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The epidemiological consequences of optimisation of the

individual host immune response

G. F. MEDLEY

Ecology & Epidemiology Group, Department of Biological Sciences, University of Warwick, Coventry CV4 7AL



We present a simple unscaled, quantitative framework that addresses the optimum use of resources throughout a host’s

lifetime based on continuous exposure to parasites (rather than evolutionary, genetically explicit trade-offs). The principal

assumptions are that a host’s investment of resources in growth increases its survival and reproduction, and that increasing

parasite burden reduces survival. The host reproductive value is maximised for a given combination of rates of parasite

exposure, host resource acquisition and pathogenicity, which results in an optimum parasite burden (for the host).

Generally, results indicate that the optimum resource allocation is to tolerate some parasite infection. The lower the

resource acquisition, the lower the proportion of resources that should be devoted to immunity, i.e. the higher the optimum

parasite burden. Increases in pathogenicity result in reduced optimum parasite burdens, whereas increases in exposure

result in increasing optimum parasite burdens. Simultaneous variation in resource acquisition, pathogenicity and exposure

within a community of hosts results in overdispersed parasite burdens, with the degree of heterogeneity decreasing as

mean burden increases. The relationships between host condition and parasite burden are complicated, and could

potentially confound data analysis. Finally, the value of this approach for explaining epidemiological patterns, immuno-

logical processes and the possibilities for further work are discussed.
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Evolutionary success is built on reproduction and

survival – all other physiological mechanisms are

designed to increase these and, therefore, fitness.

The immune system is no exception. A simplistic

view is that, by definition, parasitic infection reduces

fitness of the host, and that an immune response

nullifies or reduces this effect by killing parasites.

However, immunity and immune responses occur at

a cost of resources (such as energy and protein), and

resources are limited, so there will be a trade-off

between mounting an immunological response and

reduction in fitness (Behnke, Barnard & Wakelin,

1992; Sheldon & Velhurst, 1996; Lochmiller &

Deerenberg, 2000; Read & Allen, 2000). There is an

increasing number of experimental examples placing

the immune response within an ecological, epidemio-

logical and evolutionary context (e.g. Boots & Begon,

1993; Gustafsson et al. 1994; Kraaijeveld &

Godfray, 1997; Fellowes, Kraaijeveld & Godfray,

1998; Moret & Schmid-Hempel, 2000). If immunity

is constrained by resource acquisition, then a

complex relationship between, for example, nu-

trition and immunity to parasites is to be expected

(e.g. Coop & Kyriazakis, 1999). Generally, reduced

nutritional intake (or acquisition) will reduce re-

silience to infection and}or disease, although the

effect may be subtle and depend on sub-optimal

nutrition rather than malnutrition (Michael &
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Bundy, 1992a, b ; Petkevicius et al. 1995). Similarly,

as behaviour is a determinant of fitness, there is an

intimate link between immunity and behaviour

(Barnard et al. 1997).

An enduring subject in parasite epidemiology is

the heterogeneity observed in parasite burdens, and

understanding the roles of variation in exposure and

immune competence (Quinnell, Medley & Keymer,

1990; Bundy & Medley, 1992; Hudson & Dobson,

1995). The distribution of parasites in a population

of hosts is a dynamic entity (Anderson & Medley,

1985), with the controlling mechanisms predomi-

nately operating at the level of individual hosts.

Longitudinal observations demonstrate that indi-

vidual hosts have a tendency to reacquire relatively

similar parasite burdens following expulsion chemo-

therapy, i.e. hosts appear to be predisposed to high

or low burdens (e.g. Keymer & Pagel, 1990; Chan,

Bundy & Kan, 1994a). Genetic influences appear to

be important, but not over-riding (Chan, Bundy &

Kan, 1994b ; Williams-Blangero et al. 1999).

