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The Physiology of Life History 
Trade-Offs in Animals

Anthony J. Zera and Lawrence G. Harshman
School of Biological Sciences, University of Nebraska–Lincoln, Lincoln, Nebraska 68588

Email: azera1@unl.edu & lhalsh@unlserve.unl.edu

Abstract: The functional causes of life history trade-offs have been a topic of interest to 
evolutionary biologists for over six decades. Our review of life history trade-offs discuss-
es conceptual issues associated with physiological aspects of trade-offs, and it describes 
recent advances on this topic. We focus on studies of four model systems: wing polymor-
phic insects, Drosophila, lizards, and birds. The most signifi cant recent advances have 
been: (a) incorporation of genetics in physiological studies of trade-offs, (b) integration of 
investigations of nutrient input with nutrient allocation, (c) development of more sophis-
ticated models of resource acquisition and allocation, (d) a shift to more integrated, mul-
tidisciplinary studies of intraspecifi c trade-offs, and (e) the fi rst detailed investigations of 
the endocrine regulation of life history trade-offs. 
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INTRODUCTION 

Life history traits are often negatively associated with each other (Clutton-Brock 
et al. 1982, Reznick 1985, Steams 1989, 1992, Roff 1992, Rose et al. 1996). 
Classic examples include decreased early fecundity in lines of Drosophila mela-
nogaster selected for increased longevity, and reduced overwintering survivor-
ship in lactating (reproductive) red deer, Cervus eluphus. These negative associ-
ations, referred to as life history trade-offs, have played a prominent role in theo-
ry and interpretation of life history studies. For example, trade-offs are a key as-
sumption of optimality models of life history evolution, and they provide an ex-
planation for the widespread occurrence of variable life history traits in natural 
populations (Reznick 1985, Roff 1992, Steams 1992). 

The physiological causes of life history trade-offs have been a central top-
ic in life history studies for more than six decades (Fisher 1930, Tinkle & Had-
ley 1975, Townsend & Calow 1981, Dunham et al. 1989, Adolph & Porter 1993, 
Steams 1992, Roff 1992, Zera et al. 1998). The ultimate goal of physiological 
studies has been to illuminate the mechanisms of life history evolution by identi-
fying functional interactions among the various components of life history traits. 
In many cases, life history trade-offs have been thought to result from competi-

95



96                   ZERA & HARSHMAN IN ANN. REV. ECOL. SYS. 32 (2001)

tion among different organismal functions for limited internal resources. Hence, 
traditional physiological studies of life history trade-offs have focused almost ex-
clusively on the differential allocation of limiting internal nutrients to reproduc-
tion, maintenance metabolism, growth, and storage within single species or vari-
ation in these processes among populations or species (Calow 1979, Townsend 
& Calow 1981, Congdon et al. 1982). 

During the past decade, signifi cant advances have been made in understand-
ing the physiological mechanisms that underlie life history trade-offs. For exam-
ple, while retaining focus on individual species or variation between populations 
or species (Bernardo 1994, Niewiarowski 2001), studies of trade-off physiolo-
gy have recently expanded to include comparisons between phenotypes or gen-
otypes within populations (Rose et al. 1996, Zera & Huang 1999, Salmon et al. 
2001, Zera & Cisper 2001). This expansion has provided the fi rst data on genetic 
variation and covariation for physiological traits and their relationship to trade-
offs at the demographic level. In addition, trade-off studies have recently expand-
ed to include non-energetic aspects of resource allocation, such as the hormonal 
control of antagonistic traits that comprise trade-offs (Ketterson & Nolan 1992, 
1999, Sinervo & Basolo 1996, Sinervo 1999, Zera & Cisper 2001). 

The past decade also has seen the development of more complex models of 
trade-offs (Houle 1991, de Jong 1993, Reznick et al. 2000).These models under-
score the importance of functional studies as opposed to the sole use of pheno-
typic or genetic correlation to identify the existence of trade-offs, and the neces-
sity of taking into account nutrient input in studies of nutrient allocation. Finally, 
more sophisticated genetic, environmental, endocrine, and molecular approaches 
have been used to investigate classic trade-offs such as the cost of reproduction 
(Ketterson & Nolan 1992, 1999, Sinervo & Basolo 1996, Zera et al. 1998, Siner-
vo 1999, Salmon et al. 2001, Stearns & Kaiser 1993). 

Physiological aspects of life history trade-offs have been reviewed pre-
viously (e.g., Townsend & Calow 1981, Bell & Koufopanou 1986, Sibley & 
Calow 1986, Ricklefs 1991, Sibley & Antonovics 1992).However, many of the 
recent developments in trade-off physiology described above have never been 
reviewed or have been reviewed in a limited manner. The literature on func-
tional aspects of life history trade-offs is considerable, and no single review 
can adequately cover all aspects of this topic in all major groups of organisms. 
In this review, we focus on three topics that have been especially prominent in 
recent physiological studies of intraspecifi c trade-offs: (a) the infl uence of nu-
trient acquisition on the trade-off of internal resources, (b) hormonal control of 
trade-offs, and (c) genetic and experimental analyses of trade-offs. We also fo-
cus on four model systems that have been especially prominent in physiolog-
ical studies of life history trade-offs: wing-polymorphic crickets, Drosophila 
melanogaster, lizards, and birds. These models were chosen because they il-
lustrate a diversity of approaches that have been used to investigate a range of 
central issues in trade-off physiology in taxonomically diverse organisms stud-
ied in the laboratory or in the fi eld. 
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CONCEPTUAL BACKGROUND 

Defi nitions and Basic Principles 

Defi nitions of key trade-off terms such as costs, constraints, and trade-off of-
ten vary among studies, which could lead to confusion (Antonovics & van Tien-
deren 1991). For example, in some cases trade-off is defi ned as the result of 
physiological or fi tness costs (Leroi et al. 1994b, see below), while in other cas-
es the term cost is used to defi ne a trade-off (Reznick 1985, 1992). The classic 
example of the latter usage is the cost of reproduction, which is the term used to 
defi ne the trade-off between current and expected future reproduction (Reznick 
1985, 1992). The term cost of reproduction requires special attention because 
it has been used in many different ways. For example, this term can refer to ei-
ther a price (e.g., amount of calories required to produce an egg) or penalty of re-
production, that is measured in physiological (i.e., calories), demographic (survi-
vorship), or fi tness units. Moreover, the cost of reproduction can refer to a direct 
penalty of current reproduction or to a penalty exacted in the future. 

If internal resources are limited and are insuffi cient to pay all construction and 
maintenance costs for two life history traits that share a common resource pool, 
then a trade-off results: an increment of resources allocated to one trait necessi-
tates a decrement of resources to another trait (the traditional “Y” model of re-
source allocation; van Noordwijk & de Jong 1986) (Figure 1). In the absence of 
variation in resource input, two traits linked in a functional trade-off are negative-
ly correlated (more complex situations involving more than two traits and varia-
tion in resource input are described below). For example, if internal reserves al-
located to current reproduction limit resources available for future reproduction, a 
trade-off between current and future reproduction exists for physiological reasons 
(Calow 1979, Bell & Koufopanou 1986). Trade-offs can occur between physio-
logical traits expressed during the same or different times in the life cycle (Chip-
pindale et al. 1996, Zera et al. 1998, Stevens et al. 1999), and they can result from 
variation in genetic factors (e.g., pleiotropy), environmental factors, or combina-
tions of these two types of factors that give rise to negative interactions between 
traits. If the trade-off results from a negative genetic correlation, then short-term 
evolutionary change in one phenotype constrains (i.e., limits) evolutionary change 
in the other phenotype. Ecological factors, such as predation (Reznick et al. 1990), 
or behavioral factors, such as time-based confl icts between activities (Marler & 
Moore 1988, Marler et al. 1995) can be a primary cause of life history trade-offs. 
Thus, assessing the importance of variation in internal physiological factors on a 
life history trade-off is most appropriately done by taking into account the relative 
importance of variation in external ecological or behavioral factors. 

 
Appropriate Use of the Term “Trade-Off” 

Implicit in the term trade-off, used in a physiological context, is the notion 
that a negative functional interaction is the cause of the negative association be-
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tween two traits under consideration. However, the term trade-off has often been 
applied to trait associations for which only minimal or no information is avail-
able as to whether the traits interact functionally (e.g., see Mole & Zera 1993). 
Traits might be negatively associated for a variety of reasons other than function-
al interaction, such as genetic linkage (Mole & Zera 1993, Zera et al. 1998, Zera 
& Cisper 2001). In our view, the term trade-off, used in physiological studies of 
life history variation, should represent a hypothesis concerning the cause of a 
negative trait association, just as the term adaptation is a hypothesis concerning 
the role of natural selection in shaping the form or function of a trait. It is inap-

Figure 1 Diagrammatic representation of trade-offs. Each “Y allocation tree” illustrates 
the amount of resource input (acquisition; number at the base) and the pattern of resource 
allocation (numbers at the tips of the branches) for a particular phenotype or genotype. R 
denotes allocation to reproduction, while S denotes allocation to soma. In trees A–E, max-
imal allocation to (maximal physiological cost of) R or S is 15 resource units. Trees A and 
B illustrate a standard trade-off (differential allocation of a limiting internal resource). 
Relative to trees A and B, tree C illustrates the obviating effect of increased resource in-
put on a trade-off (resource input matches physiological costs of both traits), while trees D 
and E illustrate the exacerbating effect of decreased nutrient input on a trade-off. Trees A 
and B, relative to D and E, illustrate plasticity of a resource-based trade-off. Trees F and 
G illustrate the infl uence of relative variation in resource input (length of the bar at the 
base of the tree) versus variation in resource allocation (length of bar at the branch of the 
tree) on the sign of the correlation between two traits involved in a trade-off. Tree H il-
lustrates a more complex allocation tree with multiple dichotomous branches. See text for 
additional explanation and references. Trees F and G were redrawn from van Noordwijk 
& de Jong (1986), while tree H was redrawn from de Jong (1993). 
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propriate to apply the term evolutionary adaptation to a trait for which there is no 
strong evidence that its form or function was shaped by natural selection (Laud-
er 1996). In the future, we anticipate that the term trade-off will be restricted to 
cases where data indicate a negative functional interaction between traits. When 
little or no functional information is available, the terms negative association, 
or potential trade-off, are preferable to trade-off. Research on trade-offs should 
be increasingly directed toward understanding the underlying mechanism of the 
negative association between traits. 

TRADE-OFF ARCHITECTURE AND EFFECT OF NUTRIENT 
ACQUISITION 

Y Model and Variable Nutrient Input 

During the past decade, the properties of trade-offs have been studied using 
quantitative-genetic and optimization models. Most of these models are more 
complex versions of the standard “Y” model of allocation discussed previously. 
An important result of these studies is that, for a variety of reasons, a positive cor-
relation can exist between traits that are linked in a functional trade-off. For ex-
ample, once more than two traits are involved in a trade-off (see Figure 1H), pos-
itive correlations can occur between subsets of those traits (Charlesworth 1990, 
Houle 1991, Roff 1992). Furthermore, if variability in nutrient input among in-
dividuals, due to either genetic variation in loci that control nutrient acquisition 
or to environmental variation in available resources, is greater than variability in 
nutrient allocation, positive correlations between traits that comprise a functional 
trade-off can occur (Figure 1F-G; van Noordwijk & de Jong 1986, de Laguerie et 
al. 1991, Houle 1991, de Jong & van Noordwijk 1992, de Jong 1993). De Lague-
rie et al. (1991) and de Jong (1993) developed allocation tree models of trade-
offs, involving successive dichotomous branches (trade offs) in a tree with nutri-
ent input as the trunk (See Figure 1H). Both the position of a branch point on an 
allocation tree and the extent of resource transformations strongly affect whether 
positive or negative correlations exist between traits that trade off. 

Theoretical studies of trade-offs clearly show that the sign of a correla-
tion between two traits cannot be used as an unambiguous indicator of wheth-
er those traits interact functionally in a negative manner (i.e., whether they trade-
off). This important result underscores that functional trade-offs can be validat-
ed only by direct physiological studies rather than by purely phenotypic or ge-
netic approaches. Theoretical studies also illustrate the importance of control-
ling or quantifying nutrient input in functional studies of nutrient-based internal 
trade-offs (Figure 1). Quantifying nutrient input has long been regarded as an es-
sential aspect of energy budget studies (Congdon et al. 1982, Nagy 1983, With-
ers 1992), but has been neglected in many recent energetics studies of trade-offs. 
This omission is a likely cause of unexpected results obtained in some trade-off 
studies, such as the failure to observe increased metabolic costs when reproduc-
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tion is increased (Rose & Bradley 1998; see also Zera et al. 1998, Reznick et 
al. 2000). Trade-off models discussed above also provide an explanation for the 
common observation that traits that are expected to trade-off, and hence exhibit 
negative correlations, are often positively correlated (Mole & Zera 1993, Reznick 
et al. 2000). Although these trade-off models are more complex versions of the 
original “Y” model of allocation (van Noordwijk & de Jong 1986), they are still 
rudimentary descriptors of the physiology of internal resource allocation. 

