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A central prediction of classical theories of senescence
states that environments posing a high risk of mortality
favor the evolution of rapid intrinsic deterioration, or
ageing. Although widely cited as being largely corroborated by existing data, empirical support for this prediction has been mixed. Recent theory suggests that this
expectation should only be realized under particular
circumstances, and this could account for the equivocal
empirical findings. Here, we highlight the salient
features of some of the recent developments in this field
and suggest some ways in which progress might be
made. We argue that it is necessary to move beyond
the simplistic classical expectation and to take a more
comprehensive and precise approach to studies of
senescence, both theoretically and empirically.
Introduction
The progressive deterioration in the physiological state of an
organism over time, variously termed senescence or ageing
[1,2], continues to fascinate present-day researchers as
much as it did those who pioneered its investigation. Early
interest in the subject [1] was due primarily to the enigma
that it posed: given that ageing is accompanied by reductions in fecundity and survival, why has selection not eliminated it? This question was subsequently taken up by such
luminaries as Fisher [3], Haldane [4], Medawar [5],
Williams [6] and Hamilton [7], who laid the theoretical
foundations of the modern evolutionary theory of ageing
(Box 1; but see [8]).
It was Medawar [5] who provided the key insight that,
even in the absence of ageing, potential contributions to
fitness by individuals of a given age must be weighted by
the probability of surviving up to that point owing to the
constant risk of mortality posed by disease, predation and
accidents. Thus, the later in life a trait is first expressed the
less visible it will be to selection, because any organism
bearing such a trait is increasingly likely to have already
succumbed to some environmental hazard. Ageing can
then proceed via two non-mutually exclusive mechanisms:
mutation accumulation [5] and antagonistic pleiotropy [6].
Mutation accumulation is a process in which deleterious
alleles with age-specific effects reach non-zero equilibrium
frequencies determined by mutation–selection balance.
Owing to the waning force of selection, these equilibrium
frequencies tend to increase with age. The adaptive theory
of antagonistic pleiotropy uses the notion of life-history
tradeoffs [2], where improvements early in life are purchased at a cost to later-age fitness components. In either
case, a pattern of progressive deterioration of state with
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age results [9]. These largely verbal models were later
formalized into a quantitative theory by Hamilton [7]
and subsequently refined by Charlesworth [9] (Box 1).
Evolutionary predictions of ageing
Irrespective of the relative contributions of these mechanisms, Medawar’s insight provides the basis for the fundamental prediction, here termed Williams’ hypothesis [6],
which asserts that ageing should proceed most rapidly in
populations that typically experience the highest rates of
environmentally imposed mortality [1,5,6,9–11]. Williams’
hypothesis has provided a simple and intuitive prediction
for a rapidly growing body of empirical work aimed at
assessing the validity of classical theories of ageing. Moreover, as no other environmental factor has been proposed
to account for the observed variation in rates of ageing both
between and among species, Williams’ hypothesis stands
as the main predictive tool used by comparative biologists
when investigating how senescence schedules are shaped
in the wild [9,11–13].
The centrality of this prediction is evidenced by the fact
that most recent studies [14–20], review articles [13,21–23]
and books [24–26] on the subject cite Williams’ hypothesis
as a direct corollary of evolutionary theories of senescence
that has been largely vindicated by empirical evidence.
Nevertheless, its generality has long been questioned on
both empirical and theoretical grounds. In Longevity,
Senescence and the Genome [10], Caleb Finch weighed in
with ‘. . .the outcome of this prediction is a major issue, and
conclusions are by no means straightforward or settled, in
my view.’ Utilizing the formalism of Hamilton, Abrams [27]
has shown that evolutionary predictions can be considerably altered when the effects of density dependence are
taken into account. More recent theoretical [28] and
empirical [17,29,30] findings offer still further indications
that the prevailing wisdom, as expressed in the various
statements of Williams’ hypothesis, is incomplete.
Williams’ hypothesis revisited
Williams’ hypothesis is predicated on the premise that the
expected future contribution of an organism to total fitness,
at any given age, diminishes as the risk of mortality
increases, because the probability of surviving to that age
is reduced [5,6]. In Williams’ original parlance ‘. . .low adult
death rates should be associated with low rates of senescence, and high adult death rates with high rates of senescence.’[6]. The death rates referred to in this statement
result from environmental hazards that act on all adult
age classes, senescent or otherwise. This implies that it is
the ‘extrinsic’, or age- and condition-independent, component of environmental hazards that promotes accelerated
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Box 1. Quantifying the costs of senescence
Quantitative models of the verbal theories of Medawar [5] and
Williams [6] typically appeal to the formalism introduced by Hamilton
[7], who derived expressions governing the effects of changes in agespecific mortality and fecundity on fitness. Fitness is usually
measured as the intrinsic rate of increase, r, given implicitly by the
1
X
solution to the Euler–Lotka equation (E–L)
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Following Hamilton, the fitness effect of a mutation in some trait, z,
that affects period survival probability in the interval x  1 to x, and/or
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Hamilton also derived an indicator of the sensitivity of fitness to a
senescent change in age-specific survival probability, defined as a
change that is first experienced at age x but continues to be felt for all
ages thereafter. This is likely to be a more relevant measure of fitness