Host response to parasitic infection is recognized

to depend on the pattern of exposure (e.g. Roepstorff

et al. 1997). In recent experiments using Ascaris

suum in pigs subject to a continuous, ‘natural ’

exposure, Boes et al. (1998) showed that, in addition

to predisposition, continued exposure results in a

decrease in heterogeneity caused by a reduction in

burdens of those heavily infected individuals and an

increase in prevalence as pigs with zero burdens

acquire small numbers. Further, the distribution of

A. suum in litters of piglets shows reduced het-

Parasitology (2002), 125, S61–S70. " 2002 Cambridge University Press

DOI: 10.1017}S0031182002002354 Printed in the United Kingdom

http://journals.cambridge.org


http://journals.cambridge.org Downloaded: 03 Jun 2009 IP address: 137.205.202.8

G. F. Medley 62S

erogeneity if sows are exposed (Boes et al. 1999). The

results of cross-suckling strongly suggest that the

reduction in heterogeneity is due to immunomodu-

lation, i.e. piglets suckling from infected sows show

the same response to challenge infection regardless

of the infection status of their natural mother. Taken

together, these experiments provide evidence that

exposure to infection can increase parasite burden,

and that this increased parasitism can be mediated

by the immune response, i.e. the immune system is

‘allowing’ more parasites. Note that this effect of

immunomodulation can only be seen in groups of

hosts – the mean and individual burdens are not

necessarily altered by exposure, but the variation

within a group is reduced. Further insight into the

interaction between heterogeneity and exposure is

given by analysis of observational data that demon-

strates that the degree of heterogeneity is decreased

within a community}group of hosts as parasite

prevalence increases (Guyatt et al. 1990, 1994;

Lwambo, Bundy & Medley, 1992; Medley et al.

1993; Coates, Roepstorff & Medley, unpublished).

Thus, one should not expect, ceteris paribus, that

increasing parasite challenge will lead to increased

immune effectiveness either within individuals, or

within populations. Epidemiological patterns of

infection and disease observed at the population level

are a manifestation of effects occurring within

individual hosts that might be very different from an

average effect. For example, the relationship between

some measure of health (e.g. anaemia) and parasite

burden, is complicated by the fact that individuals

are controlling both anaemia and parasite burdens in

order to maximise other variables, e.g. survival.

The interaction between resource acquisition,

parasites, immunity and fitness is a quantitative

problem that can be addressed through application

of mathematical models. Previous theoretical work

has largely concentrated on consideration of co-

evolution of hosts and parasites, i.e. the dynamics of

genetically controlled traits of susceptibility}resis-

tance and pathogenicity (e.g. Antonovics & Thrall,

1994; Bowers, Boots & Begon, 1994; Kaitala, Heino

& Getz, 1997). The results generally show that

genetically controlled susceptibility to infection (and

morbidity and mortality) can be maintained in a

population if the fitness cost of resistance is great

compared to the disease cost of susceptibility. Taking

a game theory approach, van Baalen (1998) showed

that the optimum resource allocation to immunity in

a homogeneous population of hosts is determined by

parasite characteristics such as virulence.

Here, we consider the problem from the viewpoint

of an individual host, addressing physiological,

rather than evolutionary (genetic), processes. The

host is followed through age: how should it optimally

distribute resources between reproduction, survival

and immunity to maximise fitness? A similar

framework has been used to consider both de-

velopment of acquired immune response (Wool-

house, 1992) and development of disease and optimal

age for infection control (Medley & Bundy, 1996).

Initially, we simply illustrate the point that con-

strained resources can compromise immunity. The

model is then used to demonstrate that this approach

can potentially explain numerous ecological and

immunological observations.

 

The model is based on an individual host considered

over age, a. Exposure to the parasite (measured as

the rate of infection) is assumed not to depend

directly on the parasite burden within the host.

Resources can be used either to control the parasite

burden (immunity) or for investment in growth or

reproduction. The current parasite burden, (pre-

vious) investment and immunological response de-

termine survival of the host. Age and (previous)

investment determine reproductive output. Here the

term ‘immunity’ is used to refer to host processes

that constrain the parasite population, are adaptive

and elicited by exposure to the parasite.