Trade-Off Plasticity and Priority Rules 

Trade-offs are infl uenced not only by variation among individuals in nutrient 
input, but also by the absolute amount of nutrient input. Reduced nutrient avail-
ability can substantially magnify, while increased nutrient availability can dimin-
ish or obviate an apparent trade-off (Figure 1) (Kaitala 1987, Chippindale et al. 
1993, Simmons & Bradley 1997, Nijhout & Emlen 1998, Zera et al. 1998, Zera 
& Brink 2000; see clutch size studies in “Birds” section). These plastic respons-
es of a trade-off are determined by priority rules, which govern relative alloca-
tion to organismal processes as a function of nutrient input. Recent experiments 
have only begun to identify the broad outlines of these rules at the whole-organ-
ism level. For example, in laboratory and fi eld experiments on bivalves, cladoc-
erans, insects, and mammals, allocation to maintenance or storage was found to 
take precedence over allocation to reproduction under nutrient-poor or stressful 
conditions (Rogowitz 1996, Perrin et al. 1990, Boggs & Ross 1993, Jokela & 
Mutikainen 1995, Zera et al. 1998). Priority rules are shaped by ecological fac-
tors. A more thorough understanding of the evolution of priority rules requires a 
deeper synthesis among physiological studies of allocation, ecological studies of 
nutrient acquisition (e.g., foraging), and life history studies in the fi eld (Boggs 
1992, 1997). 

Timing of Nutrient Input and Trade-Off Dynamics 

Another important aspect of nutrient acquisition on a trade-off is the relative 
timing of these two processes. The most extensively studied aspect of this topic 
concerns capital versus income breeding. In income breeding, resources used for 
reproduction are acquired during the reproductive period, while in capital breeding, 
resources are derived from stores acquired during an earlier period (Drent & Daan 
1980, Jonsson 1997, Bonnet et al. 1998). The relative advantage of capitol versus 
income breeding, and the relative demographic and energetic costs and benefi ts 
of energy storage are a matter of debate (e.g., Jonsson 1997, Bonnet et al. 1998). 
Capital breeding can give rise to trade-offs between different stages of the life cy-
cle, nearly all physiological aspects of which are not well understood. Recent ex-
periments have documented the use of nutrients in reproduction that were acquired 
during earlier stages; in some cases, unexpectedly long time lags (e.g., >12 months 
in lizards) between resource acquisition and expenditure on reproduction were not-
ed (e.g., Reznick & Yang 1993, Boggs 1997, Doughty & Shine 1998). 
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Especially noteworthy are the feeding and radiotracer studies by Boggs and 
colleagues (Boggs 1997). These studies investigated the relative use of larval and 
adult-acquired nutrients in reproduction in butterfl ies as a function of life his-
tory and foraging. The relationship between the timing of nutrient acquisition 
and use of energy stores for reproduction also has important implications for the 
identifi cation of the ecological causes of trade-offs. For example, a long time lag 
between resource input and use for reproduction will tend to obscure the infl u-
ence of specifi c aspects of resource availability in the fi eld on reproductive out-
put (Doughty & Shine 1997, 1998). 

Trade-offs are not static; they can change during development and can evolve 
(Leroi et al. 1994b). Many life history models have explored dynamical aspects 
of resource allocation (Perrin & Sibly 1993, Noonburg et al. 1998, Heino & Kai-
tala 1999). For example, such models predict that the ratio (P/m), where P = pro-
ductivity (growth and reproduction), and where m = mortality becomes more 
sensitive to mortality as a function of age. Assuming a trade-off between mortali-
ty and productivity, organisms should initially invest in productivity, then later in 
survival. This might explain why growth rate decreases with age (Perrin & Sibly 
1993). One problem with these and a broad class of related models is that their 
empirical validity is not well established owing to the paucity of direct mecha-
nistic information on putative resource allocation trade-offs. 

MEASURING PHYSIOLOGICAL TRADE-OFFS 

Three main empirical approaches have been used to investigate life history 
trade-offs and their physiological causes: (a) measurement of phenotypic cor-
relations on unmanipulated individuals, (b) genetic analyses, and (c) experi-
mental manipulation of phenotypes. The relative merits of these approaches 
have been extensively debated (e.g., Reznick 1985, 1992, Bell & Koufopanou 
1986, Partridge & Sibly 1991, Partridge 1992, Sinervo & Basolo 1996, Rose & 
Bradley 1998, Harshman & Schmid 1998, Zera et al. 1998). Phenotypic cor-
relations measured on unmanipulated individuals in the fi eld or lab are impor-
tant in that they can suggest physiological causes of trade-offs. However, there 
is broad agreement that phenotypic correlations, by themselves, can provide 
only limited information on the physiological mechanisms that underlie trade-
offs. The main problem is that uncontrolled variables can reduce the magni-
tude of a trade-off or can lead to spurious correlations. For example, as men-
tioned above, variable nutrient intake can cause two traits involved in a trade-
off to be positively correlated (van Noordwijk & de Jong 1986, de Jong 1993), 
a problem that is expected to be particularly acute in fi eld studies (Haukioja & 
Hakala 1986, Tuomi et al. 1983). Simple changes in experimental design can 
sometimes obviate the masking effect of uncontrolled variables on trade-offs. 
For example, a negative correlation between somatic lipid reserves and repro-
ductive effort in a lizard species was identifi ed by quantifying lipid levels be-
fore and after reproduction in the same individuals using a non-invasive meth-
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od (Doughty & Shine 1997). Individual variation in lipid levels had previously 
obscured this negative association.

One school of thought is that genetically based covariation should be a focus 
of attention in trade-off studies because only genetically based traits can evolve 
(Reznick 1985, Bell & Koufopanou 1986, Partridge & Sibly 1991, Rose et al. 
1996). Physiological-genetic studies of life history trade-offs represent one of the 
most important advances in functional studies of trade-offs during the past de-
cade. Nevertheless, genetic approaches also have important drawbacks (Bell & 
Koufopanou 1986, Partridge & Sibly 1991). Most notably, in the process of mea-
suring the genetic basis of a trade-off (e.g., via artifi cial selection), the trade-off 
itself and its relationship to its physiological causes can be altered (Moller et al. 
1989, Partridge & Sibly 1991, Rose & Bradley 1998). Furthermore, genetic stud-
ies are limited by standing genetic variation and only indicate how traits may 
evolve in the short-term; they can only be performed on a subset of organisms, 
and require much more time and resources than do phenotypic studies (Partridge 
& Sibly 1991).

The most controversial empirical approach in life history studies is environ-
mental manipulation (sometimes called phenotypic manipulation) (Reznick 1985, 
1992, Partridge & Sibly 1991, Sinervo & Basolo 1996, Chippindale et al. 1997). 
This approach essentially involves altering an environmental variable (e.g., nu-
trient level) to generate a phenotypic trade-off whose properties can then be stud-
ied. The main advantages of this approach are that a great range of character val-
ues can be produced, and trade-offs between genetically invariant traits can be 
investigated. The most serious disadvantage is the typical lack of specifi city of 
the manipulation. Traits can be modifi ed independently of the mechanisms that 
link them in a trade-off, thus giving rise to altered trade-off functions (Moller et 
al. 1989, Partridge & Sibly 1991, Sinervo & Basolo 1996). Some of the prob-
lems with environmental manipulation can be circumvented by using more tar-
geted surgical or endocrine manipulations (i.e., physiological manipulations or 
phenotypic engineering) (Sinervo & McEdward 1988, Marler & Moore 1988, 
1991, Ketterson & Nolan 1992, 1999, Landwer 1994, Sinervo & Basolo 1996, 
Zera et al. 1998, Zera & Cisper 2001). These manipulations represent a power-
ful approach to the study of functional aspects of life history trade-offs. They not 
only shed light on the specifi c physiological mechanisms that underlie trade-offs, 
but they can also be used to produce phenotypes to test various trade-off hypoth-
eses (phenotypic engineering) (Ketterson & Nolan 1992, 1999, Zera et al. 1998, 
Sinervo 1999).

Like other approaches, physiological manipulation has its limitations. For 
example, surgical removal of an organ does not necessarily abolish the energet-
ic cost of producing or maintaining the function performed by that organ. Re-
moval of ovaries does not abolish physiological costs of reproduction since yolk 
proteins are still synthesized in other organs, sometimes in enormous quantities 
(Chinzei & Wyatt 1985). Applied hormones can have pharmacological effects or 
can alter trade-offs in unsuspected ways by inducing the production of unknown 
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regulators (Zera et al. 1998). Thus, in the absence of direct measures of endo-
crine traits (e.g., in vivo hormone titers), only limited conclusions can be drawn 
from hormone manipulation experiments concerning specifi c endocrine mecha-
nisms that underlie trade-offs (e.g., Zera et al. 1998, Zera & Cisper 2001). A de-
veloping consensus is that each empirical approach has its strengths and weak-
nesses, and that the use of multiple complementary approaches is essential for 
a thorough investigation of the physiological causes of life history trade-offs 
(Moller et al. 1989, Partridge & Sibly 1991, Sinervo & Basolo 1996, Rose & 
Bradley 1998; Zera et al. 1998; Zera and Cisper 2001). 

MODEL SYSTEMS 

Wing-Polymorphic Crickets 

For over four decades, wing polymorphism has been viewed as a classic ex-
ample of a life history trade-off that results from the differential allocation of in-
ternal reserves to ovarian growth versus somatic growth, maintenance, or stor-
age (i.e., growth and maintenance of fi ght muscles, accumulation of fl ight fuels, 
Johnson 1969, Bell & Koufopanou 1986, Zera & Denno 1997). During the past 
decade, detailed energetic, endocrine, and genetic studies in wing polymorphic 
crickets have provided strong support for this notion (Mole & Zera 1993, Tanaka 
1993, Zera et al. 1994, 1997, 1998, Zera & Denno 1997, Roff et al. 1997, Zera & 
Brink 2000, Zera & Cisper 2001). Wing polymorphism is now one of the life his-
tory trade-off models most thoroughly studied from a physiological perspective. 

Wing polymorphic species consist of a fl ight-capable morph that has large 
functional fl ight muscles and large quantities of lipid fl ight-fuel, and of fl ightless 
morphs that have small, nonfunctional fl ight muscles and much reduced lipid 
stores. Early fecundity is negatively associated with fl ight capability (Roff 1986, 
Zera & Demo 1997, Zera et al. 1998). Differences between morphs in these dis-
persal and reproductive traits are often large, making wing polymorphism an ex-
ceptional experimental model for investigating trade-off physiology. For exam-
ple, at the end of the fi rst week of adulthood, fl ight muscles are typically reduced 
by 40%, ovaries are enlarged by 200%–400%, and whole-body triglyceride re-
serves are reduced by 30% in fl ightless versus fl ight-capable morphs of Gryllus 
(crickets) (Mole & Zera 1993, Zera et al. 1994, 1998, Zera & Larsen 2001). 

Feeding studies of Gryllus species have provided some of the best document-
ed examples of the relative importance of nutrient acquisition versus nutrient al-
location in a life history trade-off. Naturally occurring or hormonally engineered 
fl ightless morphs of two Gryllus species consumed and assimilated the same 
amount of nutrients as the fl ight-capable morph (Mole & Zera 1993, Zera et al. 
1998). Thus, the increased ovarian growth of the fl ightless morph in these spe-
cies must have resulted, at least in part, from the greater allocation of absorbed 
nutrients, rather than from increased food consumption or assimilation by the 
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fl ightless morph. In a third species, G. fi rmus, increased ovarian growth in the 
fl ightless morph was due to both increased nutrient allocation and greater food 
intake (Zera et al. 1998, Zera & Brink 2000, A. J. Zera & T. Rooneem, unpub-
lished data). 

Only by quantifying nutrient consumption and assimilation by the morphs could 
increased allocation of nutrients (internal trade-off) as opposed to increased acqui-
sition of nutrients (no internal trade-off) have been identifi ed as a potential cause 
of the difference in ovarian growth between morphs (Mole & Zera 1993, Zera & 
Denno 1997, Zera et al. 1998). The study of G. fi rmus is the only case in which ge-
netically based differences in total nutrient consumption, assimilation, and alloca-
tion have been documented between phenotypes that differ in life histories (Zera 
& Brink 2000, Zera & Rooneem, unpublished data). One limitation of these inves-
tigations in Gryllus is that indices of nutrient allocation and acquisition were mea-
sured in units of mass rather than in units of energy (Zera et al. 1998, Zera & Brink 
2000). However, more recent studies indicate that morphs differ to similar degree in 
these indices measured in units of energy (A. J. Zera & T. Rooneem, unpublished 
data). Although nutrient input is an integral component of energy budgets (Congdon 
et al. 1982, Withers 1992), many recent energetic studies of intraspecifi c life history 
trade-offs have not measured nutrient consumption or assimilation. 