ageing [6,27]. Although ‘extrinsic’ is often used to refer
to any mortality factor with an environmental origin
[21,29,31,32] (e.g. predation, parasitism and inclement
weather), these same hazards are often likely to depend
on the condition or state of an individual.
The term ‘rate of ageing’ also requires some qualification.
Ultimately, this is the rate at which expected contributions
to fitness decline with age [11,12], and so is a function of both
age-specific mortality and fecundity terms. Williams’
hypothesis is therefore most correctly phrased in terms of
measures that integrate both these vital rate schedules,

sensitivity for discussions of ageing [27,62], because it reflects the fact
that the physiological change that produced the initial decrease in
survival is degenerative, and so remains in a state of disrepair. This
sensitivity is given by Equation II:

 X
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The key implication of these expressions is that mutational effects
of fixed magnitude [i.e. constant terms in the () parentheses of Eqn I
and II], have a diminishing impact on fitness as the age of its expression
increases, because the terms in the [] parentheses are decreasing
functions of time. This quantifies the arguments of Medawar [5] and
Williams [6] regarding the evolutionary origins of ageing.
An important distinction between Equations Ia and II lies in their
respective predictions regarding the onset of senescence. Equation Ia
is constant before the age-of-maturity and declines monotonically
thereafter, implying that senescence begins once reproductive
maturity is reached [9]. By contrast, Equation II also declines
throughout the pre-reproductive period, so that the force of selection
against senescence deterioration begins to wane at birth [62].
Of course, if mutational effects can vary with respect to age,
these sensitivities need not decline monotonically. For example,
if mutations act on period survival or the natural log of fecundity,
the mutational effects in Equation I become 1/p x and m y ,
respectively; the fitness sensitivities in Equation I can then,
under some conditions, increase over some age ranges [8]. If a
mutation causes a senescent change that affects all subsequent
age classes identically, then the sensitivity in Equation II cannot
be an increasing function of age. Mutational effects that might
result in increasing sensitivity over some interval have yet to be
explored.

such as residual reproductive value [11,31]. In fact, the
declining force of selection is expected to affect all traits
correlated with fitness, with senescence manifesting as
pervasive physiological deterioration [6,12]. In principle,
then, a rate of ageing can be extracted from measurements
of declining performance, or physiological senescence, in a
variety of traits.
Nevertheless, most studies focus on divining rate measures from age-specific mortality data (Box 2). Indeed, many
authors cite an increasing mortality rate with age, termed
‘actuarial senescence’, as the defining characteristic of