Resources are acquired at a constant rate, R, and

are then partitioned between three competing re-

quirements: growth, reproduction and immunity,

designated f
g
, f

r
and f

i
respectively, so that f

g
f

r


f
i
¯R. The growth component is used to increase

the size of the individual, g(a). Note that size is being

used as a proxy for investment, i.e. using resources

now to increase future survival and reproduction.

We assume a standard growth rate equation:

dg

da
¯ f

g
g (1®g), (1)

giving a nominal maximum size of unity, and using

an initial size of 0±01. The parasite population, p(a),

is modelled as an immigration–death process (Bundy

& Medley, 1992), where immigration (establish-

ment) is reduced according to the resources devoted

to immunity:

dp

da
¯Λ exp(®3f

i
)®µp. (2)

The rates of establishment and death of the parasite

population are Λ and µ, respectively. The expo-

nential function is chosen arbitrarily such that for

f
i
¯1 the establishment rate of parasites is reduced

to 95% of its unconstrained level. We set µ¯1 so

that the maximum parasite burden when the rate of

infection is constant is equal to Λ.

Resources are partitioned by first removing that

component required for immunity:

f
i
¯αR

p

1p
. (3)

This function increases as the parasite population

increases up to a maximum, αR. The parameter α is
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A B

C D

Fig. 1. Example output from the model (eqns 1–8). (a) The relationship between reproductive value (V ) and

maximum immunity resource (α). The three marked values coincide with lines in other panels. (b) The size (g) as a

function of age for the three values of α (D : α¯0, dotted line; x: α¯0±195, solid line; n : α¯0±8, dashed line). Note

that nil investment in immunity (dotted line) results in maximal growth. (c) The parasite burden over age for the

same values of α. The equilibrium parasite burden is reduced by increased resource allocation to immunity. (d) The

survivorship curves over age for the same values of α. Other parameter values are R¯1, Λ¯50, β¯1.

important as it denotes the maximum proportion of

resources a host will devote to controlling the

(current) parasite population as opposed to investing

in growth and reproduction. The resources re-

maining after immunity are used either for growth or

reproduction, and for convenience, we choose an age

of sexual maturity, w¯10, below which all resources

are devoted to growth, and above it to reproduction:

f
g
¯R®f

i
a%w

0 a"w

f
r
¯R®f

i
a"w.

(4)

We assume that the host death rate a particular age,

v(a), is determined by two components, namely size,

relative to the maximum size at each age, g
!
(a), and

the current parasite burden, p(a) :

v(a)¯σ

A

B

E

F

1®
g(a)

g
!
(a)

G

H

β p(a)

C

D

, (5)

where β determines the pathogenicity of the parasite

(β¯0 implies that the current parasite burden

causes no mortality), and σ is a scaling parameter set

to 0±001. Maximum size is calculated from Eqn. 1

with f
g
¯R. The probability of survival of the host

to a particular age, s(a), is determined from the

differential equation:

ds

da
¯®vs. (6)

Relative reproductive output at each age, m(a), is

determined as the resources available for repro-

duction scaled by size (past investment) :

m(a)¯ f
r
g (a). (7)

The reproductive value at birth, V, provides a

measure of the expected reproductive output at all

future ages, weighted by probability of survival to

that age:

V¯&L

!

m(a)s(a) da, (8)

where L is the maximum life expectancy and set to

30. This system of equations is solved numerically

using standard methods (MatLab, Mathworks Inc).

We are particularly interested in the value of

immunity investment, α
max

, that maximises repro-

ductive value given values of the controlling para-

meters. The three parameters we consider as control-

ling are nutritional (resource) input (R), patho-

genicity (β) and rate of infection (Λ). We treat these

parameters singly, and also consider their inter-

action, using Monte Carlo simulation to create a

community of hosts.



The effect of varying the proportion of resources

devoted to immunity (α) and subsequent age-

dependent outcomes are illustrated in Fig. 1. These

results demonstrate that the reproductive value, V,
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A B

C

Fig. 2. The relationship between the resource acquisition (R) and maximum immunity resource (α). (a) The

reproductive value, V, as a function of α for R¯0±1, 0±5, 1 and 2 (lines from bottom to top). Note logarithmic scale.

