
2 NOVEMBER 2012    VOL 338    SCIENCE    www.sciencemag.org 618

PERSPECTIVES

        A
s people live longer, the question 

arises of how malleable aging is 

and whether it can be slowed or 

postponed. The classic evolutionary theo-

ries of aging ( 1– 4) provide the theoretical 

framework that has guided aging research 

for 60 years. Are the theories consistent 

with recent evidence?

At the heart of the theories lies the obser-

vation that the old count less than the young: 

Unfavorable traits are weeded out by evo-

lution more slowly at higher ages ( 2); traits 

that are benefi cial early in life are selected 

for despite late life costs ( 3); and resources 

are used to enhance reproduction at younger 

ages instead of maintaining the body at ages 

that do not matter much for evolution ( 1). The 

decline in the force of selection with age is 

viewed as the fundamental cause of aging 

( 4). It is why, starting at reproductive matu-

rity, senescence—increases in susceptibility 

to death and decreases in fertility—should be 

inevitable in all multicellular species capable 

of repeated breeding ( 4). Yet, this is not the 

case. Increasing, constant, and decreasing 

mortality (and fertility) patterns (see the fi g-

ure) are three generic variants that compose 

the rich diversity of life trajectories observed 

in nature. For vertebrates, reproductive tra-

jectories are commonly hump-shaped, and 

death rates may start rising much later than 

reproductive maturity ( 5). Thus, a new view 

on the fundamental causes of aging is needed 

to explain the clash of theory and data.

Allocation theory, which seeks to explain 

how resource limitations determine life-his-

tory patterns, provides a possible, promising 

perspective ( 6). Nature strikes compromises 

in allocating limited resources to growth ver-

sus maintenance versus repro-

duction versus escaping preda-

tors and pathogens. The scar-

city of resources available for 

competing needs requires that 

an organism “makes difficult 

choices” at every moment of life. 

For instance, more energy dedi-

cated to growth at one moment 

may reduce reproductive output 

but improve chances of survival 

to the next breeding opportunity, 

when conditions might be bet-

ter and reproductive potential 

(because of growth) higher ( 6). 

Current theory of aging acknowl-

edges the necessity of such 

compromises ( 7) but neglects 

their fundamental importance. 

Because the declining force of 

selection with age dominates 

evolutionary thinking about 

aging, classic theory focuses on 

life-history choices that specifi -

cally confer early-life advantages at the cost 

of late-life losses.

By widening horizons to consider not only 

early- versus late-life compromises but all 

the diffi cult choices an organism must make 

in allocating limited resources to competing 

needs over its life span, it is possible to gain 

insights into the diverse demographic patterns 

observed in nature ( 6,  8,  9). Even the effects 

of purely deleterious mutations that act only 
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Aging patterns. The illustration is a schematic view of how species 
age in radically different ways. The life courses of humans and of 
many mammals and birds, at least at the oldest ages, are gener-
ally marked by rising mortality. For the tortoise Gopherus agassizii 
( 17) and many other reptiles, amphibians, fi sh, and plants, mortal-
ity decreases throughout adult life. For the freshwater polyp Hydra 

vulgaris ( 18) and various other species across the tree of life, daily 
survival is more or less constant with age.

true preferences, including those for child 

health. This is an important area for further 

exploration because it implies that seem-

ingly paternalistic policies, or expenditures 

that change outcomes relative to what would 

be chosen independently, may help people 

to arrive at outcomes that they would them-

selves choose in the absence of scarcity.

Banerjee and Duflo ( 15) have recently 

made the case for improving well-being by 

reducing the number of decisions that people 

have to make. They argue that in the United 

States, people do not have to decide whether 

to chlorinate their drinking water—it comes 

that way; similarly, many employers enroll 

people into retirement plans by default, less-

ening the need to actively make a choice to 

save. In developing countries, on these topics 

as well as others, people must make choices, 

decisions, and trade-offs. The evidence from 

Shah et al. provides another argument for 

why having so many choices can result in bad 

outcomes; scarcity makes quality decision-

making diffi cult. Under such circumstances, 

defaults and guide rails, such as default 

option retirement plans, make quality deci-

sion-making easier and can have big payoffs 

for well-being. 
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at older ages can be accounted for by appro-

priate allocation models ( 10). In such models, 

the force of selection declines with age, but 

though important, this decline is not decisive 

in molding fertility and mortality patterns.

