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SUMMARY

There is good evidence for costs to both the uses of immune

defences and their development and maintenance. The opti-

mal defence will be a balance of these costs with the risk of

infection and the virulence of the disease. It is therefore

clear that the life-history characteristics of both host and

parasite will impact the optimal level of defence, and that

this may in part explain the variation in immune defence

against different pathogens and parasites. For instance, it

has traditionally been suggested that long-lived hosts should

invest in immune memory. Ecological evolutionary theory

can be used to examine in detail how different host charac-

teristics will affect the optimal immune response that

evolves. Here, we review theoretical studies on the impact of

host lifespan on various immune defence characteristics

including acquired immunity and highlight the importance of

population-level epidemiological feedbacks on the outcome.

In particular, we discuss when longer-lived hosts may invest

less in acquired immunity and develop new theory to high-

light the importance of the mechanism of host population

regulation to the outcome. We finish by discussing where

more theory is needed and how comparative and experimen-

tal studies may test the theory.

Keywords costs, ecological feedbacks, evolutionary game theory,

immunity, models, theory

INTRODUCTION

Parasites and pathogens are ubiquitous and by definition

harm the individuals that they infect. As a consequence, a

wide range of constitutive and induced, innate as well as

adaptive, defence mechanisms, ranging from behavioural

avoidance and mechanical barriers to complex humoral

and cellular immune systems, have evolved (1, 2). How-

ever, these responses are far from uniform. There is con-

siderable variation between individuals in their immune

investment, and more broadly hosts respond very differ-

ently to their various diseases (1, 2). This is perhaps par-

ticularly noticeable in terms of whether long-lasting

immune memory occurs to different diseases in vertebrates.

Life-long immunity is far from the normal outcome of

recovery with partial and/or waning immune memory

found in response to many infectious diseases, such as

syphilis, while no immune memory occurs to other infec-

tions, such as rotaviruses and many bacterial infections of

humans (1, 2). These outcomes may be considered as fail-

ures of the immune system, but the burgeoning evolution-

ary immunity research community has shown the

importance of understanding both the level and the type

of immune investment as an intrinsic outcome of the eco-

logical and evolutionary interactions between the host and

the infectious organism (1–3). From this point of view, we

need to understand the considerable variation in immune

investment in the context of both the overall fitness of the

host and the population-level impacts of immunity. The

ecological/epidemiological impacts of immunity may be

critical as they feed back into the evolution of host

defence. In particular, investment in immunity will tend to

reduce the prevalence of disease, thereby reducing the risk

of infection and as a consequence the relative importance

of investment in stronger immunity. As such, infection risk

is a result of the dynamics of the host–parasite interaction

and it is the nature of these interactions that define the

benefits of different immune strategies.

A key epidemiological driver of immune memory is the

chance of future exposure to the same infection and as

such, host lifespan has been discussed as a key driver of

immune investment within the evolution of life-history

literature (4–6). Within this conceptual framework, it is

often argued longer-lived species should invest more in
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acquired immunity while shorter-lived species should invest

more in innate relative to acquired immunity (7). There are

a number of empirical studies in vertebrates that have

looked for evidence for this pace of life hypothesis includ-

ing meta-analyses (8, 9) and single studies with both non-

specific (10–12) and specific challenges and/or immune

measures (13–17). When the more specific challenges or

measures are used, evidence for the pace of life hypothesis

is often found (14–16). While the acquired immune system

of vertebrates is well studied, a traditional view is that ver-

tebrates have evolved immune memory in part due to their

relatively long lifespans. However, it is becoming increas-

ingly apparent that in invertebrates, previous exposure to

parasites can also lead to increased protection on subse-

quent challenge (18–20). Furthermore, there are many ver-

tebrate and invertebrate host–parasite interactions where

long-lived hosts do not acquire long-lived immunity (1, 2).

Ecoevolutionary theory has been recently developed with a

focuss on understanding the impact of the interactions

between individual life-history characteristics such as life-

span and ecological dynamics on the evolutionarily optimal

outcome. Here, we review the insights of this theory on the

implication of host lifespan into the evolution of immunity.