Some of the most detailed information on specifi c physiological causes of 
life history trade-offs has come from studies of Gryllus. Biosynthesis of triglyc-
eride fl ight fuel may be an especially important physiological cost of fl ight ca-
pability that results in reduced ovarian growth (Zera & Larsen 2001). As men-
tioned above, whole-body triglyceride content was 30%–40% higher in fl ight-ca-
pable versus fl ightless morphs of two Gryllus species on a variety of diets (Zera 
& Denno 1997, Zera et al. 1994, 1998, Zera & Brink 2000, Zera & Larsen 2001). 
In G. fi rmus, a genetically based elevation in triglyceride stores in the fl ight-ca-
pable morph (a) was produced during a period of reduced ovarian growth in the 
fl ight-capable morph, (b) did not result from increased lipid intake from the diet, 
and (c) paralleled increased activities of enzymes of lipid biosynthesis and rate 
of lipid biosynthesis in the fl ight-capable morph (Zera & Brink 2000, Zera & 
Larsen 2001, Zhao & Zera 2001). The extent to which the negative association 
between lipid biosynthesis and ovarian growth results from an energetic trade-off 
(differential allocation of limited internal reserves to these two organismal traits) 
is unknown. Other possibilities include a regulatory trade-off in which antagonis-
tic aspects of the control of lipid versus protein biosynthesis preclude the accu-
mulation of elevated amounts of both of these compounds (Zhao & Zera 2001). 
Finally, the trade-off between lipid accumulation and ovarian growth could result 
from limited space within the abdomen. 

Increased maintenance of fl ight muscles, but not fl ight muscle growth, has also 
been implicated as a potentially important energetic cost of fl ight capability. The 
large fl ight muscles of the fl ight-capable morph exhibited a 300%–350% great-
er respiration rate in vitro compared with the reduced fl ight muscles of the fl ight-
less morphs, and may contribute to the higher whole-body respiration rate of the 
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fl ight-capable morph (Zera et al. 1997, 1998, Zera & Brink 2000). By contrast, on 
high nutrient diets, fl ight muscle growth, as indicated by increased mass or rate 
of muscle protein biosynthesis, is restricted to the fi rst 2 to 3 days of adulthood in 
Gryllus species, before signifi cant ovarian growth commences (Gomi et al. 1995, 
Zera et al. 1998, A. J. Zera & T. Rooneem, unpublished data). Thus, fl ight muscle 
growth does not appear to directly trade-off with ovarian growth. Finally, some 
potentially important contributors to the energetic cost of fl ight capability, such as 
increased activity of the fl ight-capable morph in the absence of fl ight, have yet to 
be assessed for any case of wing polymorphism (Zera et al. 1998). 

Feeding studies in Gryllus also have provided information on the physiolog-
ical mechanisms by which trade-offs may be exacerbated when nutrient input is 
decreased (Figure 1). In both G. assimilis and G. fi rmus, ovarian growth in the 
fl ight-capable versus the fl ightless morph was reduced to a greater degree on a 
low-nutrient diet compared with a high-nutrient diet. Whole-organism respiration 
was proportionally higher in the fl ight-capable morph compared with the fl ight-
less morph when on a low-nutrient diet compared with a high-nutrient diet (Zera 
et al. 1998, Zera & Brink 2000, A. J. Zera & T. Rooneem, unpublished data). 
These data suggest that some aspect of maintenance metabolism of the fl ight-ca-
pable morph, possibly fl ight-muscle maintenance, consumes a greater proportion 
of the reduced energy budget on the low-nutrient diet. This would reduce nutri-
ents available for ovarian growth in the fl ight-capable versus the fl ightless morph 
to a greater degree on the low-nutrient diet, compared with the high-nutrient diet. 
The Colorado potato beetle histolyzes its fl ight muscles prior to overwintering, 
suggesting that maintenance metabolism of fl ight muscles may be a signifi cant 
energy drain under prolonged low-nutrient conditions (El-Ibrashy 1965, Zera & 
Denno 1997). Alternatively, other factors such as increased activity of the fl ight-
capable morph of Gryllus species may account for its increased respiratory me-
tabolism, relative to the fl ight-capable morph, under low-nutrient conditions. 

Because hormones regulate many key components of life histories (e.g., egg 
production, growth, metabolism), variation in endocrine regulation has long been 
suspected to be a primary physiological cause of life history trade-offs (Stearns 
1989, Ketterson & Nolan 1992, 1999). Yet detailed studies of the mechanisms by 
which hormones regulate life history trade-offs have only begun during the past 
decade. Wing polymorphism in Gryllus is currently the most intensively studied 
life history trade-off with respect to endocrine regulation and is one of the only 
cases where genetic information is available on this topic (Zera & Tiebel 1989, 
Zera & Denno 1997, Roff et al. 1997, Zera & Huang 1999, Zera & Cisper 2001, 
Zera & Bottsford 2001). Thus far, hormonal studies have focused almost exclu-
sively on the regulation of growth and degeneration of the key organs involved in 
the trade-off between fl ight capability and fecundity: ovaries and fl ight muscles. 
An elevated hemolymph titer of juvenile hormone (JH), a major gonadotropin in 
insects, has long been suspected to cause the elevated ovarian growth during ear-
ly adulthood in the fl ightless morph of wing polymorphic species (Nijhout 1994, 
1999, Zera & Denno 1997). This notion is supported by the strong positive ef-
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fect of a JH mimic on ovarian growth in several Gryllus species (Zera et al. 1998, 
Zera & Cisper 2001). Recent direct measures of the in vivo JH titer in G. fi rmus 
indicate that the hormonal regulation of morph-specifi c ovarian growth is more 
complex than previously suspected. The hemolymph JH titer is, in fact, lower in 
the fl ight-capable morph relative to the fl ightless morph in the morning. However, 
the level of this hormone rises dramatically (10- to 100-fold) during the day in the 
fl ight-capable morph, but not in the fl ightless morph, which leads to a higher JH 
titer in the fl ight-capable versus fl ightless morphs in the evening (Zera & Cisper 
2001). The short-term elevation in the JH titer possibly regulates nocturnal fl ight 
in the long-winged morph of G. fi rmus. Although JH is likely involved in the in-
creased ovarian growth of the fl ightless morph, it clearly cannot be the only factor 
involved and may not be the primary factor (Zera & Cisper 2001). This level of 
complexity in the endocrine regulation of a life history trade-off could only have 
been identifi ed by direct measurement of in vivo hormone levels. 

Discontinuous variation in the size of fl ight muscles, the other key organ par-
ticipating in the trade-off between fl ight capability and ovarian growth, is pro-
duced by two different mechanisms. Differences in muscle growth between 
morphs can occur during the juvenile stage. Variation in the titers of JH and 20-
hydroxy ecdysone, which are important developmental as well as reproductive 
hormones in insects, may regulate differences in muscle growth. Extensive en-
docrine-genetic studies suggest that the catabolic enzyme, juvenile hormone es-
terase, which is thought to regulate the JH titer in many insects, may modulate 
the JH titer in nascent Gryllus morphs, leading to variation in the development 
of fl ight muscles and wings (Zera & Tiebel, 1989, Zera & Denno 1997, Roff et 
al. 1997, Zera & Huang 1999, Zera 1999). Studies of Zera & Tiebel (1989) and 
Roff et al. (1997) are among the few investigations in which genetic covariance 
has been documented between an important component of a life history trait (i.e., 
wing and fl ight muscle phenotype) and a putative endocrine regulator of that trait. 

Discontinuous variation in fl ight muscle mass in Gryllus and many other insects 
also results from histolysis (degeneration) of fully developed muscles during adult-
hood. Flight muscle degeneration occurs coincident with ovarian growth, which 
leads to a strong negative correlation between the size of these two organs (Pener 
1985, Zera & Denno 1997). Hormonal manipulation in G. fi rmus and other insects 
strongly points to JH as the regulator of this trade-off (Pener 1985, Zera & Denno 
1997, Zera & Cisper 2001). However, as mentioned above, an assessment of the ex-
act mechanisms by which JH regulates the trade-off between ovaries and fl ight mus-
cles is complicated by the large diurnal change in the JH titer in the fl ight-capable 
morph (Zera & Cisper 2001). Endocrine factors other than JH may also be involved 
in regulating this trade-off. To summarize, energetic and endocrine aspects of life 
history trade-offs have been extensively studied in species of Gryllus. However, the 
relative contribution of differential allocation of limited internal reserves, antagonis-
tic aspects of hormonal regulation, or other factors, such as limited space within the 
organism, to the negative association between components of fl ight capability and 
ovarian growth is unclear and remains a major challenge to future research. 
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Drosophila 

The distinguishing feature of studies using Drosophila is the range and pow-
er of genetic approaches that have been used to investigate life history trade-
offs. As one example, artifi cial or natural selection in the laboratory is especial-
ly useful for studying life history evolution and mechanisms underlying apparent 
trade-offs (Rose et al. 1990, Huey & Kingsolver 1993, Rose et al. 1996, Gibbs 
1999, Harshman & Hoffmann 2000a). Selected and control lines are often mark-
edly divergent and can be useful for physiological studies of life history trade-
offs, while indirect responses to selection can identify genetically based trade-
offs (Rose et al. 1990). 

A range of life history trade-offs have been implicated using Drosophila se-
lection experiments. For example, selection for a relatively short larval period is 
correlated with reduced larval viability, diminished adult size, and reduced fe-
cundity (Nunney 1996, Chippindale et al. 1997). Relative to selected lines (i.e., 
in control lines), an extended period of larval development was correlated with 
an accumulation of lipid and increased dry weight, as well as increased conser-
vation of larval reserves in young adults (Chippindale et al. 1996, 1997). 

The trade-off between extended longevity and early age reproduction has been 
a focus of numerous physiological-genetic studies. Selection for longevity and late 
life reproduction consistently produces lines characterized by longer-lived fl ies with 
decreased early age fecundity (Rose 1984, Luckinbill et al. 1984, Partridge et al. 
1999). Sgro & Partridge (1999) sterilized females using irradiation or by crossing 
to a dominant sterile mutation, and in both cases they circumvented the age-specif-
ic mortality cost of reproduction. They concluded that aging was a function of the 
damaging effects of earlier reproduction. Underlying delayed early reproduction in 
one set of selected lines was a decreased rate of early age vitellogenic oocyte matu-
ration (Carlson et al. 1998, Carlson & Harshman 1999). Moreover, there is prelim-
inary evidence for an early age diminution in whole-body ecdysteroid titers in one 
set of lines selected for longevity and late life reproduction (Harshman 1999). 

Differential respiration does not appear to play a role in the trade-off be-
tween longevity and early age reproduction. Variable results on respiration rates 
were obtained using one set of lines selected for longevity (summarized in Rose 
& Bradley 1998). When respiration was measured in small chambers, Service 
(1987) found relatively higher respiration rates at young ages in the control (un-
selected) lines, but not at later ages. However, Djawdan et al. (1996) found no 
difference between selected and control lines when respiration was measured in 
cages. When adults from both lines were provided with supplementary yeast, the 
control line females exhibited a slightly higher metabolic rate than selected line 
females (Simmons & Bradley 1997). Djawdan et al. (1997) found no difference 
in respiration rate when the mass of selected and control fl ies was adjusted by re-
moving the weight of water, lipid, and carbohydrate. 

The accumulation of energy storage compounds in fl ies selected for greater 
longevity suggests that there could be an energetic basis underlying the trade-off 



108                   ZERA & HARSHMAN IN ANN. REV. ECOL. SYS. 32 (2001)

between fecundity and longevity (Service 1987, Djawdan et al. 1996). Djawdan 
et al. (1996) and Simmons & Bradley (1997) have determined that the selected 
(long-lived) females store more energy in the body and that the control line fe-
males, which are more fecund early in life, allocate much more energy to repro-
duction. However, energy might not be limiting in the laboratory environment 
because fl ies may consume as much food as needed for a given level of repro-
duction (Rose & Bradley 1998).

Stress resistance has been documented as a correlated response to selection 
for extended longevity and late-life reproduction. One set of lines selected for ex-
tended longevity exhibited desiccation resistance and increased glycogen content, 
as well as starvation resistance and increased lipid content (Rose 1984, Service et 
al. 1985). Another set of lines selected for extended longevity did not have sub-
stantially increased starvation resistance or desiccation resistance but was clearly 
resistant to oxidative stress (Luckinbill et al. 1984, Force et al. 1995). Increased 
oxidative stress resistance might be a consistent response to selection for extend-
ed longevity (Harshman & Haberer 2000). An association between longevity and 
starvation resistance is supported by extensively replicated selection experiments, 
on each of the traits (Service et al. 1985, Rose et al. 1992). Moreover, selection for 
reduced longevity was correlated with decreased lipid levels (Zwann et al. 1995). 
However, selection for extended longevity did not result in signifi cant increased 
starvation resistance in two selection experiments (Zwann et al. 1995, Force et al. 
1995). Selection on the basis of differential adult mortality did not affect starva-
tion resistance as an indirect response to selection, but the response to selection 
did indicate trade-offs between early fecundity, late fecundity, and starvation re-
sistance that were mediated by lipid allocation (Gasser et al. 2000). Selection for 
female starvation resistance was conducted using a wild-type stock maintained in 
the laboratory for approximately 35 generations prior to selection and using rela-
tively large numbers of replicate-selected and control lines (Harshman & Schmid 
1998). Selection for female starvation resistance resulted in multiple stress resis-
tance as an indirect response to selection, but increased longevity was not a corre-
lated response (Harshman & Schmid 1998, Harshman et al. 1999).

