are outlined in Figure 9. 
Why annual fecundity (B) should vary in direct 
proportion to annual adult mortality (M), thereby 
forcing an inverse relationship between age at 
maturity (a) and M (ah4 approximately con- 
stant), is at present a complete mystery (Char- 
nov 1993). To solve this mystery, we need to 

acquire a deeper appreciation of the life-table 
variables themselves. First, it is important to re- 
alize that each entry in the life table has many 
components, each of which represents the inter- 
action between adaptations of the organism and 
various factors in the environment. Thus, fecun- 
dity is influenced by number of offspring per 
clutch, but also by number of clutches attempted 
per year, which in turn depends on length of the 
suitable season and length of the nesting cycle, 
and the proportion of nests that are successful. 
Annual adult survival can be decomposed, at the 
simplest level, into components associated with 
different phases of the annual cycle and with 
level of parental investment during the repro- 
ductive period. Each of these components likely 
represents different paths of environmental in- 
fluence over the performance of the individual 
and different paths taken by evolutionary re- 
sponse to these environmental factors. Second, 
many mechanisms potentially connect life-his- 
tory variables: internal constraints of the organ- 
ism, correlated responses in evolutionary adap- 
tation, density-dependent feedback of the popu- 
lation/environment system, and correlations 
among factors in the environment itself. Of 
course, characterizing the life history in a more 
complex manner will not necessarily make it 
easier to resolve its basic patterns. Indeed, com- 
plexity may have an opposite effect. 

We may come closer to the essence of a par- 
ticular pattern by trying to imagine alternatives. 
Constant fecundity would seem to contradict 
what we know about body mass scaling, that 
larger animals are generally slower and safer 
than smaller ones (Calder 1984). However, the 
relationships among life-history variables iden- 
tified in this study apply equally when body 
mass is held constant, suggesting that a slow- 
safe/fast-perilous axis is an intrinsic property of 
the organization of living systems. If fecundity 
were approximately constant among species, 
populations would have to balance themselves 
through a direct proportionality between adult 
mortality rate and pre-reproductive survival. Be- 
cause annual mortality rate of immature individ- 
uals is proportional to that of adults (Fig. SC), 
this would require exceptionally early matura- 
tion of species with high adult mortality or ex- 
ceptionally delayed maturation of species with 
low adult mortality. At one end of the spectrum, 
short breeding seasons might preclude matura- 
tion at an early age; at the other end, maturation 



may fail to outpace senescence. These consid- 
erations of the individual fitness consequences 
of age at maturation limit the expected range of 
values in this trait and require that variation in 
annual fecundity compensates variation in an- 
nual mortality, at least in part. That the relation- 
ship among these variables has settled on pre- 
reproductive survival being approximately con- 
stant may be completely fortuitous in the sense 
that it represents the realized balance between 
many factors, none of which by themselves dic- 
tates S, = constant. One has to be impressed 
nonetheless with the tightness of the relationship 
between B and M (9 = 0.85), which suggests 
that the factors influencing the relationship are 
not entirely independent. 

THE FUTURE 

If adopting a more complex perspective on life- 
history variation is a first step, where do we go 
from there? Clearly, we need to strengthen our 
empirical foundation, finding ways to decom- 
pose pattern in the life table into components 
imposed by variation among phenotypes and 
variation among environments. This will require 
a much better understanding of both the envi- 
ronment and the performance of individuals, and 
how these two factors combine to yield life-table 
values. Perhaps the weakest part of our empiri- 
cal foundation concerns the care of dependent 
offspring and the social context of attaining sex- 
ual maturation. I would also make a special plea 
for a better understanding of the physiological 
and biochemical mechanisms of life-history 
traits, as well as the endocrine mechanisms that 
control them. Undoubtedly, cognition also will 
figure prominently as a life-history variable in 
the near future. 

Modeling should be integrated much more 
thoroughly into empirical and experimental life- 
history studies (e.g., Chamov 1993). This is of- 
ten a humbling experience because models show 
the kinds of data that are needed to verify as- 
sumptions and to quantify constraints. Models 
should be explicit and developed to provide 
quantitative predictions of life-history variables 
(e.g., Konarzewski et al. 1998). Still, we should 
not shy away from exploring any possible rela- 
tionship among aspects of the life history. For 
example, modeling provides a plausible scenario 
for a connection between the duration of embry- 
onic development and the potential life span of 
the individual (Ricklefs 1993). 

Experimental approaches hold tremendous 
potential for resolving relationships among life- 
history variables, but these must be applied with 
a full appreciation of the limitations of altering 
either the phenotype or the environment. Brood 
size manipulations have found the broadest ap- 
plication, but handicapping adults with weights 
or by trimming flight feathers, and hormone ma- 
nipulations to change behavior more directly, 
also are finding fruitful applications. 

It has been more than 50 years since the be- 
ginnings of modern studies of avian life histo- 
ries. This has been a wonderfully productive 
field of study, having had a major role in the 
flowering of evolutionary ecology. Yet the task 
is not complete. In many ways the work of es- 
pecially the past 20 years has given us a matured 
insight into the tremendous diversity of the lives 
of birds, a firm basis for a push to understand 
the origins, maintenance, and limitations on var- 
iation in life histories. However, to reach a con- 
sensus on how to interpret differences in the 
lives of any two species, will require a substan- 
tially higher level of integration of ideas and ob- 
servations than we have been able to achieve to 
this point. Science is moving at a breathtaking 
pace nowadays, and so it would be foolish to 
hazard a guess at where we might be after five 
more decades of work, if the inheritors of our 
discipline will even find our concerns of interest. 
Clearly, at this time, the evolution and ecology 
of avian life histories is as exciting and chal- 
lenging a problem as exists in biology. 
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