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Classic theories for the evolution of senescence predict

that rates of aging should be highest in populations in

which extrinsic mortality is high. This predication is

called into question in new work by David Reznick and

co-workers, who found that guppies Poecilia reticulata

derived from natural populations with high levels of

predation live the longest in the laboratory. This study

illustrates that the effect of mortality on aging might

depend on how we define aging, and on the particular

cause of increased mortality.

In our quest to understand the evolution of senescence,
many evolutionary biologists have focused on laboratory-
based searches for genes and gene pathways that extend
life span (e.g. [1]). Although results from these molecular
studies are exciting, a new study on senescence in
Trinidadian guppies Poecilia reticulata by David Reznick
and co-workers [2] reminds us that we still have much to
learn from nature. Over the past 15 years, Reznick has
established the guppy as one of the best-known species for
studies of life-history evolution in the wild. In his latest
work, he set out to test classic theories of the evolution of
senescence.
Classic theory

Theories for the evolution of senescence are based on the
idea that mutations whose effects are confined to late age
will have a much lower impact on fitness than will
mutations with early-age effects [3]. As Medawar realized
[4], late-age deleterious mutations will thus accumulate
over evolutionary time, leading to a decrease in physio-
logical and biochemical function with age. Subsequently,
Williams pointed out that selection will favor these late-
acting deleterious mutations if they have beneficial effects
early in life [5]. Both models predicted that deleterious
mutations would accumulate at a faster rate in popu-
lations with high extrinsic mortality, because fewer
individuals would survive to breed at later ages and the
force of selection would thus decline more quickly.
Test of classic theory in the wild

To test this prediction directly, Reznick et al. collected
guppies from both high- and low-predation sites in two
separate drainages in the mountains of Trinidad [2]. They
bred the fish in the laboratory and, after two generations,
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measured age-specific mortality and fecundity, as well as
the ‘C-start’, an anti-predator swimming escape behavior.
In marked contrast to theoretical expectation, they found
that fish from populations with high extrinsic mortality
exhibited longer life span relative to populations from low-
mortality environments. Additionally, high-predation
guppies began reproducing at an earlier age and had
higher age-specific fecundity across their reproductive
life span.

This unexpected finding might be due, in part, to the
fact that all extrinsic mortality forces are not equal. In
guppies, high densities of predators of guppies reduce prey
(i.e. guppy) density, which can increase food resources for
surviving guppies (e.g. [6]). Greater resource availability
might then release guppies from density-dependent
regulation, an evolutionary force that is known to operate
in low-predation guppy populations [7]. Furthermore,
because high-predation populations have high rates of
extrinsic mortality [8], high predation could also select for
faster, fitter guppies. As the authors suggest, these
findings show that we should interpret observations
from nature using more-realistic models of senescence
that incorporate factors such as density dependence [9]
and condition dependence [10,11].
Issues arising

The study by Reznick et al. [2] raises three important
empirical issues that must be addressed if we are to
understand fully the biology of aging in the field and
laboratory. First, studies of senescence have used a variety
of different demographic parameters to measure aging in
addition to maximum life span, including initial mortality
rate of young adults, age of onset of increasing mortality
and the rate of increase of age-specific mortality. We need
to determine which parameter is most appropriate to use
when we measure senescence, because different measures
could lead to different conclusions. Second, we need to put
much greater emphasis on aging in the underlying
behavioral and physiological traits that lead to increases
in age-specific mortality. Our current focus on age at death
as the metric of senescence inevitably limits our ability to
understand fully the genetics and evolution of aging.
Finally, in thinking about how extrinsic mortality affects
senescence, we need to consider not only the rate of
extrinsic mortality, but also the source(s) of mortality.
From an evolutionary perspective, not all deaths are
the same.
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Which parameter is most appropriate for measuring

senescence?

In studies that compare senescence in different cohorts,
one often sees plots of survivorship (the proportion, lx, of a
single cohort alive at each age, x). These plots provide a
useful starting point to gain qualitative information about
senescence because they show median and maximum life
expectancy (lxZ0.5 and lxZ0, respectively). Unfortu-
nately, lx values are influenced by deaths that occurred
in previous ages, and so are not statistically independent
of one another. To obtain independent demographic
estimates at each age, demographers turn to intrinsic
mortality rates. When plotted against age, these mortality
hazards (mxZprobability of death at age x) often have a
characteristic ‘bathtub’ shape that is consistent with high
infant mortality, followed by a period of low mortality, and
increasing mortality starting at some (often young) adult
age. Mortality analyses provide several variables of
interest in studies of aging, including the age at which
mortality begins to increase, the rate at which it increases
(which can depend on the maximum lifespan), and the
constancy of the rate of increase.