The maximum in each case is indicated by x. (b) The value of α that maximises the reproductive value: α
max

; the

points are those in (a). (c) The equilibrium, optimum parasite load (p
opt

) as a function of R. The points are those in

(a) and (b). Other parameters are as Fig. 1.

A B

C D

E

Fig. 3. The relationships between the pathogenicity (β), the rate of infection (Λ) and maximum immunity resource

(α). (a) The value of α that maximises the reproductive value, α
max

, as a function of β. (b) The equilibrium optimum

parasite load (p
opt

) as a function of β. (c) The value of α that maximises the reproductive value, α
max

, as a function of

Λ. (d) The optimum equilibrium parasite load (p
opt

) as a function of Λ (solid line). The dotted indicates the parasite

burden expected with no immunity. (e) As (d), but the parasite burden is plotted as a proportion of the maximum

equilibrium, Λ. Other parameters are as Fig. 1.
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β 
= 

0.5

β=
 1

β 
= 

2

Fig. 4. The interaction between resource acquisition (R), pathogenicity (β) and the rate of infection (Λ). Each graph

shows the equilibrium, optimum parasite burden (p
opt

) as a function of the rate of infection, Λ. The three columns

are drawn for R¯0±5, 1 and 2 (left to right), and the three rows are for β¯0±5, 1 and 2 (top to bottom). Note that

the vertical axis is different for each graph.

is maximised when the proportion of resources

devoted to immunity is 20% (α
max

¯0±195, solid

lines). Devoting less (dotted lines) results in a faster

growth rate and larger final size (enhancing survival

and reproduction) and a higher parasite burden

(reducing survival) with a net effect of lower survival.

Increasing α (dashed lines) produces a smaller final

size (reducing survival and reproduction) and lower

parasite burden with consequent higher survival.

The reproductive value is, however, lower because

of the effect on reproduction, i.e. reproductive

output is compromised by using resources to control

parasite burden. Note that it is relative values of the

reproductive value that are important, rather than

absolute value, so that values below unity have no

special meaning.

The effect of resource acquisition is demonstrated

in Fig. 2. As resource intake is varied, so is the

optimal proportion used to control parasite burden.

Note that resource acquisition, R, should be inter-

preted widely, so that it refers not only to direct

nutritional uptake, but the host’s ability to acquire

and utilise resources. Low levels of resource ac-

quisition reduce α
max

, i.e. the less that is available,

the lower the optimum proportion that should be

devoted to immunity. At the lowest level shown

(R¯0±1), α
max

¯0 and unrestricted parasite burden

is the optimum for the host. Optimal immune al-

location increases rapidly for 0±5!R!1, and

optimal parasite burden falls. For R"1±5 the

parasite burden can be effectively controlled by

reducing the proportion of the (increasing) resources

available devoted to immunity.

The effects of variation in pathogenicity, β, and

parasite exposure, or infection rate, Λ, are given in

Fig. 3. When parasites have no influence on survival

(pathogenicity is very low), there is nothing to be

gained by controlling them, and the optimum burden

is determined by epidemiology alone. As patho-

genicity increases so the influence of parasites on

survival becomes greater, and the optimum resources

devoted to immunity increases (Fig. 3a) and the

optimum parasite burden decreases (Fig. 3b). Note

again that pathogenicity should be interpreted

broadly. It represents the reduction in survival due

to parasite infection and will be influenced by both

host and parasite factors. Similarly, increasing

exposure results in increasing resources devoted to

immunity (Fig. 3c). But increasing exposure also

increases parasite burden, so that although increas-

ing exposure implies increasing immunity, the net

effect remains increasing parasite burden (Fig. 3d,

solid line). Consequently, the net effect of immunity

is the increasing proportionate reduction of parasite
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A B

C D

Fig. 5. The distribution and heterogeneity of parasite burdens between 200 different hosts. Each host is assigned a

random value for each of three parameters chosen from a uniform distribution: 0±4%R%2±4, 0%Λ%500 and