Fundamental to the idea that there is an optimal level

of defence is that there are costs to defence. It is now clear

that there may be costs through either the use of the

defence mechanisms (21–26) or through the costs of their

development and maintenance in the absence of infection

(27–30). For example, the activation of the immune system

following challenge with a pathogen has been shown to be

costly (25, 31, 32), and much of the virulence of many dis-

eases may be due to some form of such immunopathology

(22, 26, 33). However, it is the costs of having a strong

immune system in the absence of disease that is critical to

determining the optimal level of defence. Such evolution-

ary constitutive costs to high immune defence have been

demonstrated directly using selection experiments in a

number of systems (27–30), and it is clear that the nature

of these costs may depend on the host environment (34).

Constitutive costs may be manifested in other life-history

traits such as slower development rates (27, 34) or

decreased competive ability (29) or through trade-offs

between different components of defence (2). When

defence against infectious disease is costly, not only is

there an optimal level of defence, but the level of immu-

nity is a fundamental component of the life histoy and fit-

ness of the host. Such evolutionary costs may also help to

generate and maintain the considerable variation in the

level of defence within host populations seen in nature

(32, 35–38). Ecoevolutionary theory has been developed to

allow us to understand the factors that lead to different

levels of investment in different forms of defence.

In addition to the importance of costs in the immune

system, there are also likely to be important ecological

feedbacks to the evolution of defence against infectious

organisms. Ecological feedbacks result from the impact

that changes in defence have on the epidemiology of the

disease that in turn feed back to influence the evolution of

defence. Intuitively, the level of the defence invested in by

hosts will affect the prevalence of the parasite in the popu-

lation. Because this prevalence defines the risk that an

individual will be challenged, it influences the selection

pressure for defence in the first place. For example, con-

sider a mutation that reduces the chance that an individ-

ual becomes infected in the first place, but this defence is

costly such that it is traded off against another component

of the hosts life history (for example, higher defence

results in a slower development time and therefore a lower

rate of reproduction). If the benefits of this costly resis-

tance in terms of a reduced risk of infection is relatively

high, the cost is worth paying and the mutation will

spread through the population. However, as the frequency

of the resistance allele increases in the population, more

individuals are resistant to infection leading to a lower

prevalence of the infectious disease in the population.

Because the prevalence is lower, there is less selective

advantage for the resistant allele. This negative frequency-

dependent selection results from the feedback between the

ecological dynamics (the prevalence) and the evolutionary

ones (the spread of costly resistance genes). Any defence

mechanism that reduces the prevalence of the parasite

(e.g. avoiding infection in the first place, recovering more

rapidly from infection or controlling the growth rate of

the parasite within the host) leads to this form of feed-

back. Furthermore, as these defence mechanisms reduce

the parasites prevalence, they also reduce parasites fitness

and are therefore classified as forms of resistance (39–42).

In contrast, a defence mechanism that ameliorates the

damage that a parasite causes its host, such that it reduces

an individuals disease-induced mortality, will lengthen the

infectious period of the parasite. As such, this type of

defence mechanism increases parasites prevalence as it

spreads through the host population, leading to positive

frequency dependence. This form of defence is known in

the evolutionary literature as tolerance (39–42), and due

to its different ecological feedback, it leads to very differ-

ent evolutionary outcomes (39, 42, 43).

The contrasting ecological feedbacks between resistant

and tolerant traits are a fairly intuitive example of the

phenomenon. However, as ecological scenarios become

more complex with, for example, multiple infections, dif-

ferent transmission functions or long-lasting acquired

immunity, the ecological feedbacks in turn become com-

plex and less straightforward to understand intuitively.
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Formal theory, is then useful in order to make predictions

on the impact of different biological mechanisms to the

evolution of defence and to guide our understanding of

the processes that underlie these predictions.

THEORY

One of the main reasons for developing a mathematical

model is that it clearly defines the processes that we are

considering and the ones that we are not. Using these

models, we can define a number of different mechanisms

of host defence from their impact on the epidemiology of

the disease. Consider a general infectious disease model

dS

dt
¼ aH � qH2 � bS � bSI þ ð1� mÞcI þ dR (1)

dI

dt
¼ bSI � ðaþ bþ cÞI (2)

dR

dt
¼ mcI � ðbþ dÞR (3)

that compartmentalizes a host population into densities of

susceptibles, S, infecteds, I and immunes, R and where the

dynamics of these densities and hence the total host den-

sity, given by H = S + I + R, are described by nonlinear

ordinary differential equations. All parameters are non-

negative and m e [0,1]. Hosts produce susceptible offspring

at rate a that is limited by intraspecific crowding, q, so

that the carrying capacity is given by K = (a � b)/q. Hosts

die at natural death rate b. Transmission of infections is a

mass action process between susceptible and infected

types, with transmission coefficient b, and infected hosts

suffer additional disease-induced mortality (virulence) at

rate a. Infected hosts recover at rate c, and a proportion m

of these individuals become immune to the pathogen while

the remaining individuals return to a susceptible state.