Box 2. Mortality models and rates of ageing
Following the work of Finch et al. [10], several studies have attempted
to construct measures of the rate of ageing with parameters obtained
from fitting various models to age-specific mortality data. The
Gompertz [10,29,33,56,63,64] and Weibull [43,52] models have been
particularly used in this regard.
Gompertz functions represent total age-specific mortality at any age
x, mx, as the product of an initial mortality rate experienced by young
adults, m0, and an exponential component owing to senescent
deterioration, egx. Both the Gompertz ageing parameter [10,32,33,56],
g, (or, equivalently, the mortality rate doubling time, In2/g) and the
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
quantity vG ¼ m0 g [29,52,55] have been used as indicators of the rate
of ageing. The difference between these two rates highlights a point of
contention in the gerontological literature. Some authors argue that
changes in m0 represent acute alterations to age-specific mortality and
thus do not affect the rate of ageing [34]. Others have noted that the
increase in mortality owing to senescence, mx  m0, is a function of m0,
implying that this parameter influences the cost of senescence and
should therefore be included in a measure of ageing rate [27,55].
The Weibull model partitions total age-specific mortality into a sum
of initial mortality and a term owing to senescent deterioration, so
www.sciencedirect.com

that mx = m0 + axb. In this case, the increase in mortality owing to
ageing, axb, is independent of m0, and the parameter vW = a1/(1+b) has
been used to quantify the rate of ageing [43,52,55].
A general criticism of these rate measures is that, contrary to some
claims [55], they are derived from models that are entirely descriptive
conveniences. As such, the parameters obtained from them have no
intrinsic biological meaning [61]. There is also little indication that
either function can be derived from underlying evolutionary principles [10,27,62]. A model of the mutation accumulation mechanism by
Charlesworth [65] does obtain an expression for age-specific
mortality that has Gompertz-like form, but the generality of this
result has recently been questioned [66]. Antagonistic pleiotropy
models have also been used to generate Gompertz mortality curves,
but only under very specific assumptions [67].
Many studies [63] have described how various interventions
influence the different parameters of fitted mortality models and, by
extension, whether they influence the rate of ageing. A sounder
course of action is to determine if and how a particular treatment
influences the fitness costs of ageing, rather than on whether it alters
some a priori notion of rate change.
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ageing [1,19,33–35]. Actuarial senescence can presumably
be effected either through deteriorative changes that cause
death regardless of the environment of the organisms, or by
enhancing susceptibility to environmental hazards. In the
former case, such mortality has been termed ‘intrinsic’ [15].
However, entirely mortality-based definitions of senescence can be misleading. For example, recent theory questioning the general validity of Hamilton’s finding that
‘senescence is expected to be an inevitable consequence
of the working of natural selection’ [7] has considered the
possibility of negative senescence, defined as a decreasing
mortality rate with age [35]. However, factors such as
growth and learning might reduce exposure to hazards
such predation as an organism ages. If this reduction is
greater than any increase in mortality caused by senescent
deterioration, then a decline in age-specific mortality rates
over some age intervals would be observed. Moreover,
given tradeoffs between organismal state early and late
in life, life-history optimization [6,12] can result in early
life improvements that potentially including decreasing
mortality rates [11,12]. In either of these cases, decreasing
age-specific mortality rates can occur despite a continual
weakening of the force of natural selection against senescent deterioration, which is predicted by Hamilton’s work
(Box 1).
Empirical evidence
Experimental evolution studies are one way in which
Williams’ hypothesis has been tested. Adopting the
intrinsic–extrinsic terminology, Stearns et al. [15] found
support for the hypothesis that a higher extrinsic mortality rate should favor the evolution of higher intrinsic
mortality rates [1,15,19,36] using laboratory populations
of Drosophila melanogaster.
Evidence from broad, cross-species contrasts have provided, at best, weak support. Using mortality data from
natural populations of mammals, Promislow [33] found no
relationship between an index of the rate of actuarial
senescence (Box 2) and an estimate of the mortality rate
experience by young adults. Other works have relied on
maximum lifespan as an indicator of the rate of ageing,
although differences in extrinsic mortality are only
inferred from differences in habitat, lifestyle or ecology
that limit predation risks. Eusociality [18,37], and toxin
production [20] have been interpreted in this light.
Longer maximum lifespans of birds and bats relative to
similarly sized flightless birds and mammals [6,9,38,39] is
the piece of comparative evidence most commonly cited as
confirming Williams’ hypothesis. Finch [10], however,
points out that some bat species, despite high mortality
rates as young adults, nevertheless seem to exhibit very
slow senescence. Carey and Gruenfelder [40] suggest that
avian longevities have been shaped by social structure,
wherein selection on old individuals remains strong owing
to potential inclusive fitness contributions obtained by
providing care or resources to relatives. This intriguing
idea has recently been formalized with a theory of intergenerational transfers [41]. Another possibility is that
flight exposes its bearers to more conditionally hazardous
environments, such that even slightly degenerative
physiological changes might greatly reduce survival
www.sciencedirect.com