0%β%10. The optimised solution (α
max

) is found for each individual. The parasite burden and size are taken at age

ω. (a) The frequency distribution of the parasite burden. (b) The 200 hosts are divided into 5 equal size groups based

on rate of infection, and the mean and overdispersion parameter, k, calculated by maximum likelihood for each

group: note k varies inversely with the degree of heterogeneity. The line is found by linear regression. (c) The

correlation between size and parasite burden. Note logarithmic axis. The hosts are divided into three equal sized

groups based on R : R!1±1 (open circles), 1±1!R!1±8 (closed circles), and R"1±8 (open squares). (d) The

relationship between size and pathogenic effect of parasite burden (disease). Note logarithmic axis.

burden below the unconstrained value (as measured

by the distance between the lines in Fig. 3d drawn in

Fig. 3e). These results demonstrate that patho-

genicity and exposure are roughly equivalent in

terms of optimising the strength of the immune

response (compare Fig. 3a with Fig. 3c). The two

parameters, Λ and β, are almost linear with regard to

the optimisation of host response, apart from the

non-linear effect of parasite-induced immune re-

sponse (eqns 2 and 3). Clearly, either doubling the

number of parasites or doubling the effect of a single

parasite will have a similar consequence on optimisa-

tion of host survival and reproduction. However,

increasing Λ results in increase in optimal parasite

burdens (from the host’s viewpoint), although the

proportionate reduction is similar to the effect of

pathogenicity (compare Fig. 3b with Fig. 3e).

Fig. 4 shows the effect of simultaneous variation in

resource acquisition, pathogenicity and rate of

infection in terms of optimum, equilibrium parasite

burdens. In all cases, increasing resource acquisition

(left to right) results in reduced parasite loads.

Increasing pathogenicity (top to bottom) similarly

decreases optimum parasite burdens. The optimum

parasite burden at extreme rates of infection is

relatively little changed by pathogenicity (the effect

on survival is already great).

In Fig. 5 we address heterogeneity in parasite

burden. These results are simulations of 200 hosts,

each of which has a random combination of the

parameters R, Λ and β (resource, exposure and

pathogenicity respectively). For each host, the

optimum parasite burden is calculated and the

frequency distribution drawn (Fig. 5a). The result is

an overdispersed distribution, mirroring that ob-

served in natural infections, to which a negative

binomial distribution provides an empirical descrip-

tion (k¯0±68). Further, the degree of heterogeneity

(as measured inversely by the overdispersion par-

ameter of the negative binomial) appears to decrease

as the mean parasite burden increases (Fig. 5b)

(although no formal statistics can be calculated).

The relationship between host size, g, and parasite

burden, p, is complex (Fig. 5c). Generally, hosts

with reduced nutrition (open circles) are smaller but

have a wide range of parasite burdens. As resource

acquisition increases (filled circles–open squares),

size generally increases and parasite burden de-

creases but there is considerable overlap between

these groups. In the low resource group, there is a

positive trend in the relationship between size and

parasites: larger individuals have a higher burden.

As the resource acquisition increases this relation-

ship becomes increasingly negative, so that for the
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larger individuals, the largest have the smallest

burdens.

The total pathogenic effect of infection (or ‘dis-

ease’) is the product of the parasite burden and the

pathogenicity of an individual parasite, βp. Since

size and disease have the largest impact on re-

productive value, the optimisation attempts to find

the most profitable relationship between these two

variables (Fig. 5d). This relationship is not causal : it

represents the optimum an individual can achieve

given the circumstances. So that, remembering that

size is a proxy measure for condition or investment

for future reproduction and survival, it would be

erroneous to conclude, for example, that disease

causes small size.



This is, to the best of my knowledge, the first

quantitative description of the immunological and

epidemiological effects of resource partitioning be-

tween immunity, growth and reproduction from an

individual host perspective. The first conclusion is

that hosts’ attempts to maximise their resource use

under conditions of continuous infection will gen-

erally result in co-existence with parasite infection.

‘Failure’ to control parasites does not mean immuno-

logical failure or parasite evasion of immunity – a

non-zero parasite burden can be an optimal strategy

for the host (Fig. 1) (Behnke et al. 1992).