Recovered hosts lose immunity at rate d. This general

model form can capture a wide range of classical infec-

tious scenarios. For example, if m = 0 (or d = ∞), the

model represents a susceptible–infected–susceptible (SIS)

framework, where there is no immune memory and recov-

ered individuals are completely susceptible to the disease,

while if d = 0, we have the susceptible–infected–removed

(SIR) model with lifelong immunity.

The model can be used to investigate a number of dif-

ferent classes of defence based on their epidemiological

impacts. The fundamental forms of host defence can be

defined as follows: (i) avoidance reduces the probability of

becoming infected, and resistant hosts therefore have a

lower transmission rate (b), (ii) recovery increases the rate

of clearance of infection (c), whereas (iii) tolerance reduces

virulence (a). Finally, acquired immunity evolves as either

(iv) a higher probability of acquiring immunity (m) or (v) a

lower rate of loss of immunity (d).

The costs associated with defence can either be due to

trade-offs with other defence mechanisms or through other

determinants of fitness in the host. Trade-offs within the

immune system can be examined by correlations within

defence traits such that, for example, high avoidance results

in lower recovery, b = f(c). However, there is relatively lit-

tle theory on optimal levels of defence given trade-offs

between different immune components (44), with most of

the work focused on constitutive costs manifested in other

components of the host life history (35, 44–49). Generally,

the costs are assumed to be manifested in the rate of repro-

duction, a, which includes both the number of offspring

produced and the rate of maturation. As such, there are a

wide range of mechanisms that may underpin these costs.

The theoretical approach of evolutionary invasion analy-

sis is useful when we want to examine evolutionary dynamics

in response to ecological feedbacks. In Box A, the mathe-

matical details of this approach are outlined in the context

of the evolution of acquired immunity. It is assumed that

traits are continuous and that the level of immunity is deter-

mined due to the action of many alleles at many loci. This

type of modelling is therefore less appropriate when there

are major genes that encode for large changes in immune

responses. When we use mathematical analysis to predict the

outcome, we also assume that evolution proceeds through

rare mutations of small effect. However, the robustness of

the predictions of the theory to a relaxation of this assump-

tion can be examined through simulation. In this analysis,

we vary parameters such as host lifespan and predict the

optimal investment in different types of immunity – for

example, avoidance and recovery – given different ecological

scenarios. For this reason, it is an appropriate theoretical

framework in which to address our question of how host

lifespan should impact on optimal investment in defence.

Using the approach outlined in Box A for the evolution

of immunity, Miller et al. (50) investigated the evolution of

resistance traits in the general model of host–parasite

dynamics given by equations 1–3. They showed that

longer-lived individuals relying only on innate immunity to

defend against parasites do generally invest more in immu-

nity as increased lifespan often leads to higher disease

prevalence. The first take-home message of this paper and

indeed a number of other theoretical papers whose focus

was not just on the impact of host lifespan (35, 44–49) is

that longer-lived hosts should invest more in innate immu-

nity. It is interesting to reflect on this result in the context

of the generally held idea that immune memory is selected

for in longer-lived hosts. The theory tells us that longer

lifespans promote more immune investment in organisms

that only have innate immunity.

© 2013 John Wiley & Sons Ltd, Parasite Immunology, 35, 331–338 333

Volume 35, Number 11, November 2013 Lifespan and immunity



Box A: Adaptive dynamics of acquired immunity

Model 1: Evolution of probability of clearance to immunity (m),

m ¼ f ðaÞwith
dm

da
\0 under SIR dynamics; d ¼ 0 ðA:1Þ

Model 2: Evolution of waning immunity (d),

d ¼ gðaÞwith
dd

da
[ 0 under SIRS dynamics; m ¼ 1 ðA:2Þ

A criteria for a successful mutant invasion of a resident population is that the average change in the mutant population

per invader is positive,

h ¼ qsTs þ qITI þ qRTR[ 0; ðA:3Þ

where qi is the per capita growth rate of mutant hosts (i.e. hosts with trait mm(am) in model 1 and dm(am) in model 2),

when an individual mutant, whose epidemiological state is given by i, invades a population consisting solely of individuals

with the resident trait. Ti is the average time spent by the mutant in state i.