probabilities [10]. This idea has also received some
theoretical consideration [28].
Data from comparisons of closely related species
are similarly equivocal, with some results apparently
conforming to standard predictions [16,19,36,42,43], and
others not [14,17,29,30]. Of course, there are many possible
reasons for this overall lack of accord. Theory [27,28] has
focused on the role that environmental context can have in
altering patterns of selection imposed by environmental
hazards. Environment can also materially alter the
expression of senescence [10], and so influence the way
that ageing patterns are compared. Finally, all these
studies quantify and compare rates of ageing in different
ways, and this too might be a crucial factor.
Environmental effects: selection
Stearns et al.’s [15] study provides the best empirical
support for Williams’ hypothesis, although it is unclear
how their results might apply to natural populations,
where total mortality might not partition so cleanly into
intrinsic and extrinsic components. In their experimental
scheme [15], population densities were maintained at constant sizes, while mortality was imposed in an age- and
condition-independent fashion, hence ‘extrinsic’ in the
exact sense. How do such demographic and hazard effects
influence selection on senescence?
Density dependence
When age-specific fecundity and mortality rates depend on
population density, a change in extrinsic mortality can
indirectly influence selection pressures shaping senescence
schedules via feedback through its effects on these vital
rates, which change plastically to re-establish a stationary
population size [27]. For example, a high extrinsic mortality
rate might reduce population density, resulting in each
surviving individual obtaining a greater share of resources
and, thus, enjoying increased survival and/or fecundity at
some ages. Some simple patterns of change in vital rates
either enhance or diminish the sensitivity of fitness to
senescent deterioration at all ages, enabling unambiguous
predictions of either increased or decreased senescence
(Table 1). When density effects produce more complex patterns of change, it becomes difficult to draw any general
conclusions about the way in which senescence should
evolve. Density dependence in vital rates is a well-establish
phenomenon [44], implying that such effects might be
important determinants of the selection pressures acting
on senescence schedules in natural populations.
Condition–environment interactions
Abrams [27] modeled the evolution of intrinsic mortality in
response to changes in extrinsic mortality, but noted that
results might be similarly diverse if one instead considered
physiological senescence in response to changes in age- and
condition-dependent hazards. The crucial issue is whether
senescence of the physiological trait in question increases
susceptibility to the hazard. If so, then increased environmental hazard can strengthen the force of selection against
senescent deterioration, sometimes leading to the prediction that high environmental hazards select for decreased
deterioration [28] (Table 1).
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Table 1. Expected response of rate of senescence to increases in mortality under various forms of density-dependent population
regulationa
Population Density independent
dynamics
Mortality risk
Condition independent No response
[27] (i.e. ‘extrinsic’)
Condition dependent
[28]

Density affects survival Density affects fertility Density affects survival Density affects fertility
equally at all ages
equally at all ages or or fertility in late-life
at all ages and late-life
juvenile survival
survival
No response
More rapid
Less rapid
Less rapid at early and
late ages; more rapid at
intermediate ages
Less rapid at early ages, Diversity of outcomes Diversity of outcomes Diversity of outcomes Diversity of outcomes
b
more rapid at late ages possible
possible
possible
possible

a

Boxes give the predicted response assuming mortality type (rows) and type of density dependence (columns).
A possible outcome, rather than a general prediction.