Variation in resource acquisition results in a

change in this parasite burden (Fig. 2). With this

model and parameters, the effect of resource ac-

quisition on parasite burdens is highly non-linear

and produces a threshold effect – malnourished hosts

have high burdens and little immunity, well nour-

ished hosts have low burdens, and there is a switch

between the two over a short range of R. Perhaps of

greatest significance is that individuals on very low

nutritional planes should put increasingly less re-

sources into immunity. This would be further

extenuated if resource acquisition was positively

related to size, or inversely related to parasite burden.

In this case, even small initial differences might have

very large consequences. Resource acquisition is

highly predictive of reproductive value. Fig. 3

demonstrates that although optimisation in the face

of varying pathogenicity and rate of infection have

similar immunological effects, they have very dif-

ferent epidemiological consequences, i.e. opposite

effects on absolute parasite burden.

The epidemiological (population) consequences of

hosts specific optimisation are interesting. Each host

will have a different optimal response, largely

because they have different resources bases, and

different ‘views’ of the parasite (e.g. what is

pathogenic to one host might be benign to another),

and will be exposed to different numbers of different

parasite strains. These differences will be multi-

dimensional and include genetic, environmental and

chance components. The results suggestion that we

can interpret heterogeneity in parasite burden in

terms of individual hosts finding their own optimum

immune response, and therefore their own optimum

parasite burden. Changes in the epidemiology of

infection can result in ‘shuffling’ of the hosts’

parasite burdens, rather than necessarily changing

the mean parasite burden. Consequently, continued

exposure might be expected to have as great an effect

on the variability of parasite burden between hosts as

on average burdens. The observation that individual

hosts are predisposed to relative parasite burdens is

consistent with this view – individuals’ optima are

relatively constant within a group of hosts. Epidemi-

ological investigations frequently involve com-

parisons between communities. However, it is within

the individual host that infection and immunity

occur, so that community or population level

phenomena are the manifestation of processes and

effects operating within individual hosts. The frame-

work presented here has potential for investigating

the community-level manifestations of individual

host processes. When variation in controlling para-

meters (resource acquisition, exposure and patho-

genicity) is included, the distribution of parasite

burdens (each being the host’s own, personal

optimum) is overdispersed (Fig. 5). In principle this

is because the combination of conditions that

optimise a high burden is relatively rare. Further,

the variation takes the same form as that ob-

served – i.e. it decreases as the mean increases. In

field data, the relationship between parasite burden

and condition (e.g. size) is frequently difficult to

demonstrate. As each host is optimising its own

circumstances to reduce the impact of parasites, this

impact can be unclear from observational data. In

well-nourished individuals, this relationship may be

positive, i.e. hosts in better condition have more

parasites.

The model presented is clearly simplified in many

respects. In particular, physiology, immunity, life

history and parasite infection present a complex,

non-linear interaction of processes that have not

been fully addressed. For example, the age of sexual

maturity (w) should itself be dependent on size (g),

and size may have a non-linear effect on reproductive

success (Hurd, 2001) and resource acquisition.

Further, we only consider host adaptation to parasite

infection. Parasites themselves are subject inter alia

to the trade-off between transmission and reduced

survival in hosts, considerably complicating the

interaction (van Baalen, 1998; Hurd, 2001). One of

the major hurdles to overcome in experimental

testing of hypotheses is the nature of this interaction.

For example, pathology (¯ reduced survival) must

be viewed in an evolutionary context, which is itself

the context for epidemiology and hence pathology.

Competition experiments have proved useful in
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evolutionary (i.e. strictly genetic) investigations (e.g.

Kraaijeveld & Godfray, 1997), but demonstrating

that hosts have obtained a constrained optimum

within their lifetime is potentially more difficult to

confirm experimentally.

The immune response to infection is complicated.