Relevant selection experiments identify a prospective trade-off between fe-
cundity and adult stress resistance. Selection for increased desiccation resis-
tance using D. melanogaster resulted in reduced early age fecundity in one study 
(Hoffmann & Parsons 1989), but not in another study (Chippindale et al. 1993). 
Selection for cold resistance in D. melanogaster and D. simulans was correlated 
with decreased early age fecundity (Watson & Hoffmann 1996). Selection for fe-
male starvation resistance resulted in reduced early age fecundity (Wayne et al. 
2001). Lines selected for extended longevity and reverse selection also provide 
evidence for a negative genetic relationship between fecundity and starvation re-
sistance (Service et al. 1985, Service et al. 1988, Leroi et al. 1994a), although 
this relationship changed in the course of a long-term selection experiment (Le-
roi et al. 1994b). A negative relationship between fecundity and ethanol or des-
iccation resistance was not observed in the reverse selection experiment (Service 
et al. 1988). Sib analysis revealed a negative genetic correlation between fecun-
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dity and  starvation resistance (Service & Rose 1985). Phenotypic manipulation 
experiments also provide evidence for a trade-off between fecundity and stress 
resistance (Chippindale et al. 1993, Salmon et al. 2001, Wang et al. 2001). Per-
haps stress susceptibility associated with reproduction contributes to decreased 
survival as a cost of reproduction. 

There are problems associated with selection in the laboratory (Rose et al. 
1990, Harshman & Hoffmann 2000a). Supernumerous correlations among select-
ed traits could be the consequence of strong unrelenting directional selection in the 
laboratory (Harshman & Hoffmann 2000a). Other artifacts may arise from con-
straints on normal behavioral options in culture containers (Huey et al. 1991) and 
from copious food availability in the laboratory (Harshman & Hoffmann 2000a). 
Moreover, there is substantial variation in the quality of different selection ex-
periments, and there are problems associated with experiments conducted on fl y 
stocks recently derived from the fi eld (Service & Rose 1985, Harshman & Hoff-
mann 2000a,b, Matos et al. 2000). For a variety of reasons, the indirect respons-
es observed in similar selection experiments are often heterogeneous (Tower 1996, 
Harshman & Hoffmann 2000a). Consistent indirect responses (robust responses) 
are most informative with respect to implicating mechanisms underlying life histo-
ry trade-offs (Harshman & Hoffmann 2000a, Harshman & Haberer 2000). 

Another genetic approach has been to use lines of D. melanogaster that have 
been made homozygous for chromosomes isolated from natural populations for 
life history and physiological measurements (Clark 1989). In this study, there was 
a positive correlation between viability and fecundity, as well as associations be-
tween these traits and metabolic enzyme activities. A caveat is that inbreeding (in-
breeding depression) can generate positive correlations among traits because of the 
pleiotropic effects of recessive deleterious alleles. As another genetic approach, 
P element mutagenesis has been used to induce mutational variation in longevi-
ty, age-specifi c reproduction, and metabolic enzyme activities (Clark & Guadalupe 
1995, Clark et al. 1995). Finally, mutation analysis of life history characters is po-
tentially informative for the study of the physiology of trade-offs (Lin et al. 1998). 

Transgenic Drosophila can play an important role in investigating the physi-
ology of life history trade-offs (Tatar 2000). For example, extra copies of a heat 
shock protein (Hsp70) gene in transgenic D. melanogaster confer heat stress re-
sistance and reduced age specifi c mortality, but also result in decreased larval 
growth and survival (Tatar et al. 1997, Krebs & Feder 1997, Feder & Hoffman 
1999). Steams & Kaiser (1993) increased the expression of elongation factor EF-
1 alpha by introducing an extra copy of the gene. The effects on a trade-off be-
tween reproduction and longevity were marginal and varied depending upon the 
experimental design. However, when enhanced EF-1 alpha expression increased 
lifespan, it also decreased fecundity. 

Lizards 

Studies of lizards have been at the forefront of research on life history phys-
iology for over two decades (e.g., Tinkle & Hadley 1975, Congdon et al. 1982, 
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Schwarzkopf 1994, Marler & Moore 1991, Sinervo 1999). Many lizard species 
are amenable to experimental manipulation and fi eld studies, thus allowing inte-
grated physiological and ecological investigations of trade-offs (Marler & Moore 
1991, Marler et al. 1995, Sinervo 1999). Lizards also grow signifi cantly after 
sexual maturity and thus are a useful vertebrate model to study trade-offs be-
tween adult growth and reproduction. Many lizard species also store fat reserves 
for long periods of time and thus are useful for investigating trade-offs between 
reproduction and storage. Lizards were the focus of pioneering studies in which 
detailed energy budgets were constructed in interspecifi c investigations of life 
history evolution (reviewed in Congdon et al. 1982). More recently, studies on 
lizards were among the fi rst to investigate, and currently provide some of the 
most important information on endocrine aspects of trade-offs (Marler & Moore 
1988, Marler et al. 1995, Sinervo 1999, Sinervo et al. 2000). 

The negative correlation between egg number and egg size is a classic life his-
tory trade-off (Stearns 1992, Roff 1992, Schwarzkopf et al. 1999) that has been 
documented in a variety of lizard species (Sinervo 1990, Schwarzkopf 1994, 
Doughty & Shine 1997). However, correlations were derived mainly from uncon-
trolled and unmanipulated fi eld studies and thus provide little information on un-
derlying physiological mechanisms. In a breakthrough series of studies, Sinervo 
and colleagues (reviewed in Sinervo 1999) used experimental manipulations to 
study the proximate mechanisms controlling the trade-off between egg size and 
egg number in the side-blotched lizard, Uta stansburiana. Application of the go-
nadotrophin, FSH (follicle-stimulating hormone), increased egg number but de-
creased egg size, whereas ablation of a proportion of the egg follicles resulted in 
a smaller number of larger eggs. Experimental results were interpreted in terms of 
competition by the developing eggs for limited yolk or space in the maternal ab-
domen. These studies were among the fi rst to experimentally investigate the en-
docrine causes of a classic life history trade-off and to suggest that variation in 
the titer of, or tissue response to, FSH in fi eld populations may be a physiological 
cause of the trade-off between egg size and egg number. However, these hormone 
manipulation experiments need to be interpreted with caution since FSH titers or 
receptors have yet to be directly measured in individuals of this species. 

Phenotypic manipulation allowed Sinervo and colleagues to investigate sever-
al aspects of the evolution of the trade-off between egg size and egg number (re-
viewed in Sinervo 1994, 1999). Lizards of different size produced by endocrine or 
surgical manipulation were returned to fi eld sites, and their survivorship to adult 
maturity was monitored. Results showed that the trade-off between egg size and 
egg number was infl uenced by natural selection. A morphological constraint on 
egg size in Uta was also identifi ed. Unusually large eggs became lodged in the 
oviduct or burst upon oviposition in the laboratory (Sinervo & Licht 1991). 

Behaviors that enhance current reproduction but that decrease future reproduc-
tion are important components of the cost of reproduction. Marler and colleagues 
(Marler & Moore 1988, 1991, Marler et al. 1995) investigated the endocrine reg-
ulation of this type of behavior-based trade-off in the fi eld using the lizard Scelo-
porus jarrovi. In this species, testosterone is elevated during the nonbreeding sea-
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son and functions to elicit behaviors involved in territorial defense (Moore 1986). 
A comprehensive set of fi eld experiments involving measurement of energy con-
sumption using doubly labeled water, supplemental feeding, and measurement of 
time-energy budgets showed that lizards with experimentally elevated testoster-
one (but within physiological levels) had increased activity and reduced survivor-
ship. This increased activity resulted from an increased number of territorial dis-
plays and movements, with consequent decreased time spent feeding (Marler et 
al. 1995). Increased testosterone level was also associated with a higher parasite 
load (C.A. Marler, personal communication). These and other studies (e.g., Siner-
vo et al. 2000, Veiga et al. 1998) are important because they identify potential di-
rect negative effects of the hormonal regulation of reproduction and behavior. 

Lizard studies were at the forefront of interspecifi c investigations of life histo-
ry energetics during the 1970s and early 1980s (reviewed in Congdon et al. 1982). 
More recent studies have focused on the effect of variation in the thermal envi-
ronment on seasonal or interpopulational variation in life histories (Dunham et al. 
1989, Adoph & Porter 1993, Niewiarowski 2001). However, there have been sur-
prisingly few detailed studies of the energetic correlates of life history variation 
within populations of lizards. A few studies have focused on variation in energy 
reserves, growth, and metabolism within populations, especially in the context of 
the cost of reproduction. For example, metabolic rates measured in the fi eld were 
higher in reproductive versus nonreproductive females of several species (Nagy 
1983, Anderson & Karasov 1988). A number of correlational and experimental 
studies indicate that a common effect of current reproduction may be the reduc-
tion of internal reserves, which impacts future reproduction either by reducing 
survivorship or by reducing nutrients required for future reproduction (Landwer 
1994, Schwarzkopf 1994, Doughty & Shine 1997, 1998, Wilson & Booth 1998). 
The trade-off between reproductive effort and energy storage in many purely cor-
relational studies may have been underestimated or missed entirely because of the 
masking effect of variation in storage reserves (Doughty & Shine 1997). 

The physiological cost of current reproduction on future reproduction could 
be mitigated if nutrient reserves are replenished before or during future repro-
duction. However, fi eld studies indicate that up to 90% of the energy used for 
egg production comes from fat stores rather than recently consumed food (Kara-
sov & Anderson 1998). Doughty & Shine (1998) also showed that variation in 
nutrient input affected variation in lipid stores and reproductive output during the 
next year. Thus, long time lags can occur between variation in nutrient acquisi-
tion and variation in reproduction, further complicating physiological studies of 
trade-offs in the fi eld. 

On average, about 30% of growth in lizards occurs after sexual maturi-
ty, and fecundity in lizards is correlated with body size (Schwarzkopf 1994). 
Hence, current reproduction can reduce future reproduction by diverting nu-
trients away from current growth. Such a trade-off between current reproduc-
tion and growth is suggested by increased growth during years in which repro-
duction does not occur in some lizard species (Schwarzkopf 1993). Landwer 
(1994) found that Urosaurus ornatus, in which egg production was experimen-
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tally reduced, showed greater growth in the fi eld compared with unmanipulat-
ed controls. 

Ecological factors such as age-dependent survivorship can have a strong in-
fl uence on physiological aspects of trade-offs, such as the prioritization of nu-
trient allocation. For example, short-lived mainland anoles allocated a greater 
amount of supplemental food to current reproduction, compared with long-lived 
island anoles which converted supplemental food mainly into fat reserves (Guy-
er 1988, Schwarzkopf 1994). Tail breakage is an important adaptation for escape 
from predation in lizards (Dial & Fitzpatrick 1981, Wilson & Booth 1998). Al-
location of energy to tail regeneration versus current reproduction in lizards de-
pends upon whether the species is short- or long-lived (Dial & Fitzpatrick 1981, 
Wilson & Booth 1998). The relative importance of ecological factors such as pre-
dation, and physiological factors such as allocation, in the evolution of life his-
tory traits such as age-specifi c fecundity is the subject of debate in lizard studies. 
Results of various mathematical models have led workers to support either phys-
iological or ecological factors as being of primary importance (Shine & Schwar-
zkopf 1992, Niewiarowski & Dunham 1994, Shine et al. 1996). 

Finally, studies of skinks indicate how lineage-specifi c attributes can magni-
fy an apparent life history trade-off. In lizards, tail loss allows escape from pred-
ators but reduces future reproduction because the tail is an important lipid stor-
age organ. Certain lineages of skinks lack abdominal fat bodies and store nearly 
100% of body lipid reserves in the tail. The impact of tail loss is especially pro-
nounced in skinks that lack abdominal fat bodies, reducing clutch sizes 50% to 
100% (Wilson & Booth 1998). 

Birds 

Three ornithologists were the intellectual predecessors of modern life history 
thinking: Lack, Skutch, and Moreau (Ricklefs 2000a). Lack’s insight (Lack 1947, 
1954), that clutch size evolves to maximize individual reproductive success, be-
came a cornerstone of life history theory and motivated physiological studies on 
life histories. Continuing to the present, extensive knowledge about bird demog-
raphy and intensive fi eld studies provide an important context for physiological 
studies of life history trade-offs. However, it has been argued that our knowledge 
of avian life histories is still rudimentary, and thus basic studies of biochemistry 
and physiology of life history traits and the controlling endocrine mechanisms 
are badly needed (Ricklefs 2000b). Because of space constraints, this section fo-
cuses on two topics: energetics, especially in relation to the cost of reproduction, 
and immunocompetence, a topic of relatively intense recent study on birds. 