b

Whereas age-related enhanced susceptibility to hazards
such as disease is well documented in the medical literature, empirical studies of such interactions in wild populations are surprisingly rare. Senescence in immune function
is an important candidate for an interactive source of
deterioration, and has been investigated in two bumblebee
species, Bombus terrestris and B. lucorum, where it was
found that the ability to melanize a foreign body declined
with age [45]. Although this was a laboratory study,
declines began before the age of mean life expectancy in
the wild and, hence, might be relevant in a natural setting.
Increased susceptibility of senescent age classes to predation has been observed in ungulates [46–50] and salmon
[30,51]. In a similar vein, Ricklefs and Scheuerlein [52]
compared a derived measure of the rate of actuarial senescence between wild and captive mammals and concluded
that ageing, in grassland predator and prey species,
entailed an increasing susceptibility to environmental
hazards. By contrast, age-specific increases in mortality
were found to result from catastrophic intrinsic deterioration in the other species examined, in agreement with an
earlier study of birds [53].
Environmental effects: expression
It is often the case that senescence schedules are assayed
in controlled environments [14,16,17,29,42]. This can be
misleading as, in addition to modulating selection on ageing schedules, factors present in the natural environment
of the organism can also directly alter the expression of
senescence [10]. For example, a recent study of Norwegian
red deer Cervus elaphus [54] found that the age-of-onset
and the rate of physiological senescence were functions of
population density, although apparently only in males.
A similar issue arises for natural hazards, and a possible
illustration of this is provided by contrasting the results of
two recent tests of Williams’ hypothesis [19,29]. In the first
[19], patterns of actuarial senescence were quantified from
field-collected data for two distinct Trinidadian guppy Poecilia reticulata populations. Although both populations
inhabited streams with low predation pressures, one was
descended from a population that was translocated from a
high predation stream in 1981. Females from the population
that had been derived from the high predation stream experienced an earlier onset and more rapid rate of senescence, and
this was interpreted as conforming to the classical prediction.
In a second test [29], actuarial senescence was assayed, in
the absence of predators, in laboratory-reared populations of
guppies from high and low predation sites. In this case,
the opposite result was obtained: guppies derived from the
high predation population exhibited a slower rate of ageing
www.sciencedirect.com

relative to the low predation guppies. Additionally, physiological senescence was quantified by assaying age-specific
declines in the so-called ‘fast start response’, an indicator of
predator evasion ability. In contrast to the actuarial results,
guppies from the high predation environment deteriorated
more rapidly with age in this physiological measure.
A consequence of these patterns of physiological deterioration is that age-specific mortality rates of guppies from
the high predation regime would probably be more sensitive
to changes in predation level than those of low predation
guppies. Indeed, it would not be surprising if the rate of
deterioration in survival more closely paralleled that of
physiology if it had been measured in the presence of predators.
The shape of senescence: quantifying the rate of ageing
The second of the above studies enables some insights into
another fundamental issue that must be addressed when
testing Williams’ hypothesis: how to quantify the rate of
ageing. To simplify comparisons between populations, several unitary indices have been proposed (Box 2). Reznick
et al. [29] utilize one such index (proposed in [52,55]) to
conclude that guppies derived from high predation sites
experience less rapid actuarial senescence than do low
predation ones. However, a reanalysis [29] using a different
index (proposed in [10,56]) reversed this prediction. A third
index indicated that rates of ageing were not significantly
different between the two populations. This lack of agreement is problematic, as all of these indices have been used to
provide evidence for or against Williams’ hypothesis.
The root of this discrepancy probably lies in the fact that
unitary descriptors are too coarse to characterize accurately
the often complex age-specific pattern of ageing rates. From
an empirical perspective, considerable variation across age
classes in mortality rate accelerations has been demonstrated in data from beetles [34], medflys [57] and humans
[58]. We might also expect this on theoretical grounds: if
density dependence and interactions between senescent
deterioration and environmental hazards are operating,
selection might act to reduce senescent deterioration at
some ages, and increase it at others, in response to increased
environmental hazards [27,28]. When integrated over an
entire lifespan into a single index of ageing, these local
effects are obscured, and much of the information regarding
how senescence is shaped by the external hazard can be lost.
Conclusions and future directions
Despite common sentiment to the contrary, the present
weight of evidence has failed to establish Williams’ hypothesis as a general prediction of the way that environmental
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Box 3. Senescence from a life-history perspective
Life history can be pictured as a set of resources flowing from a
common pool into a series of metric traits that are correlated with the
components of fitness [68]. This is an appropriate context in which to
discuss ageing, as senescent declines in fitness components are
commonly viewed as resulting from a lack of investment in some
underlying ‘maintenance’ trait [67,69]. Imagine, for example, that T2 is
a key somatic maintenance trait. Investment in this trait increases latelife survivorship and fecundity, whereas T1 and T3 are traits that
increase early-life survivorship and fecundity, respectively. Under
William’s original conjecture, high environmental hazard can favor
resource allocation to T1 and T3 at the expense of T2.
This framework also informs the relationship between underlying
physiological traits and senescent decreases in fitness. For example,
previous work on Trinidadian guppy populations [29] has indicated
that predation is a major environmental hazard, so that escape
mechanisms are likely to be important determinants of mortality. By
defining T1 as swimming performance, its effect of survivorship
therefore depends upon the predation environment, represented by
‘E’ in Figure I (i.e. there is an interaction). Specifically, swimming
performance has a greater effect on survivorship when predation
rates are high. Thus, one would expect selection for increased
swimming performance in high predation environments. This
would be seen as higher swimming performance in guppies evolved
under high predation regimes, as found by Reznick et al. [29].
Interestingly, had we chosen a different underlying trait to
measure, say T3, we could not predict the effect of predation regime
on its expression. This is true for any possible function of T3, the
reason being that increased investment in T1 will result in decreased
investment in some number of other traits, including perhaps T3.
This tradeoff might mask selection for increased expression of T3
under the high predation regime. Choosing the informative trait
rests on knowledge of the details of the selective regime and the
natural history of the organism [61]. In the case of the guppies, the
selective regime was predation by larger fish, and the key
physiological trait was the ability of the guppy to escape predation.