In part, this complexity in mechanism derives from

complexity in function, which is not only to control

infection and disease, but to do so in the most cost-

effective manner. For example, the commitment to

Th1 or Th2 response should be viewed not only in

terms of its effect on host protection (Jankovic, Liu

& Gause, 2001), but also its consequent effect on

physiology, its physiological cost and other aspects

of immunity (Yazdanbakhsh, van den Biggelaar &

Maizels, 2001; Matarese et al. 2002). Another

complication is that multiple parasite infections of a

single host are the norm (Graham, 2001). Not

surprisingly, there is substantial evidence for a close

interaction between immunity and physiology (for

example of the interaction between immunity and

CNS, see Anisman, Zalcman & Zacharko, 1993), as

well as environmentally mediated effects (e.g. Nelson

& Demas, 1996). Our results do not depend on the

immune response being able to distinguish pro-

tective from non-protective responses. A parasite

that is able to subvert host immune resources to non-

protective antigens (which reduces the immune

effectiveness) will presumably increase the optimum

burden (from the hosts’ viewpoint). This could be

included in the model in eqn 3 (which implicitly

assumes that all resources devoted to immunity have

a linear impact on parasite establishment). The

outcome here is related to the resources devoted to

immunity and it would clearly be in the host’s

interest to ensure that these resources are used

effectively. In addition to the direct costs of mount-

ing an immune response, most such responses result

in some form of immunopathology (Garside et al.

2000), where again hosts are having to compromise

between killing parasites and self-damage as a

consequence. Model simulations including immuno-

pathology (by making survival dependent on both

immune function and parasites in eqn 5) do indeed

suggest that optimum investment in immunity is

reduced and parasite burden increased (results not

shown).

Throughout, we have only considered a constant

(lifetime) investment in immunity. However, hosts

are likely to adjust apportionment of resources in real

time, i.e. optimising at each age (though the returns

are determined over the host’s lifetime). Age-related

strategies will be a result of both host optimisation

and age-related exposure. Environmental influences

(including infection) during early life can have

pervasive effects at later ages (e.g. Metcalfe &

Monaghan, 2001). Consequently, the immunological

response will be highly age-dependent, and will

greatly influence the age-related epidemiology of

pathogens. Likewise, ‘ immaturity’ of the immune

response in young individuals may be shown to be an

adaptive approach to resource allocation: an op-

timum strategy might be to permit higher parasite

burdens (and risk morbidity and mortality) in return

for being in a better state to reproduce later. Hosts

might be expected to differentiate between infecting

parasites (in terms of, say, pathogenicity) in deter-

mining the level of immune response to each. For

example, it would make evolutionary sense to react

quickly to a multiplying virus that would kill if

uncontrolled which, given constraints, will likely

imply reduction of immunity directed against para-

sites that are less dangerous. This requires mechan-

isms (within the immune system) that are capable of

detecting changes in abundance and spatial dis-

tribution of parasites within the host, and deter-

mining morbid consequences of each parasite popu-

lation. Suppression of subsets of the immune

response through activation of others need not be

directly due to the parasites themselves but an effect

of host resource allocation (Moret & Schmid-

Hempel, 2000). Consequently, elimination of one

pathogen may enhance the immune response to

others (Bundy, Sher & Michael, 2000).

One consequence of acknowledging that hosts

must optimise resource allocation is that individual

hosts have to find their own optimal parasite burden.

Depending on the speed with which this opti-

misation occurs, this would result in changes in the

distribution of parasite burdens with age, which

would also be exacerbated by changes in the

optimum with age (Pacala & Dobson, 1988). Aspects

of the immune system are transferred from mother

to offspring (Carlier & Truyens, 1995). Could not

mechanisms exist to pass information about, say,

the pathogenicity of specific infections? The neonate

that received ‘immunological wisdom’ from its

mother would be in a much better position to juggle

resource allocation between growth and immunity

than one that was ignorant. Such direct maternal

effects will confound analyses based solely on the

assumption of genetic transfer of information.

In summary, the general, quantitative framework

presented is a step towards further understanding of

the interaction between immunity and epidemiology.

The model makes the undesirable assumption that

the immune system is optimising in order to

understand the potential epidemiological conse-

quences (Parker & Maynard Smith, 1990). It is to be

hoped that future work will develop better under-

standing of the constraints and context within which

the immune system functions.
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