Birds have the highest core body temperature of any endotherm (Nagy 1987) 
and fl ying birds have size constraints that presumably limit the amount of ener-
gy storage (Calder 1984). Thus, it would appear that energetics must play an im-
portant role in shaping bird life histories (Walsberg 1983, Paladino 1989, McNab 
1997). Birds expend relatively high levels of energy during reproduction and 
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thermoregulation (Weiner 1992). Energy constraints, which can arise from the 
competing costs of reproduction, thermoregulation, growth, energy assimila-
tion, and energy assimilation capacity (Karasov 1986, Weiner 1992, Konarzews-
ki 1995, Jackson & Diamond 1996), could be integral to life history evolution. 
As an alternative, the cost of foraging and the energetic demands of other exter-
nal activities could be limiting, and various aspects of physiology might simply 
adjust to meet energetic requirements at any particular point in the life history 
(Ricklefs 1991, 1996). From another perspective, predation appears to be a ma-
jor factor in shaping bird life histories (Conway & Martin 2000, Ghalambor & 
Martin 2000). In general, it is not clear to what degree life histories are defi ned 
by endogenous trade-offs and physiological constraints. 

Either from observational data or by experimental clutch manipulation, there 
is evidence for a cost of reproduction in birds (Linden & Moller 1989, Dijkstra et 
al. 1990, Styrsky et al. 1999). This cost can be manifest in terms of parental sur-
vival, future reproduction and/or offspring condition-fi tness. The cost of repro-
duction is often observed as an effect on offspring (Linden & Moller 1989). Egg 
mass representing the energetic investment of reproduction has an effect on ini-
tial offspring growth and development of passerines, but the effect of egg mass 
often does not extend to older offspring (Styrsky et al. 2000). Other factors that 
are positively correlated with egg mass could have an extended effect on off-
spring (Styrsky et al. 2000). In lesser black-backed gulls (Larus fuscus), the or-
der of egg laying was correlated with abundance of antioxidants (carotenoid and 
vitamin E), arachidonic acid, and cholesterol ester fractions in the eggs (Royle et 
al. 1999). Fat storage could partially underlie the trade-off between reproduction 
and parental survival, especially in passerines where energy storage reserves tend 
to be quite limited. Increased fat storage could support reproduction, but there 
can be a survival cost (Lima 1986, Witter & Cuthill 1993). Specifi cally, stored 
fat might incur acquisition and maintenance costs (Houston et al. 1997) as well 
as fl ight energetics or agility costs (Rogers & Smith 1993, Gosler et al. 1995). 

Overall, metabolism and energy budgets have been the focus of physiologi-
cal work on the cost of reproduction. Historically, evidence accumulated for an 
energetic cost of bird reproduction (King 1973, Ricklefs 1974, Drent & Daan 
1980). For many species, the preponderance of this cost is due to parental care 
rather than egg production (Trillmich 1986, Ward 1996). The ecology of some 
birds can make this cost acute. For example, the low foraging effi ciency of two 
diving petrels (Pelecanoides urinatrix and P. georgicus) and an auklet (Aeth-
ia pusilla) results in relatively high daily energy expenditure during the breed-
ing season (Roby & Ricklefs 1986). Parental weight loss is common at the time 
of brood provisioning, and this loss can refl ect energy demands on the parents 
(Martin 1987). When clutch sizes were experimentally increased during incuba-
tion, there was an increase in parental energy expenditure in eight of nine stud-
ies, but diminished adult body condition was observed in only two of fi ve studies 
(Thompson et al. 1998). In the glaucous-winged gull (Larus glaucescens), exper-
imental brood enlargement resulted in increased parental reproductive effort, in-
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creased loss of weight during the breeding season, and reduced winter survival 
(Reid 1987). Is the cost of reproduction mediated by energetics? In general, it is 
conceptually and empirically diffi cult to demonstrate that an energy budget defi -
cit is directly responsible for the costs of reproduction. 

A decline in immunocompetence and potential damage from microbes and 
parasites could be a physiological cost of reproduction. In general, there is con-
siderable current interest in avian immune function in relation to physiological 
trade-offs and life histories (Sheldon & Verhulst 1996, Horak et al. 1999, Ow-
ens & Wilson 1999). In the collared fl ycatcher (Ficedula albicollins) and oth-
er bird species, there tends to be a negative relationship between brood size and 
immune system indicators (Gustafsson et al. 1994). The allocation of endoge-
nous energy might play an important role in a trade-off between reproduction 
and immune system function (Apanius 1998). However, immunocompetence can 
be measured in numerous ways, and it is important to be aware of the assump-
tions, limitations, and consequences of various methods (Norris & Evans 2000). 
Moreover, studies relating immunocompetence to fi tness and disease resistance 
or resource limitation in the fi eld are rare (Owens & Wilson 1999, Norris & Ev-
ans 2000). One prospect for the future is to directly manipulate immunocompe-
tence (Sheldon & Verhulst 1996) in relation to the cost of reproduction or other 
life history trade-offs. 

Is immune function costly? When a passerine (Parus cueruleus) was subject-
ed to cold stress, the increase in daily energy expenditure was associated with de-
creased antibody responses (Svensson et al. 1998). The energetic cost of the an-
tibody response was estimated to be 8% to 13% of the basal metabolic rate. Al-
though there is direct and indirect support for the hypothesis of a costly immune re-
sponse (Sheldon & Verhulst 1996), a number of studies have failed to fi nd a signif-
icant relationship between energetics and the immune response (Owens & Wilson 
1999). Moreover, it has been argued that the energetic cost of immune system func-
tion might be relatively low (Hillgarth & Wingfi eld 1997, Owens & Wilson 1999). 

The relative cost of life history traits is relevant to a prospective trade-off 
with the immune system. Hoglund & Sheldon (1998) argue that allocation to sex-
ual display, which is apparently costly, should be considered in the same man-
ner as allocation to a classic life history trait. A relatively high level of cost for 
sexual ornamentation could trade-off with immune function (Sheldon & Verhulst 
1996, Norris & Evans 2000). Hamilton & Zuk (1982) formulated the idea that 
the intensity of secondary sexual ornamentation would signal resistance to par-
asites. There is evidence for positive correlations between sexual ornamentation 
and resistance to parasites and pathogens (reviewed in Moller 1990, Hamilton & 
Poulin 1997, Lindstrom & Lundstrom 2000). However, there also is countervail-
ing evidence for a negative relationship, perhaps a trade-off, between sexual or-
namentation and infection (Moller 1997, Norris et al. 1994, Richner et al. 1995, 
Dale 1996, Sheldon & Verhulst 1996). Hormones could play a role in such a 
trade-off by intensifying sexual display with a concomitant decrease in immune 
function (Folstad & Karter 1992). Zuk et al. (1995) have shown that testosterone 
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level is negatively associated with leukocyte counts in the red jungle fowl (Gal-
lus gallus), but no such relationship was detected in the barn swallow (Hirundo 
rustica) by Saino et al. (1995). However, Saino et al. (1995) found reduced anti-
body production when testosterone was administered to the barn swallows in the 
fi eld. No suppression of the avian immune system was observed in a laboratory 
study of the effects of testosterone on red-winged blackbirds (Agelaius phoeni-
ceus) (Hasselquist et al. 1999), nor was there a correlation between elevated tes-
tosterone titers and parasite abundance in the same species (Weatherhead et al. 
1993). Similarly, Ros et al. (1997) did not fi nd a negative correlation between 
testosterone titer and antibody production in black-headed gulls (Larus ridibun-
dus). In a study on the house sparrow (Passer domesticus), testosterone admin-
istration appeared to decrease antibody production (Evans et al. 2000). In this 
study, the suppressive effect of decreased corticosterone was taken into account, 
and consequently the net effect of testosterone was to stimulate antibody produc-
tion hypothetically by “dominance infl uencing access to resources” (Evans et al. 
2000). Testosterone administration to captive and fi eld dark-eyed juncos (Jun-
co hyemalis) resulted in decreased antibody production and increased corticos-
terone abundance (Castro et al. 2001). Testosterone could affect immune func-
tion indirectly via corticosteroids (Evans et al. 2000, Castro et al. 2001). Corti-
costeroids have been associated with increased parasite loads (Hillgarth & Wing-
fi eld 1997). Gonadal hormones, including testosterone and metabolites, can play 
a role in controlling adult plumage (Hillgarth & Wingfi eld 1997). The compo-
nents of an endocrine mediated trade-off between the immune system and sexual 
ornamentation have been documented in some studies, and differential resource 
allocation could play a role in this prospective trade-off. 

Avian endocrinology studies have identifi ed mechanisms whereby life his-
tory traits are linked. Bird corticosteroids can increase gluconeogenesis and sur-
vival under stress conditions, but suppress reproduction and the immune system 
(Wingfi eld 1988, Wingfi eld et al. 1998). Testosterone administered to dark-eyed 
junco (Junco hyemalis) males resulted in physiological changes including accel-
erated loss of mass, reduced subcutaneous fat, and a delay in the molt (Ketterson 
et al. 1991, Nolan et al. 1992). Studies on the dark-eyed junco and a diversity of 
other bird species indicate that testosterone can stimulate mating effort, suppress 
parental effort, and could be associated with a diminished life span (Ketterson & 
Nolan 1999). As mentioned previously in this review, hormones often regulate 
multiple antagonistic processes, and thus are notable candidate mediators of life 
history trade-offs (Ketterson & Nolan 1992, 1999, Finch & Rose 1995). 

SUMMARY AND FUTURE DIRECTIONS 

The past decade has seen signifi cant advances in physiological studies of life his-
tory trade-offs. With respect to the topic of energetics, the most important ad-
vances have been (a) the fi rst genetic analyses of energetic components of trade-
offs, (b) the integration of investigations of nutrient input and allocation, (c) de-
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velopment of more sophisticated models of resource acquisition and allocation, 
and (d) more detailed investigations of specifi c physiological costs associated 
with life history traits. Advances have largely come about owing to a shift to 
more focused, comprehensive, and integrated studies. 

Although hormones have long been suspected to be key regulators of life 
history trade-offs (Steams 1989, Ketterson & Nolan 1992, 1999), only during 
the past decade have the fi rst detailed endocrine studies of trade-offs been un-
dertaken. These investigations also constitute one of the most signifi cant re-
cent advances in functional studies of life history trade-offs. Thus far endo-
crine investigations have involved manipulation or quantifi cation of the titers 
of hormones or the activities of enzymes that regulate hormones, that poten-
tially control life history trade-offs. This approach will almost certainly be-
come more common in the future. Endocrine studies will also likely expand 
to other important topics, such as investigations of the endocrine regulation of 
trade-offs at the level of hormone receptors, and ultimately the hormonal con-
trol of gene expression. 

A central unresolved issue in trade-off physiology is the relative importance 
of energetic, regulatory, and other (e.g., space) constraints as causes of life histo-
ry trade-offs. Although energetics has been the primary focus of functional stud-
ies of trade-offs, in no case is it certain that the differential allocation of limiting 
internal resources is the primary cause of a life history trade-off. There is an in-
creasing appreciation that the physiological mechanisms that underlie life history 
trade-offs are complex and that their elucidation will require a much deeper un-
derstanding of basic energetic, regulatory, and structural aspects of organismal 
function and how these aspects interact. 

Molecular genetic and genomic studies of organismal trade-offs, typically in 
model species, have just begun. It is now possible to study gene regulation in 
terms of transcription factors and regulatory DNA elements to some degree in 
any organism. Genomic and cDNA library sequences, microarrays, general trans-
formation procedures, and bioinformatics are “democratizing the genome.” Thus, 
extension of molecular genetic studies beyond a few model species to many spe-
cies with life histories of interest will likely constitute an important future devel-
opment relevant to functional studies of trade-offs. 

A potentially important avenue of research includes traits and processes that 
have not traditionally been investigated in a life history context. For example, 
oxidative damage may be one of the universal challenges of life on earth and ox-
idative stress resistance may trade-off with life history characters (Salmon et al. 
2001). The cost of acclimation (Hoffmann 1995, Huey & Berrigan 1996) and de-
velopment (Ricklefs 1979, Lindstrom 1999) are additional examples of topics 
that could be important in life history studies, but which have received scant at-
tention. 

This is an exciting time in evolutionary biology, in which the confl uence of 
methodological and conceptual advances in molecular genetics, development, 
and physiology will result in an increasingly mechanistic understanding of evo-
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lution in model systems and in the diversity of living organisms. In particular, 
delineation of mechanisms underlying life history trade-offs will allow us to un-
derstand how organisms do and can evolve. 

ACKNOWLEDGMENTS 

A. J. Zera acknowledges support from the National Science Foundation (DEB-
9107429, IBN-9507388, and IBN-9808249) and the Research Council of the 
University of Nebraska. L. G. Harshman acknowledges support from the Nation-
al Institute of Aging (NIA AG08761) and the Research Council of the Universi-
ty of Nebraska. We thank the following for their comments on this manuscript 
or for providing the fi rst sentence of the fi nal paragraph of the review: A. Chip-
pindale, R. Huey, E. Ketterson, R. Gibson, J. Kingsolver, C. Marler, R. Ricklefs, 
and L. Schwarzkopf. 