Many studies have found that, over a large fraction of
the life span, the pattern of increase in instantaneous
mortality rate (mx) versus age fits the Gompertz equation,
mxZAebx (Figure 1). The initial mortality (A) and slope (b)
are often considered measures of the frailty and rate-of-
senescence of the population, respectively [12,13]. Reznick
et al.’s study suggests that the real world is a great deal
more complicated. Consider the possible measures of
aging that we have mentioned. We would predict, a priori,
that high predation should lead to reduced maximum life
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Figure 1. Mortality hazards of Reznick et al. [2] from two Trinidadian drainages

(Yarra and Oropuche) and two levels of predation (high and low). For the rate of

increase in age-specific mortality, Yarra high predation populations had faster

senescence than did Yarra low predation populations, but Oropuche high predation

populations did not differ from Oropuche low predation populations. For initial

mortality rate, Yarra low predation populations had higher frailty than did Yarra

high predation populations, and Oropuche low predation populations had higher

frailty than did Oropuche high predation populations. If high predation causes

faster aging, than we would expect both rate-of-increase and initial mortality rates

to be highest in the high predation populations within each drainage area.
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span, increased frailty, younger onset and increased rate
of senescence [14]. Based on the analyses of Reznick et al.,
we can compare these measures in the two high-predation
sites (YH, Yarra River high predation; OH, Oropuche
River high predation) with the two low-predation sites
(YL, Yarra River low predation; OL, Oropuche River low
predation) when the fish were raised in a common
laboratory environment (analytical method of [15]). As
expected, the rate of aging (b) was highest in a high
predation population in the Yarra drainage (YHOYL),
although not in the Oropuche drainage (OHZOL). The
age of mortality onset was earliest in the high predation
locale in the Yarra drainage, but not in the Oropuche
drainage. But surprisingly, frailty (A) was highest in the
low-predation site for both drainages (YLOYH) and
(OLOOH). Similarly, the longest life spans were observed
in fish derived from a high predation pool. Thus, whether
we support or reject the claim that high extrinsic mortality
rates increase senescence depends on how we define
senescence.

Which phenotype is most appropriate for measuring

senescence?

Some of the confusion over how to measure aging can be
resolved by turning to measures other than mortality.
Biogerontologists have traditionally focused on death
rates as the definitive measure for the onset and rate of
senescence (e.g. [12]). But as Miller pointed out [16], there
are plenty of traits to choose from that deteriorate with
age, affecting neuronal, immune and musculoskeletal
function. Studies of age-related physiological or beha-
vioral changes typically include measures at just two or
three ages. However, by incorporating a more demo-
graphic approach, Reznick et al. demonstrated senescence
in other traits, such as reproduction and behavior. By
broadening our focus from age-related changes in mor-
tality rate to senescent changes in physiological or
behavior traits, we might increase our understanding of
the underlying causes of demographic senescence. We
might ask if the exponential increase in mortality rate is
mirrored by exponential changes in other traits, sug-
gesting similar causes. Consider, for example, the case of
menopause in humans. If we treat menopause as a demo-
graphic event (Figure 2), the age-related increase in the
risk of menopause is described by the same Gompertz
equation as is risk of death, but with a doubling time of
w3 years, rather than the 8-year doubling time that we
see for female mortality [17]. Detailed analysis of other
physiological traits (e.g. metabolism [18]) or behavioral
traits (e.g. C-start [2] or voluntary exercise [19]) should
help reveal the evolutionary genetics of deteriorating
phenotypes, which leads to increasing age-specific
mortality.

Which sources of mortality matter?

From an evolutionary perspective, not all deaths are the
same. When G.C. Williams [5] argued that higher
extrinsic mortality should lead to higher rates of senes-
cence, he was referring to random, condition-independent
events. Because guppy populations with predators have
higher rates of extrinsic mortality [8], Reznick et al. point
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Figure 2.Observed age-specific menopause rate (solid circles) and femalemortality

rate (open circles) for women from an Australian twin study (data from [20] for

menopause) and women from the US vital statistics report (data from [17]). The

slope for menopause was 0.23 and for mortality was 0.087, showing that

menopause, similar to mortality, follows Gompertz rates of increase with age.
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to alternative models that could explain their unexpected
findings [11]. Williams and Day [11] note that, if the risk
of dying from an extrinsic hazard depends on the condi-
tion of an individual, we might see a negative correlation
between the extrinsic force of mortality and rate of
senescence. This could explain the finding that guppies
from high-predation populations have lower mortality
rates. It would be interesting to extend this model to
include other kinds of mortality hazard. Consider, for
example, the difference between predators and pathogens.
An individual that escapes a predator today will have the
same probability of becoming that the lunch for that
predator tomorrow, all else being equal. By contrast, an
individual that survives infection by a pathogen might be
less likely to die from future infections by this same
pathogen, owing to the benefits of acquired immunity.
Thus, different types of condition-dependent mortality
might have different long-term effects on the evolution
of senescence.

Conclusions

That all mortality sources might not have equivalent
effects on senescence when their force is changed is a
recent realization in studies of the evolution of aging and
will be a productive area for future theoretical work.
Natural systems, such as the Trinidadian guppies,
demonstrate that our understanding of the evolution of
aging will benefit from modeling numerous aging
www.sciencedirect.com
parameters, traits other than age at death and the causes
of mortality.
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