What is decisive is the “option set” of a 

species, which can be summarized by the fea-

sible combinations of survival and reproduc-

tion at all ages over the life span. Option sets 

differ widely: For some species, extra invest-

ment in repair and maintenance substantially 

reduces fertility; for other species there is 

little impact; for yet other species enhanced 

repair and maintenance decrease current but 

increase future fecundity. The details of such 

option sets shape age patterns of growth, fer-

tility, and mortality ( 8,  11).

Little is known about what types of con-

straints favor a pattern of aging with increas-

ing mortality and decreasing fertility (senes-

cent) versus alternative patterns with con-

stant or declining mortality and constant or 

increasing fertility (nonsenescent). Life-his-

tory models suggest that the marginal costs 

and benefi ts of energy allocation play a cen-

tral role ( 8,  11). To test this and to explore 

other hypotheses, it would be informative to 

compare plants, for which growth and repro-

duction fl exibly adapt to environmental con-

ditions ( 12), to animals, for which growth 

and reproduction are more rigid and distinct 

( 8). In contrast to vertebrates, plants capable 

of vegetative reproduction can create off-

spring by splitting off body parts. Thereby an 

investment in growth effectively becomes an 

investment in reproduction. Species that are 

small but long-lived (such as hydra in the lab-

oratory), that can reproduce either sexually 

or asexually (such as daphnia), or that face 

highly uncertain environments [such as des-

ert plants ( 12)] may also be good candidates 

for studies of how allocation options shape 

patterns of aging.

Research on the evolution of aging should 

focus on unraveling those differences in spe-

cies’ option sets that lead to senescent versus 

nonsenescent aging patterns. A major bar-

rier in accomplishing this has been the lack 

of laboratory, zoo, and fi eld evidence about 

age patterns of growth, maintenance, fertil-

ity, and mortality for species across the tree 

of life. New statistical methods and soft-

ware now permit the extraction of mortal-

ity patterns from fi eld data that are sporadic 

or are missing observations ( 13). Further 

development of life-history models hinges 

on more extensive and reliable data as well 

as on experiments to reveal how much allo-

cation of additional resources to, say, faster 

growth or a more effective immune system 

affects lifetime fertility and survival. Funda-

mental understanding of why humans dete-

riorate so sharply ( 14) compared with other 

species, why human mortality has fallen so 

dramatically ( 15), and whether aging can be 

further delayed or even slowed ( 16) depends 

on knowledge of why some species senesce 

and others do not. 
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The extreme diversity of cichlid fi shes 

in East Africa helps to elucidate how 

and why  organisms diversify.

        H
ow is genetic variation connected 

to morphological evolution? How 

did Earth’s spectacular organismal 

diversity evolve and how is it maintained? 

To answer these fundamental questions, sci-

entists must understand how organisms func-

tion and diversify and how they interact with 

other organisms and the environment. Recent 

studies of cichlids, including ( 1– 7), are 

beginning to provide insights into the basis 

of diversifi cation in this exceptionally diverse 

fi sh family.

Many widely used biological model sys-

tems only provide limited insights into organ-

ismal diversifi cation. Traditional laboratory-

based model organisms tell us little about how 

organisms survive, adapt, behave, and repro-

duce in the wild. Model organisms used in 

evolutionary and ecological research, on the 

other hand, are often diffi cult to breed, their 

genomes are poorly characterized, and few 

genetic and developmental tools are available 

to study them. Furthermore, most established 

model systems are not very diverse taxonom-

ically and phenotypically. Notable exceptions 

are instances of adaptive radiation, that is, the 

rapid origination of a multitude of phenotypi-

cally diverse species from a common ances-

tor through adaptation to distinct ecological 

niches ( 8,  9). Famous examples of adaptive 

radiations include Darwin’s fi nches on the 

Galápagos archipelago, silversword plants on 

Hawaii, anole lizards on islands of the Carib-

bean, and cichlid fi shes in East Africa.

In the case of cichlids, hundreds of 

endemic species evolved independently in 

each of the three East African Great Lakes: 

Victoria, Malawi, and Tanganyika. Cichlids 

thus form by far the most species-rich extant 

adaptive radiations. They split up into distinct 

species in such little time that their DNA is 

still almost identical, a situation comparable 

to an experimental mutagenesis screen, yet in 

a natural environment ( 10).

Analyses of draft genome and tran-

scriptome sequences have demonstrated 

the potential provided by such data ( 1, 2, 5, 

7,  11). Loh et al. ( 1), for example, investi-

gated microRNA genes, which are important 

agents for the regulation of gene expression, 

and detected signatures of divergent natural 

selection in microRNA target sites among 

Lake Malawi cichlids. A comparative tran-

scriptome analysis revealed little divergence 

at protein-coding sequences but high diver-

sity in untranslated regions that are impor-
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