LITERATURE CITED 

Adoph SC, Porter WP. 1993. Temperature, activity, and lizard life histories. Am. Nat. 142:273–95 
Anderson RA, Karasov WH. 1988. Energetics of the lizard Cnemidophorus tigris and life history 

consequences of food-acquisition mode. Ecol. Monogr. 58:79–110 
Antonovics J, van Tienderen PH. 1991. Ontoecogeniphyloconstraints? The chaos of constraint termi-

nology. Trends Ecol. Evol. 6: 166–68 
Apanius V. 1998. Stress and immune defense. Adv. Stud. Behav. 27: 133–53 
Bell G, Koufopanou V. 1986. The cost of reproduction. In Oxford Surveys in Evolutionary Biology, 

ed. R Dawkins, M Ridley, 3:83–131 Oxford, UK: Oxford Univ. Press 
Bernardo J. 1994. Experimental analysis of allocation in two divergent, natural salamander popula-

tions. Am. Nat. 143: 14–38 
Boggs C. 1992. Resource allocation: exploring connections between foraging and life history. Funct. 

Ecol. 6:508–18 
Boggs C. 1997. Dynamics of reproductive allocation from juvenile and adult feeding: radiotracer 

studies. Ecology 78: 192–202 
Boggs C, Ross CL. 1993. The effect of adult food limitation on life history traits in Speyeria mormo-

nia (Lepidoptera: Nymphalidae). Ecology 74:433–41 
Bonnet X, Bradshaw D, Shine R. 1998. Capital vs. income breeding: an ectothermic perspective. 

Oikos 83:333–42 
Calder WA. 1984. Size, Function and Life History. Cambridge, MA: Harvard Univ. Press 
Calow P. 1979. The cost of reproduction–a physiological approach. Biol. Rev. 54:23–40 
Carlson KA, Harshman LG. 1999. Extended longevity lines of Drosophila melanogaster: charac-

terization of oocyte stages and ovariole numbers as a function of age and diet. J. Gerontol. 54:
B432–40 

Carlson KA, Nusbaum TJ, Rose MR, Harshman LG. 1998. Oocyte maturation and ovariole numbers in 
lines of Drosophila melanogaster selected for postponed senescence. Funct. Ecol. 52:514–20 

Castro JM, Nolan V, Ketterson ED. 2001. Steroid hormones and immune function: experimental stud-
ies in wild and captive dark-eyed juncos (Junco hyemalis). Am. Nat. 157:408–20 

Charlesworth B. 1990. Optimization models, quantitative genetics, and mutation. Evolution 44:520–
38 



118                   ZERA & HARSHMAN IN ANN. REV. ECOL. SYS. 32 (2001)

Chinzei Y, Wyatt GR. 1985. Vitellogenin titre in haemolymph of Locusta migratoria in normal adults, 
after ovariectomy, and in response to methoprene. J. Insect Physiol. 31:441–45 

Chippindale AK, Alipaz JA, Chen HW, Rose MR. 1997. Experimental evolution of accelerated de-
velopment in Drosophila. II. Developmental speed and larval survival. Evolution 51:1536–51 

Chippindale AK, Chu TJ, Rose MR. 1996. Complex trade-offs and the evolution of starvation resis-
tance in Drosophila melanogaster. Evolution 50:753–66 

Chippindale AK, Leroi AM, Kim SB, Rose MR. 1993. Phenotypic plasticity and selection in Dro-
sophila life history evolution. I. Nutrition and the cost of reproduction. J. Evol. Biol. 6:171–93 

Clark AG. 1989. Causes and consequences of variation in energy storage in Drosophila melanogas-
ter. Genetics 123:131–44 

Clark AG, Guadalupe RN. 1995. Probing the evolution of senescence in Drosophila melanogaster 
with P-element tagging. Genetica 96:225–34 

Clark AG, Wang L, Hullenberg T. 1995. P-element-induced variation in metabolic regulation in Dro-
sophila. Genetics 139:337–48 

Clutton-Brock TH, Guinness FE, Albon S. 1982. Red Deer: Behavior and Ecology of Two Sexes. 
Chicago, IL: Univ. Chicago Press 

Congdon JD, Dunham AE, Tinkle DW. 1982. Energy budgets and life histories of reptiles. In Biology 
of the Reptilia, ed. C Gans, pp. 233–7 1. New York: Academic 

Conway CJ, Martin TE. 2000. Evolution of passerine incubation behavior: infl uence of food, temper-
ature, and nest predation. Int. J. Evol. 54:670–85 

Dale S, Kruszenski A, Slagsvold T. 1996. Effects of brood parasites on sexual and natural selection in 
the pied fl ycatcher. J. Zool. 238:373–93 

de Jong G. 1993. Covariances between traits deriving from successive allocations of a resource. 
Funct. Ecol. 7:75–83 

de Jong G, van Noordwijk AJ. 1992. Acquisition and allocation of resources: genetic (co)variances, 
selection, and life histories. Am. Nat. 139:749–70 

de Laguerie P, Olivieri I, Atlan A, Gouyon PH. 1991. Analytic and simulation models predicting pos-
itive genetic correlations between traits linked by trade-offs. Evol. Ecol. 5:361–69 

Dial BE, Fitzpatrick LC. 1981. The energetic costs of tail autotomy to reproduction in the lizard Co-
leonyx brevis (Saura: Gekkonidae). Oecologia 51:310–17 

Dijkstra C, Bult A, Bulsma S, Daan S, Meier T, et al. 1990. Brood size manipulations in the kestral 
(Falco tinnuncullus): effects on offspring and parent survival. J. Anim. Ecol. 59:269–85 

Djawdan M, Rose MR, Bradley TJ. 1997. Does selection for stress resistance lower metabolic rate? 
Ecology 78:328–37 

Djawdan M, Sugiyama TT, Schlaeger LK, Bradley TJ, Rose MR. 1996. Metabolic aspects of the 
trade-off between fecundity and longevity in Drosophila melanogaster. Physiol. Zool. 69:1176–
95 

Doughty P, Shine R. 1997. Detecting life history trade-offs: measuring energy stores in “capital” 
breeders reveals costs of reproduction. Oecologia 110:508–13 

Doughty P, Shine R. 1998. Reproductive energy allocation and long-term energy stores in a vivipa-
rous lizard (Eulamprus tympanum). Ecology 79: 1073–83 

Drent RH, Daan S. 1980. The prudent parent: energetic adjustments in avian breeding. Ardea 68:225–
52 

Dunham AE, Grant BW, Overall KL. 1989. Interfaces between biophysical and physiological ecolo-
gy and the population ecology of terrestrial vertebrate ectotherms. Physiol. Zool. 62:335–55 

El-Ibrashy MT. 1965. A comparative study of metabolic effects of the corpus allatum in two adult 
Coleoptera, in relation to diapause. Meded. Landbouwhogesch. Wageningen 65:275–97 

Evans MR, Goldsmith AR, Norris SRA. 2000. The effects of testosterone on antibody production 



PHYSIOLOGY OF LIFE HISTORY TRADE-OFFS IN ANIMALS                   119

and plumage coloration in male house sparrows (Passer domesticus). Behav. Ecol. Sociobiol. 
47:156–63 

Feder ME, Hofmann GH. 1999. Heat-shock proteins, molecular chaperones, and the stress response: 
evolutionary and ecological physiology. Annu. Rev. Physiol. 61:243–82 

Finch CE, Rose MR. 1995. Hormones and the physiological architecture of life history evolution. Q. 
Rev. Biol. 70:1–51 

Fisher RA. 1930. The Genetical Theory of Natural Selection. New York: Dover 

Folstad I, Karter X. 1992. Parasites, bright males and the immuno-competence handicap. Am. Nat. 
139:603–22 

Force AG, Staples T, Soliman S, Arking R. 1995. Comparative biochemical and stress analysis of ge-
netically selected Drosophila strains with different longevities. Dev. Genet. 17:340–51 

Gasser M, Kaiser M, Berrigan D, Stearns SC. 2000. Life-history correlates of evolution under high 
and low adult mortality. Evolution 54:1260–72 

Ghalambor CK, Martin TE. 2000. Parental investment strategies in two species of nuthatch vary with 
stage-specifi c predation risk and reproductive effort. Anim. Behav. 60:263–67 

Gibbs AG. 1999. Laboratory selection for the comparative physiologist. J. Exp. Biol. 202:2709–18 
Gomi T, Okuda T, Tanaka S. 1995. Protein synthesis and degradation in the fl ight muscles of adult 

crickets (Gryllus bimaculatus). J. Exp. Biol. 198:1071–77 
Gosler AG, Greenwood JD, Perrins C. 1995. Predation risk and the cost of being fat. Nature 377:621–

23 
Gustafsson L, Nordling D, Andersson MS, Sheldon BC, Ovarstrom A. 1994. Infectious diseases, re-

productive effort and the cost of reproduction in birds. Philos. Trans. R. Soc. London Ser. B 
346:323–31 

Guyer C. 1988. Food supplementation in a tropical mainland anole, Norops hunzilis: Effects on indi-
viduals. Ecology 69:362–69 

Hamilton WD, Zuk M. 1982. Heritable true fi tness and bright birds: a role for parasites? Science 
218:384–87 

Hamilton WJ, Poulin R. 1997. The Hamilton and Zuk hypothesis revisited: a meta-analytical ap-
proach. Behavior 134:299–320 

Harshman LG. 1999. Investigation of the endocrine system in extended longevity lines of Drosophila 
melanogaster. Exp. Gerontol. 34:997–1106 

Harshman LG, Haberer BA. 2000. Oxidative stress resistance: a robust correlated response to selec-
tion in extended longevity lines of Drosophila melanogaster? J. Gerontol. A. Biol. Sci. Med. 
Sci. 55:B415–17 

Harshman LG, Hoffmann AA. 2000a. Laboratory selection experiments using Drosophila: what do 
they really tell us? Trends Ecol. Evol. 15:32–36 

Harshman LG, Hoffmann AA. 2000b. Reply from LG Harshman and AA Hoffmann. Trends Ecol. 
Evol. 15:207 

Harshman LG, Moore KM, Sty MA, Magwire MM. 1999. Stress resistance and longevity in selected 
lines of Drosophila melanogaster. Neurobiol. Aging 20:521–29 

Harshman LG, Schmid JL. 1998. Evolution of starvation resistance in Drosophila melanogaster: as-
pects of metabolism and counter-impact selection. Evolution 52: 1679–85 

Hasselquist DJ, Sherman PW, Wingfi eld JC. 1999. Is avian humoral immunocompetence suppressed 
by testosterone? Behav. Ecol. Sociobiol. 45:167–75 

Haukioja E, Hakala T. 1986. Life history evolution in Anodonta piscinalis. Oecologia 35: 253–66 
Heino M, Kaitala V. 1999. Evolution of resource allocation between growth and reproduction in ani-

mals with indeterminate growth. J. Evol. Biol. 12:423–29 



120                   ZERA & HARSHMAN IN ANN. REV. ECOL. SYS. 32 (2001)

Hillgarth N, Wingfi eld JC. 1997. Parasite-mediated sexual selection: endocrine aspects. In Parasite-
Mediated Sexual Selection: Endocrine Aspects, ed. DH Clayton, J Moore, pp. 78–104. Oxford, 
UK: Oxford Univ. Press 

Hoffmann AA. 1995. Acclimation: increasing survival at a cost. Trends Ecol. Evol. 10:1–2 
Hoffmann AA, Parsons PA. 1989. An integrated approach to environmental stress 
tolerance and life history variation. Desiccation tolerance in Drosophila. Biol. J. Linn. Soc. 37:117–

36 
Hoglund J, Sheldon BC. 1998. The cost of reproduction and sexual selection. Oikos 83:478–83 
Horak P, Tegelmann L, Ots I, Moller AP. 1999. Immune function and survival of great tit nestlings in 

relationship to growth conditions. Oecologica 121:316–22 
Houle D. 1991. Genetic covariance of fi tness correlates: what genetic correlations are made of and 

why it matters. Evolution 45:630–48 
Houston AI, Welton NJ, McNamara JM. 1997. Acquisition and maintenance costs in the long-term 

regulation of avian fat reserves. Oikos 78:331–40 
Huey RB, Berrigan D. 1996. Testing evolutionary hypotheses of acclimation. In Animals and Tem-

perature: Phenotypic and Evolutionary Adaptation, ed. IA Johnston, AF Bennett, pp. 205–37. 
Cambridge, UK: Cambridge Univ. Press 

Huey RB, Kingsolver JG. 1993. Evolution of resistance to high temperature in ectotherms. Am. Nat. 
142:52146 

Huey RB, Partridge L, Fowler K. 1991. Thermal sensitivity of Drosophila melanogaster responds 
rapidly to laboratory natural selection. Evolution 43:751–56 

Jackson S, Diamond J. 1996. Metabolic and digestive responses to artifi cial selection in chickens. 
Evolution 50:1638–50 

Johnson CG. 1969. Migration and Dispersal of Insects by Flight. London: Methuen 
Jokela J, Mutikainen P. 1995. Phenotypic plasticity and priority rules for energy allocation in a fresh-

water clam: a fi eld experiment. Oecologia 104:122–32 
Jonsson KI. 1997. Capital and income breeding as alternative tactics of resource use in reproduction. 