The invasion criteria given by equation A.3 is a proxy for invasion fitness when it involves only growth rates from an

invader who has entered class i for the first time (43). The proxy can be used to assess evolutionary behaviour in both

model 1 and model 2.

Applying the methods of adaptive dynamics (53, 54), which assumes monomorphic trait distributions and small

mutations, the evolutionary dynamics of models 1 and 2 can be analysed. This approach assesses properties of the fitness

of a new mutant strain attempting to invade a resident population at its dynamic attractor.

From the invasion fitness, it is possible to determine the position (located at the zeros of the fitness gradient) and

nature of evolutionary singularities. A singularity that is both convergence stable (CS, i.e. the population evolves towards

the singularity) and evolutionary stable (ES, that is, a population in the vicinity of the singularity cannot be invaded) is

known as a continuously stable singular strategy [CSS, (55)].

Here, we consider only trade-offs with a suitable (accelerating) cost structure to ensure that the singularity is a CSS. We

examine how the position of the CSS, and hence the level of optimal immunity, varies with model parameters.

Once the host has the potential for immune memory,

the relationship between investment in immunity and life-

span becomes more complicated. Firstly, once there is

immune memory investment in the components of innate

immunity no longer necessarily increases with lifespan.

When there is long-lived acquired immunity, investment in

avoidance tends to increase with investment initially, but in

very long-lived hosts, investment may fall to low levels (50)

fig. 2A,D and an earlier paper van Boven and Weissing

(51) that examined some of the same questions in a differ-

ent framework fig. 5). A similar pattern can be observed

for both recovery and tolerance [see (50) fig. 3B,D,

although for some parameter combinations, investment

increases with lifespan see (50) fig. 3A,C and (51) fig. 3

and 4)]. These results can be understood due to the effects

of immune individuals on the prevalence of the disease:

immune individuals may lead to lower prevalence and

therefore less investment in other components of the

immune system. It must also be borne in mind that long-

lived individuals bear the costs of higher investment in

immunity over their relatively longer lifespan.

Perhaps the key results of the (50) paper were found when

they considered the investment in immune memory itself. In

the case of acquired immunity, there are two traits that can be

considered as measures of the investment in immunity. The

first of these is the propensity to acquire immune memory in

the first place. A second trait is how long immune memory

lasts before individuals revert to susceptibility. Miller et al.

(50) showed that there is a distinction between the effects of

lifespan on optimal immune investment in acquired immu-

nity measured in these two ways. For clarity, we repeat and

extend the analysis of Miller et al. (50) here (Figure 1).

Investment in the rate of waning immunity always increases

with host lifespan (Figure 1c). As such, immune memory is
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predicted to last longer in longer-lived organisms. However,

optimal investment in the probability of clearance to immu-

nity is maximal for an intermediate lifespan (Figure 1a). This

is a critical result as it shows that investment in acquiring

immunity in the first place is not selected for by longer life-

spans. We now develop some more general theory in order to

highlight how epidemiological feedbacks drive this result.

Miller et al. (50) assumed that there was density depen-

dence in the host population such that it is self-regulating

(q > 0 in equations 1–3) and discussed that this may be

critical to their key result that optimal probability of

acquiring immunity, m*, is maximal for an intermediate

lifespan when immunity is permanent, see Figure 1(a). van

Boven and Weissing (51) also speculated on the

importance of such density dependence and stated that

determining the evolution of immunity when the host is

not self-regulated is an open question. Here, we examine

this question in detail and use models to explain the pro-

cesses that underpin the results. When there is no density

dependence in the host population (q = 0 in equa-

tions 1–3), it can be shown analytically that the optimal

probability of acquiring immunity, m* always increases

with lifespan, see Figure 1(b). Therefore, the additional

population feedback generated by intra-specific crowding

has a significant qualitative impact on how the optimal

probability of acquiring immunity varies with lifespan. In

Box B, we present an analytical exploration of the condi-

tions leading to decreasing optimal acquired immunity

with increasing lifespan.