Figure I.

hazards shape ageing schedules in the wild. It must be the
case that the overall inconclusive findings of the existing
body of empirical work can be attributed, in part, to a paucity
of relevant studies. Here, we have suggested that some of
this discord might also be due to conceptual and methodological issues regarding the definition and measurement of
some fundamental concepts and quantities.
It has previously been argued [11] that accurate tests of
Williams’ hypothesis require population comparisons to
occur in environments that closely mimic natural conditions, minus the hazard assumed to have imposed selection,
because many life-history traits exhibit considerable environmental plasticity. However, the existence of such plasticity is precisely why it can be crucial to include these
www.sciencedirect.com

hazards: in their absence, the expression of senescence in
terms of mortality, fecundity [27] or even other physiological
measures [54], might be considerably altered. From the
perspective of comparing rates of ageing between populations that differ in their historical exposure to some hazard,
this entails using fully factorial experimental designs,
including the hazard level of both environments. Such
designs will provide the most complete picture of how the
different levels of hazard have affected evolution, as well as
how physiological state interacts with the environment to
generate fitness effects.
One potential obstacle in such designs is that comparisons will be rendered impossible when one or both of the
study populations typically experience extrinsic mortality
rates that are high enough to preclude survival to ages at
which senescence becomes detectable. Indeed, common
wisdom holds that senescence should be largely unobservable in the wild for this reason [21,59]. Although this is
undoubtedly true in some cases [19], a particularly compelling counterexample is provided by the recent demonstration of actuarial and reproductive senescence in a natural
population of the antler fly Protopiophila litigate [60],
which suffers a daily extrinsic mortality rate of 13%.
Although it remains to be seen how broadly this empirical
prescription can be implemented, studies such as this offer
hope that it should be achievable in many systems.
In situations where fully factorial experiments are
deemed impossible, some insights can still be gained by
making measurements of age-specific performance in physiological traits that are less plastic with respect to environmental hazards. The traits to focus on should be ones
whose deterioration is most likely to elevate mortality and/
or decrease fecundity in a natural setting [29,61]. Determining these will often require a detailed knowledge of the
natural history of the species of interest (Box 3).
In either case, it will no longer be tenable to characterize
patterns of senescence as being either faster or slower.
Rather, it must be acknowledged that ageing schedules are
functions, which can differ in many ways that are not
adequately captured by single-parameter summary measures. We are now at a point, both in terms of the level of
sophistication of empirical studies and the development of
theory, where we have the opportunity to investigate more
precisely the connection between the extent and quality of
externally imposed mortality and its effects on the evolution of ageing. By this route, we can move beyond classical
statements of Williams’ hypothesis and begin to develop a
more comprehensive understanding of the ways that environmental hazards shape senescence schedules in nature.
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