Oikos 7857–66 
Kaitala A. 1987. Dynamic life-history strategy of the waterstrider Gerris thoracicus as an adaptation 

to food and habitat variation. Oikos 48: 125–31 
Karasov WH. 1986. Energetics, physiology, and vertebrate ecology. Trends Ecol. Evol. 1:1014 
Karasov WH, Anderson RA. 1998. Correlates of average daily metabolism of fi eld-active zebra-tailed 

lizards (Callisaurus draconoides). Physiol. Zool. 71:93–105 
Ketterson ED, Nolan V. 1992. Hormones and life histories: an integrative approach. Am. Nat. 140:

S33–62 
Ketterson ED, Nolan V. 1999. Adaptation, exaptation, and constraint. Am. Nat. 154:S4–25 
Ketterson ED, Nolan V, Wolf L, Ziegenfus A, Dufty M, et al. 1991. Testosterone and avian life histo-

ries: the effect of experimentally elevated testosterone on corticosterone and body mass in dark-
eyed juncos (Junco hyemalis). Horm. Behav. 25:489–503 

King JR. 1973. Energetics of reproduction in birds. In Breeding Biology in Birds, ed. DS Farner, pp. 
78–107. Washington, DC: Natl. Acad. Sci. 

Konarzewski M. 1995. Allocation of energy to growth and respiration in avian postembryonic devel-
opment. Ecology 76:8–19 

Krebs RA, Feder ME. 1997. Natural variation in the expression of the heat-shock protein HSP70 in a 
population of Drosophila melanogaster and its correlation with tolerance of ecologically rele-
vant thermal stress. Evolution 51:173–79 

Lack D. 1947. The signifi cance of clutch size. Ibis 89:302–52 



PHYSIOLOGY OF LIFE HISTORY TRADE-OFFS IN ANIMALS                   121

Lack D. 1954. The Natural Regulation of Animal Numbers. Oxford, UK: Clarendon 
Landwer AJ. 1994. Manipulation of egg production reveals costs of reproduction in the tree lizard 

(Urosaurus ornatus). Oecologia 100:24349 
Lauder GV. 1996. The argument from design. In Adaptation, ed. MR Rose, GV Lauder, pp. 55–91. 

San Diego, CA: Academic 
Leroi AM, Chen WR, Rose MR. 1994a. Long-term laboratory evolution of a genetic life history 

trade-off in Drosophila melanogaster. 2. Stability of genetic correlations. Evolution 48:1258–
68 

Leroi AM, Chippindale AK, Rose MR. 1994b. Long-term laboratory evolution of a genetic life-his-
tory trade-off in Drosophila melanogaster. 1. The role of genotype-by-environment interaction. 
Evolution 48: 1244–57

Lima SL. 1986. Predation risk and unpredictable feeding conditions: determinants of body mass in 
birds. Ecology 67:366–76 

Lin YJ, Seroude L, Benzer S. 1998. Extended life-span and stress resistance in the Drosophila mutant 
methuselah. Science 282:94346 

Linden M, Moller AP. 1989. Cost of reproduction and covariation of life history traits in birds. Trends 
Ecol. Evol. 6:183–85 

Lindstrom J. 1999. Early development and fi tness in birds and mammals. Trends Ecol. Evol. 14:343–
48 

Lindstrom K, Lundstrom J. 2000. Male green-fi nches (Carduelis chloris) with brighter ornaments 
have higher virus infection clearance rate. Behav. Ecol. Sociobiol. 48:44–51 

Luckinbill LS, Arking R, Clare MJ, Cirocco WC, Buck SA. 1984. Selection for delayed senescence 
in Drosophila melanogaster. Evolution 38:996–1004 

Marler CA, Moore MC. 1988. Evolutionary costs of aggression revealed by testosterone manipula-
tions in free-living male lizards. Behav. Ecol. Sociobiol. 23:21–26 

Marler CA, Moore MC. 1991. Supplementary feeding compensates for testosterone-induced costs of 
aggression in male mountain spiny lizards. Anim. Behav. 42:209–19 

Marler CA, Walsberg G, White ML, Moore M. 1995. Increased energy expenditure due to increased 
territorial defense in male lizards after phenotypic manipulation. Behav. Ecol. Sociobiol. 
37:225–31 

Martin TE. 1987. Food as a limit on breeding birds: a life-history perspective. Annu. Rev. Ecol. Syst. 
18:453–87 

Matos M, Rego C, Levy A, Teotonio H, Rose MR. 2000. An evolutionary no man’s land. Trends 
Ecol. Evol. 15:206 

McNab BK. 1997. On the utility of uniformity in the defi nition of basal rate of metabolism. Physiol. 
Zool. 70:718–20 

Mole S, Zera AJ. 1993. Differential allocation of resources underlies the dispersal-reproduction trade-
off in the wing-dimorphic cricket, Gryllus rubens. Oecologia 93:121–27 

Moller AP. 1990. Parasites and sexual selection: current status of the Hamilton and Zuk hypothesis. 
J. Evol. Biol. 3:319–28 

Moller AP. 1997. Parasitism and evolution of host life history. In Host-Parasite Evolution: Gener-
al Principles and Avian Models, ed. DH Clayton, J Moore, pp. 105–27. Oxford, UK: Oxford 
Univ. Press 

Moller H, Smith RH, Sibly RM. 1989. Evolutionary demography of a bruchid beetle. I. Quantitative 
genetical analysis of the female life history. Funct. Ecol. 3:673–81 

Moore MC. 1986. Elevated testosterone levels during non-breeding season territoriality in a fall-
breeding lizard, Scleropolus jarrovi. J. Comp. Physiol. 158:159–63 

Nagy K. 1983. Ecological energetics. In Lizard Ecology: Studies of a Model Organism, ed. RB Huey, 



122                   ZERA & HARSHMAN IN ANN. REV. ECOL. SYS. 32 (2001)

ER Pianka, TW Schoener, pp. 24–54. Cambridge, MA: Harvard Univ. Press. 501 pp. 
Nagy K. 1987. Field metabolic rate and food requirement scaling in mammals and birds. Ecol. 

Monogr. 57:111–28 
Niewiarowski PH. 2001. Energy budgets, growth-rates, and thermal constraints: toward an integra-

tive approach to the study of life-history variation. Am. Nat. 157:421–33 
Niewiarowski PH, Dunham AE. 1994. The evolution of reproductive effort in squamate reptiles: 

costs, trade-offs, and assumptions reconsidered. Evolution 48: 137–45 
Nijhout HF. 1994. Insect Hormones. Princeton, NJ: Princeton Univ. Press 267 pp. 
Nijhout HE 1999. Control mechanisms of polyphenic development in insects. Bio-Science 49:181–

92 
Nijhout HF, Emlen DJ. 1998. Competition among body parts in the development and evolution of in-

sect morphology. Proc. Natl. Acad. Sci. USA 95:3685–89 
Nolan V, Ketterson ED, Ziegenfus C, Cullen DP, Chandler CR. 1992. Testosterone and avian life his-

tories: effects of experimentally elevated testosterone on prebasic molt and survival in male 
dark-eyed juncos. Condor 94:364–70 

Noonburg EG, Nisbet RM, McCauley E, Gurney WSC, Murdoch WW, et al. 1998. Experimental 
testing of dynamic energy budget models. Funct. Ecol. 12:211–22 

Nonis K, Anwar N, Read AF. 1994. Reproductive effort infl uences the prevalence of haematozoan 
parasites in great tits. J. Anim. Ecol. 63:601–10 

Nonis K, Evans MR. 2000. Ecological immunology: life history trade-offs and immune defense in 
birds. Behav. Ecol. 11:19–26 

Nunney L. 1996. The response to selection for fast development in Drosophila melanogaster. Evolu-
tion 50:1193–204 

Owens IPF, Wilson K. 1999. Immunocompetence: a neglected life history trait or conspicuous red 
herring? Trends Ecol. Evol. 14: 170–72 

Paladino FV. 1989. Constraints of bioenergetics on avian population dynamics. Physiol. Zool. 
62:410–72 

Partridge L. 1992. Measuring reproductive costs. Trends Ecol. Evol. 7:99–100 
Partridge L, Prowse N, Pignatelli P. 1999. Another set of responses and correlated responses to selec-

tion on age at reproduction in Drosophila melanogaster. Proc. R. Soc. London Ser. B 266:255–
61 

Partridge L, Sibly R. 1991. Constraints in the evolution of life histories. Philos. Trans. R. Soc. Lon-
don Ser: B 332:3–13 

Pener MP. 1985. Hormonal effects on fl ight and migration. In Comprehensive Insect Physiology, Bio-
chemistry and Pharmacology, ed. G Kerkut, LI Gilbert, 8:491–550. Oxford, UK: Pergamon 

Perrin N, Bradley MC, Calow P. 1990. Plasticity of storage allocation in Daphnia magna. Oikos 
59:70–74 

Perrin N, Sibly RM. 1993. Dynamic models of energy allocation and investment. Annu. Rev. Ecol. 
Syst. 24:379–410 

Reid WV. 1987. The cost of reproduction in the glaucous-winged gull. Oecologia 74:458–67 
Reznick D, Nunny L, Tessier A. 2000. Big houses, big cars, superfl eas, and the costs of reproduction. 

Trends Ecol. Evol. 15:421–25 
Reznick D, Yang AP. 1993. The infl uence of fl uctuating resources on life history: patterns of alloca-

tion and plasticity in female guppies. Ecology 74:2011–19 
Reznick DN. 1985. Costs of reproduction: an evaluation of the empirical evidence. Oikos 44:257–67 
Reznick DN. 1992. Measuring the costs of reproduction. Trends Ecol. Evol. 7:42–45 
Reznick DN, Bryga H, Endler JA. 1990. Experimentally-induced life history evolution in a natural 

population. Nature 346:357–59 



PHYSIOLOGY OF LIFE HISTORY TRADE-OFFS IN ANIMALS                   123

Richner H, Christie P, Oppliger A. 1995. Paternal investment affects prevalence of malaria. Proc. 
Natl. Acad. Sci. USA 92: 1192–94 

Ricklefs RE. 1974. Energetics of reproduction in birds. In Avian Energetics, ed. RA Paynter, pp. 152–
297. Cambridge, UK: Nutall Ornithol. Club 

Ricklefs RE. 1979. Adaptation, constraint, and compromise in avian postnatal development. Biol. 
Rev. 54:269–90 

Ricklefs RE. 1991. Structures and transformations of life histories. Funct. Ecol. 5:174–83 

Ricklefs RE. 1996. Avian energetics, ecology, and evolution. In Avian Energetics, ed. C Carey, pp. 1–
30. New York: Chapman & Hall 

Ricklefs RE. 2000a. Lack, Skutch and Moreau: the early development of life-history thinking. Con-
dor 102:3–8 

Ricklefs RE. 2000b. Density dependence, evolutionary optimization and the diversifi cation of avian 
life histories. Condor 102:9–22 

Roby DD, Ricklefs RE. 1986. Energy expenditure in adult least auklet and diving petrels during the 
chick-rearing period. Physiol. Zool. 59:661–78 

Roff DA. 1986. The evolution of wing dimorphism in insects. Evolution 40:1009–20 
Roff DA. 1992. The Evolution of Life Histories. New York: Chapman & Hall. 535 pp. 
Roff DA, Stirling G, Fairbairn DJ. 1997. The evolution of threshold traits: a quantitative genetic 

analysis of the physiological and life-history correlates of wing dimorphism in the sand crick-
et. Evolution 51:1910–19 

Rogers CM, Smith JNM. 1993. Life-history theory in the nonbreeding period: trade-offs in avian fat 
reserves. Ecology 74:419–26 

Rogowitz GL. 1996. Trade-offs in energy allocation during lactation. Am. Zool. 36:197–204 
Ros AF, Groothius TTG, Apanius V. 1997. The relationship among gonadal steroids, immunocom-

petence, body mass, and behavior in young black-headed gulls (Larus ridibundus). Am. Nat. 
150:201–19 

Rose MR. 1984. Laboratory evolution of postponed senescence in Drosophila melanogaster. Evolu-
tion 38:1004–10 

Rose MR, Bradley TJ. 1998. Evolutionary physiology of the cost of reproduction. Oikos 83:443–51 
Rose MR, Graves JL, Hutchinson EW. 1990. The use of selection to probe patterns of pleiotropy in 

fi tness characters. In Insect Life Cycles, ed. F Gilbert, pp. 2942. New York: Springer-Verlag 

Rose MR, Nusbaum TJ, Chippendale AK. 1996. Laboratory evolution: the experimental wonderland 
and the Cheshire Cat Syndrome. In Adaptation, ed. MR Rose, GV Lauder, pp. 221–44. San Di-
ego, CA: Academic 

Rose MR, Vu LN, Park SU, Graves JL. 1992. Selection on stress resistance increases longevity in 
Drosophila melanogaster. Exp. Gerontol. 27:241–50 

Royle NJ, Surai PF, McCartney RJ, Speake BK. 1999. Parental investment and egg yolk lipid com-
position. Funct. Ecol. 13:298–306 

Saino N, Moller AP, Bolzern. 1995. Testosterone effects on the immune system and parasite infes-
tations in the barn swallow (Hirundo rustica): an experimental test of the immunocompetence 
hypothesis. Behav. Ecol. 6:397–404 

Salmon AB, Marx DB, Harshman LG. 2001. A cost of reproduction: stress susceptibility. Evolution. 
In press 

Schwarzkopf L. 1994. Measuring trade-offs: a review of studies of costs of reproduction in lizards. 
In Lizard Ecology. Historical and Experimental Perspectives, ed. LJ Vitt, ER Pianka, pp. 7–29 
Princeton: Princeton Univ. Press. 403 pp. 