Biologically, increasing lifespan results in an increasing

total host density. When q > 0 this brings the system clo-

ser to carrying capacity and hence reduces net births that

in turn lowers equilibrium prevalence given by,

I

H
¼

1

a
ða� qH � bÞ (4)

The lower prevalence that results selects for decreased

acquired immunity. But there is always a further selective

pressure for increased immunity due to the increased expo-

sure to infection that longer lifespan entails. When lifespan

is sufficiently long, the former pressure dominates the lat-

ter. Thus, investment in the probability of acquiring immu-

nity is increasing for lower lifespans and decreasing for

higher lifespans, see Figure 1(a). When q = 0 and the host

population is regulated by the infection, the prevalence no

longer decreases with increasing host density and therefore

optimal immunity can only increase with host lifespan, see

Figure 1(b).

When it is the length of immunity that evolves (the rate of

waning immunity, d*) against host reproduction, optimal

investment has a similar form to equation B.1.Here too, total

host density increases with lifespan leading to a decrease in

prevalence when q > 0. However, in this model, exposure to

the infection increases more rapidly with increasing lifespan

because this time, immunity is not permanent. Thus, the

selection for increased immunity is far stronger in this model.

This effect dominates the selective pressure for decreasing

investment from the prevalence feedback, and hence, optimal

investment in immunity increases with lifespan, see

Figure 1(c). The results presented here [and in vanBoven and

Weissing (51) and Miller et al. (50)] show that investment in

immunity has a complex relationship with lifespan. In partic-

ular, density-dependent demography that limits the host

turnover and therefore impacts on prevalence can lead to a

reduction in investment in immunity as host lifespan

increases.
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Figure 1 The results of the mathematical models described in the text that predict the optimal investment in immunity against lifespan under

different assumptions of density dependence in the hosts. In (a) and (b) – evolution of the probability of acquiring immunity, m* against host

lifespan where in (a), regulation of host population occurs through host self-regulation (q = 0�02), and in (b), where there is no density

dependence in the host and regulation only occurs through the pathogen (q = 0). In (c) and (d) – evolution of waning immunity, d* against

host lifespan where in (c), regulation of host population occurs through host self-regulation (q = 0�02), and in (d), there is no density-

dependent self-regulation in the host (q = 0). The figures presented in (a) and (c) are reproductions of Miller et al. (50) using alternative trade-

offs and parameter values. The trade-off and parameter values for evolution of the probability of acquiring immunity, m*, were m = 1 � a4/24

and a = 5, c = 1, b = 1 in (a) and m = 1 � a4/14 and a = 10, c = 0�15, b = 1 in (b). The trade-off and parameter values for evolution of

waning immunity, d*, were 1/d = 100 � 100 a4/24 and a = 5, c = 1, b = 1 in (c) and 1/d = 100 � 100 a4/14 and a = 10, c = 0�15, b = 1 in (d).
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Box B: Density dependence and optimal probability of acquiring immunity, m*

Evolutionary invasion analysis of the probability of acquiring immunity in the SIR model [i.e. equations 1–3 with d = 0,

m = m(a)] indicates that the trait will evolve in the direction of the fitness gradient until,

omða�Þ

oa
¼ �

1

Lac

I�

H�

� ��2

; ðB:1Þ

where a* denotes reproductive rate on the evolutionary attractor, and L = 1/b is a measure of host lifespan. We assume

costly immunity (m(a) is a decreasing function of a) and accelerating costs (in order to ensure the singularity is a CSS).

Equation B.1 identifies the singular strategy by giving the value of the slope of the tangent to the trade-off curve at

the singularity, see figure B1. It is composed of a term that depends directly on lifespan and a term that depends

on equilibrium prevalence (the term in brackets, I/H) that can indirectly depend on lifespan.

Equation B.1 implies that high equilibrium prevalence selects for high acquired immunity, m. Also, in the absence of

the ecological feedback (i.e. holding prevalence constant so that only the lifespan term varies), longer lifespan selects

for increased immunity.

The effect of increasing host lifespan is a balance of these

selective pressures (i.e. the selective pressure through the

lifespan term and the selective pressure through the prevalence

term), resulting in increasing optimal immunity when the

selective pressures are in agreement (o/oL(I*/H*) > 0) and

potential for decreasing immunity with lifespan when the

selective pressures are in opposition ((o/oL(I*/H*) < 0).