Schwarzkopf L, Blows MW, Caley MJ. 1999. Life-history consequences of divergent selection on 
egg size in Drosophila melanogaster. Am. Nat. 29:33340 



124                   ZERA & HARSHMAN IN ANN. REV. ECOL. SYS. 32 (2001)

Service PM. 1987. Physiological mechanisms of increased stress resistance in Drosophila melano-
gaster selected for postponed senescence. Physiol. Zool. 60:321–26 

Service PM, Hutchinson EW, MacKinley MD, Rose MR. 1985. Resistance to environmental stress in 
Drosophila melanogaster selected for postponed senescence. Evolution 42:708–16 

Service PM, Hutchinson EW, Rose MR. 1988. Multiple genetic mechanisms for the evolution of se-
nescence in Drosophila melanogaster. Evolution 42:708–16 

Service PM, Rose MR. 1985. Genetic covariation among life history components: the effects of nov-
el environments. Evolution 39: 943–45 

Sgro CM, Partridge L. 1999. A delayed wave of death from reproduction in Drosophila. Science 
286:2521–24 

Sheldon BC, Verhulst S. 1996. Ecological immunity: costly parasite defenses and trade-offs in evolu-
tionary ecology. Trends Ecol. Evol. 11:317–21 

Shine R, Schwarzkopf L. 1992. The evolution of reproductive effort in lizards and snakes. Evolution 
46:62–75 

Shine R, Schwarzkopf L, Caley MJ. 1996. Energy, risk and reptilian reproductive effort: a reply to 
Niewiarowski and Dunham. Evolution 50:2111–14 

Sibly R, Antonovics J. 1992. Life-history evolution. In Genes in Ecology, ed. RJ Berry, TJ Crawford, 
GM Hewitt, pp. 87–121. Oxford, UK: Blackwell Sci. 535 pp. 

Simmons FH, Bradley TJ. 1997. An analysis of resource allocation in response to dietary yeast in 
Drosophila melanogaster. J. Insect Physiol. 43:779–88 

Sinervo B. 1990. The evolution of maternal investment in lizards: an experimental and comparative 
analysis of egg size and its effects on offspring performance. Evolution 44:279–94 

Sinervo B. 1994. Experimental tests of allocation paradigms In Lizard Ecology, ed. L Vitt, ER Pi-
anka, pp. 73–90. Princeton, NJ: Princeton Univ. Press. 403 pp. 

Sinervo B. 1999. Mechanistic analysis of natural selection and a refi nement of Lack’s and Williams’s 
principles. Am. Nat. 154:S2642 

Sinervo B, Basolo AL. 1996. Testing adaptation using phenotypic manipulations. In Adaptation, ed. 
ML Rose, GV Lauder, pp. 149–85. San Diego, CA: Academic. 511 pp. 

Sinervo B, Licht P. 1991. Proximate constraints on the evolution of egg size, egg number and total 
clutch mass in lizards. Science 252:1300–2 

Sinervo B, McEdward LR. 1988. Developmental consequences of an evolutionary change in egg 
size: an experimental test. Evolution 42:885–99 

Sinervo B, Miles DB, DeNardo DF, Frankino WA, Klukrowski M. 2000. Testosterone, endurance, 
and Darwinian fi tness: natural and sexual selection on the physiological basis of alternative 
male behaviors in side-blotched lizards. Horm. Behav. 38:222–33 

Stearns SC. 1989. Trade-offs in life history evolution. Funct. Ecol. 3:25948 
Stearns SC. 1992. The Evolution of Life Histories. Oxford, UK: Oxford Univ. Press. 249 pp. 
Stearns SC, Kaiser M. 1993. The effects of enhanced expression of elongation factor EF-1 alpha on 

lifespan in Drosophila melanogaster. IV. A summary of three experiments. Genetica 91:167–82 
Stevens DJ, Hansell MH, Freel JA, Monaghan P. 1999. Developmental trade-offs in caddis fl ies: in-

creased investment in larval defense alters adult resource allocation. Proc. R. Soc. London Ser. 
B 266: 1049–54 

Styrsky JD, Dobbs RC, Thompson CF. 2000. Food supplementation does not override the effect of 
egg mass on fi tness-related traits of nestling house wrens. J. Anim. Ecol. 69:690–702 

Styrsky JD, Eckerle KP, Thompson CF. 1999. Fitness-related consequences of egg mass in nestling 
house wrens. Proc. R. Soc. Biol. Sci. Ser. B 266: 1253–58 

Svensson E, Raberg L, Koch C, Hasselquist D. 1998. Energetic stress, immunosuppression and the 
costs of an antibody response. Funct. Ecol. 12:912–19 



PHYSIOLOGY OF LIFE HISTORY TRADE-OFFS IN ANIMALS                   125

Tanaka S. 1993. Allocation of resources to egg production and fl ight muscle development in a wing 
dimorphic cricket, Modicogryllus confi rmatus. J. Insect Physiol. 39:493–98 

Tatar M. 2000. Transgenic organisms in evolutionary ecology. Trends Ecol. Evol. 15:207–11 
Tatar M, Khazeli AA, Curtsinger JW. 1997. Chaperoning extended life. Nature 390:30 
Thompson DL, Monaghan P, Furness RW. 1998. The demands of incubation and avian clutch size. 

Biol. Rev. 73:293–304 
Tinkle DW, Hadley NE 1975. Lizard reproductive effort: caloric estimates and comments on its evo-

lution. Ecology 56:427–34 

Tower J. 1996. Aging mechanisms in fruit fl ies. BioEssays 18:799–807 
Townsend CR, Calow P. 1981. Physiological Ecology. An Evolutionary Approach to Resource Use. 

Oxford, NY: Blackwell Sci. 393 pp.
Trillmich F. 1986. Are endotherms emancipated? Some considerations on the cost of reproduction. 

Oecologia 69:631–33 
Tuomi J, Haukioja E, Hakala T. 1983. Alternative concepts of reproductive efforts, costs of reproduc-

tion and selection on life history evolution. Ecology 56:427–34 
van Noordwijk AJ, de Jong G. 1986. Acquisition and allocation of resources: their infl uence on varia-

tion in life history tactics. Am. Nat. 128:13742 

Veiga JP, Salvador A, Merino S, Puerta M. 1998. Reproductive effort affects immune and parasite in-
fection in a lizard: a phenotypic manipulation using testosterone. Oikos 82:313–18 

Walsberg GE. 1983. Avian ecological genetics. In Avian Biology, ed. DS Farner, pp. 161–219. New 
York: Cold Spring Harbor Lab. Press 

Wang Y, Salmon AB, Harshman LG. 2001. Loss of stress resistance is associated with increased egg 
production in Drosophila melanogaster. Exp. Gerontol. In press 

Ward S. 1996. Energy expenditure of female barn swallows, Hirundo rustica, during egg formation. 
Physiol. Zool. 69:930–51 

Watson MJO, Hoffmann AA. 1996. Acclimation, cross-generation effects, and the response to selec-
tion for increased cold resistance in Drosophila. Evolution 50:1182–92 

Wayne ML, Soundararajan U, Harshman LG. 2001. Correlated responses to selection for female star-
vation resistance in Drosophila melanogaster: ovariole number and age-specifi c egg produc-
tion. Evolution. In review 

Weatherhead PJ, Metz KJ, Bennett GF, Irwin RE. 1993. Parasite faunas, testosterone and secondary 
sexual traits in male red-winged blackbirds. Behav. Ecol. Sociobiol. 33:12–23 

Weiner J. 1992. Physiological limits to sustainable energy budgets in birds and mammals: ecological 
implications. Trends Ecol. Evol. 7:384–88 

Wilson RS, Booth DT. 1998. Effect of tail loss on reproductive output and its ecological signifi cance 
in the skink Eulamprus quoyii. J. Herpetol. 32: 128–31 

Wingfi eld JC. 1988. Changes in reproductive function of free-living birds in direct response to envi-
ronmental perturbations. In Processing of Environmental Information in Vertebrates, ed. MH 
Stetson, pp. 520–28. Berlin: Springer-Verlag 

Wingfi eld JC, Maney DL, Breuner CW, Jacobs JD, Lynn S, et al. 1998. Ecological bases of hormone-
behavior interactions: the “emergency life history stage.” Am. Zool. 38:191–206

Withers PC. 1992. Comparative Animal Physiology. Fort Worth, TX: Saunders College. 949 pp. 

Witter MS, Cuthill IC. 1993. The ecological costs of avian fat storage. Philos. Trans. R. Soc. London 
Ser: B 340:73–92 

Zera AJ. 1999. The endocrine genetics of wing polymorphism in Gryllus: critique of recent studies 
and state of the art. Evolution 53:972–76 

Zera AJ, Bottsford J. 2001. The endocrine-genetic basis of life-history variation: relationship between 



126                   ZERA & HARSHMAN IN ANN. REV. ECOL. SYS. 32 (2001)

the ecdysteroid titer and morph-specifi c reproduction in the wing-polymorphic cricket, Gryllus 
fi rmus. Evolution 55:538–49 

Zera AJ, Brink T. 2000. Nutrient absorption and utilization by wing and fl ight muscle morphs of the 
cricket Gryllus fi rmus: implications for the trade-off between fl ight capability and early repro-
duction. J. Insect Physiol. 46:1207–18 

Zera AJ, Cisper GL. 2001. Genetic and diurnal variation in the juvenile hormone titer in a wing poly-
morphic cricket: implications for the evolution of life histories and dispersal. Physiol. Biochem. 
Zool. 74:293–306 

Zera AJ, Denno RF. 1997. Physiology and ecology of dispersal polymorphism in insects. Annu. Rev. 
Entomol. 42:207–31 

Zera AJ, Huang Y. 1999. Evolutionary endocrinology of juvenile hormone esterase: functional rela-
tionship with wing polymorphism in the cricket, Gryllus fi rmus. Evolution 53:337–47 

Zera AJ, Larsen A. 2001. The metabolic basis of life history variation: genetic and phenotypic differ-
ences in lipid reserves among life history morphs of the wing-polymorphic cricket, Gryllus fi r-
mus. J. Insect Physiol. In press 

Zera AJ, Mole S, Rokke K. 1994. Lipid, carbohydrate and nitrogen content of long- and short-winged 
Gryllus fi rmus: implications for the physiological cost of fl ight capability. J. Insect Physiol. 
40:1037–44 

Zera AJ, Potts J, Kobus K. 1998. The physiology of life history trade-offs: experimental analysis of a 
hormonally-induced life history trade-off in Gryllus assimilis. Am. Nat. 152:7–23 

Zera AJ, Sall J, Grudzinski K. 1997. Flight-muscle polymorphism in the cricket Gryllus fi rmus: mus-
cle characteristics and their infl uence on the evolution of fl ightlessness. Physiol. Zool. 70:519–
29 

Zera AJ, Tiebel KC. 1989. Differences in juvenile hormone esterase activity between presumptive 
macropterous and brachypterous Gryllus rubens: implications for the hormonal control of wing 
polymorphism. J. Insect Physiol. 35:7–17 

Zhao Z, Zera AJ. 2001. Enzymological and radiotracer studies of lipid metabolism in the fl ight-ca-
pable and fl ightless morphs of the wing-polymorphic cricket, Gryllus fi rmus. J. Insect Physi-
ol. In press 

Zuk M, Johnsen TS, Maclarty T. 1995. Endocrine-immune interactions, ornaments and mate choice 
in red jungle fowl. Proc. R. Soc. London Ser. B 260:205–10 

Zwann B, Bijlsma R, Hoekstra RF. 1995. Direct selection on life span in Drosophila melanogaster. 
Evolution 49:649–59 


	The Physiology of Life History Trade-Offs in Animals
	

	Zera ARES 2001 Physiology of life history.indd