Therefore, a necessary (but not sufficient) condition for

decreasing immunity with increasng lifespan is

o

oL

I�

H�

� �

¼
oa�

oL
� q

oH�

oL
þ

1

L2
\0; (B.2)

where prevalence at equilibrium is given by equation 4.

When q = 0, equation B.2 can only hold when oa*/oL < 0,

and hence, investment in immunity always increases with

lifespan. Because total host density increases with increasing

host lifespan, the term qoH*/oL in equation B.2 contributes to

a decrease in prevalence but only when q > 0. Therefore, once

intraspecific crowding limits host reproduction, prevalence can decrease with lifespan leading to a selective

pressure for decreasing immunity.
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Figure B1 The trade-off between host reproduction, a, and

probability of clearance to immunity, m.

PARASITE ‘LIFESPAN’

Clearly therefore, the lifespan of the host is important to

the optimal immune defence, but what can we say about

the lifespan of the parasite? The lifespan of macroparasitic

worms are likely to have an impact on the optimal level of

immunity, but there is, however, very little theoretical work

that considers the impact of macroparasites on optimal

immune investment. In one sense, however, the lifespan of

microparasites (pathogens such as viruses, bacteria etc.)

can be considered to be the infectious period, which is

determined by a combination of the recovery rate and the

host death rate due to infection (virulence). Clearly, these

two parameters are influenced by both the host and the

parasite, but a useful simplification is that the recovery rate

is a host trait while virulence can be defined as a parasite

trait (52). From this point of view, acute parasites with a

short lifespan have a high virulence while chronic long-lived

parasites have a low virulence. Generally, the highest level

of immunity will be invested against parasites with interme-

diate virulence (43, 48). In this sense, parasites of interme-

diate lifespan promote the highest investment in immunity

in their hosts. This is intuitively straightforward to under-
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stand. Chronic parasites causing low virulence are rela-

tively harmless to individuals, and therefore, there is less

selection for costly immunity. Highly pathogenic acute par-

asites are dangerous to individuals, but the prevalence of

the disease in the population reduces at higher virulence

(due to their short infectious period). Generally, therefore,

low virulence results in a high risk of challenge with disease

but a low-impact infection, while high virulence has a high

individual impact on fitness but there is a relatively low

risk of challenge. As such, intermediate virulence leads to

the greatest combination of risk of exposure and fitness

reduction and therefore the highest investment in costly

immunity. From this perspective, parasites of intermediate

life-span promote the highest investment in immunity.

DISCUSSION

The existing models have therefore given us some important

insights into the impact of host and parasite lifespan on

investment in immunity. Like all models, they are wrong.

The models make simplifying assumptions and by defini-

tion look at particular epidemiological processes. This is the

key strength of simple models: they make the assumptions

we are making in our arguments on optimal immune invest-

ment explicit. As discussed previously, it has been classi-

cally assumed that longer-lived organisms should be

selected to invest in long-lived immune memory. The expli-

cit theory that we have discussed has shown that the out-

come is more nuanced, and in many situations, immune

memory is optimized at intermediate lifespans. However,

the classical verbal arguments may implicitly assume a

number of different mechanisms while the theory that we

have reviewed makes very general explicit assumptions. In

particular, the current theory assumes that hosts are faced

with an endemic disease. If in contrast organisms are faced

with recurring epidemics, the impact of being a longer-lived

host and therefore being subject to repeated epidemics are

potentially considerable. The theory should therefore be

extended to examine the impact of epidemic pathogens.

Furthermore, the theory has made the assumption that

hosts are faced with one genetically identical infectious dis-

ease agent. Clearly, a longer-lived organism faced with mul-

tiple pathogens or multiple strains of the same pathogen is

more likely to face the same pathogen/strain repeatedly

than a short-lived organism. It is therefore important to

examine theoretically the impact of longevity on investment

in immune defence in the face of multiple and/or diverse

pathogens. These are just two of a number of possible

important extensions of the theory that would help us to

gain a better understanding of the role of host lifespan on

the optimal level of immune investment. Furthermore, the

burgeoning empirical literature on the impact of lifespan on

immune function (10–12, 9, 14–16) is creating an exciting

opportunity to link the theory more directly to empirical

results, driving both the theory and experimental tests of

the theory. The current work emphasizes that it is impor-

tant to develop explicit theory in the face of potentially

complex ecological feedbacks that define optimal immunity.
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