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Alternative hypotheses linking the immune
system and mate choice for good genes

David F. Westneat'" and Tim R. Birkhead?

'Center for Ecology, Evolution, and Behavior, T. H. Morgan School of Biological Sciences, 101 Morgan Building, University of Kentucky,

Lexington, Y 40506-0225, USA (westneat@ceeb.uky.edu)

2Department of Animal and Plant Sciences, University of Sheffield, Sheffield S10 2TN, UK

Why do males often have extravagant morphological and behavioural traits, and why do females prefer to
mate with such males? The answers have been the focus of considerable debate since Darwin’s The descent of
man, and selection in relation to sex appeared in 1871. Recently, the broadening of investigation to include fields
outside evolutionary biology has shed new light on mate choice and sexual selection. Here, we focus on a
specific set of hypotheses relating the biology of resisting disease-causing organisms with the production of
condition-dependent sexual signals (advertisements). We present a framework that distinguishes three
different hypotheses about trade-offs within the immune system that affect general condition. The original
Hamilton & Zuk hypothesis suggests that hosts fight off disease via resistance to particular pathogens,
which lowers resistance to other pathogens. Changes in pathogens over evolutionary time in turn favours
changes in which genes confer the best resistance. Alternatively, the immunocompetence hypotheses
suggest that the energetic costs of mounting a response to any pathogen compete for resources with other
things, such as producing or maintaining advertisements. Finally, improving resistance to pathogens could
increase the negative impacts of the immune system on the host, via immunopathologies such as allergies or
autoimmune diseases. If both disease and immunopathology affect condition, then sexual advertisements
could signal a balance between the two. Studies of hypothesized links between genes, condition, the
immune system and advertisements will require careful consideration of which hypothesis is being
considered, and may necessitate different measures of immune system responses and different

experimental protocols.

Keywords: sexual selection; dimorphic traits; female preference; immunocompetence; condition-

dependent handicap; disease resistance

1. INTRODUCTION

Females might choose males as sexual partners for a
variety of reasons. Sometimes males provide resources
useful to the female or her offspring (e.g. Alexander 1974;
Kirkpatrick & Ryan 1991). Males always provide genes,
and female preferences for particular males could evolve
via genes passed on to their offspring. There are two
broad (non-exclusive) classes of hypotheses for the
evolution of female choice based only on genotypic (or
indirect (Kirkpatrick & Ryan 1991)) benefits. One is
Fisher’s runaway model, in which female preference
becomes correlated with the male trait and evolves owing
to perturbations from equilibrium followed by correlated
changes in both sexes (Fisher 1930). The other class of
hypotheses have been termed ‘good genes’ models (Trivers
1972). A subset of these propose that a focal male trait is a
signal of underlying quality, which can be inherited by
offspring, thereby improving their survival (e.g. Zahavi
1975; Hamilton & Zuk 1982; Andersson 1994). One
version of this idea suggests that male traits advertise the
quality of their genotypes via general condition (condi-
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tion-dependent handicap (Andersson 1994)). In this
paper we focus explicitly on the hypothesis that quality is
linked to the functioning of the immune system; males that
can produce an extravagant advertisement have genetic
make-ups that provide a better defence against pathogens.

We have approached this subject as relative outsiders.
Both of us have long been interested in how female
behaviour affects mating patterns (e.g. Westneat et al. 1990;
Birkhead & Moller 1992), but we have only recently begun
thinking about the immune system and mate choice. In
doing so, we attempted to organize what we considered
might be alternative routes by which the immune system,
or some component of it, could have effects on condition.
We have focused explicitly on condition-dependent signals
and have ignored some systems (e.g. odour-mediated mate
choice for major histocompatibility complex (MHC)
compatibility (e.g. Potts et al. 1991; Yamazaki et al. 1994))
which do not involve extravagant advertisements. Not only
did this help us to understand some of the complexity in
immune responses, but we found that our approach also
gave us some guidance about what might be appropriate
tests of the alternatives. Here, we present our basic
approach, the three routes by which the immune system
might affect condition, and some comments on tests of
these alternatives.

© 1998 The Royal Society
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Figure 1. Path diagram illustrating relationships among key variables in a general model of condition-dependent advertisements in
which the benefit of female choice is the genes (in bold) that the male can provide for the female’s offspring. Path analysis seeks to
explain causal sources of variation in important traits (Wright 1968) within populations. Empirically derived path coeflicients at
any one level of organization are measured as the partial correlation coefficients in a multiple regression. Hence, paths 1B and 2A
represent the partial correlations of genes and environment, respectively, on condition, and paths 1A and 3A represent the inde-
pendent effects of genes and condition on advertisements. Although path analysis is a statistical procedure, the arrows also
represent underlying causal relationships. Thus, path analyses can be used either for data analysis or for organizing complex
relationships among variables, and it is the latter use that we employ here. We recognize that any such diagram may leave out
important variables, and, as in this case, might ignore covariances between variables at a given level (e.g. covariance between
genes and environment). We deliberately omit some of these complications in order to clarify key processes (figure 2).

2. CONDITION-DEPENDENT ADVERTISEMENTS

The basic idea of condition dependence of male sexual
signals (for reviews, see Grafen (1990), Kirkpatrick &
Ryan (1991), Andersson (1994) and Ryan (1997)) is
illustrated by the path diagram in figure 1. Variation in
condition in a population of males will be the result of
genetic variation (path 1B) and environmental variation
(path 2A). Here, we broadly define condition as the
ability of the organism to mobilize resources (energy or
nutrients) for a particular task. Variation in advertisement
1s affected by variation in condition (path 3A), as well as a
direct and independent effect of genetic variation (1A; in
many models this path coefficient becomes small because
selection drives genes to fixation (Andersson 1994)). In
order for females to predict accurately which males have
good genes, the magnitude of the paths leading from
genes to condition (1B) and from condition to the adver-
tisement (3A) must be high. As a consequence, the
magnitude of the path leading from environment to condi-
tion (2A) must also be low (the latter may be less binding
if there 1s a covariance between genes and environment,
but this complexity is beyond our discussion here).

All condition-dependent advertisements depend on a
positive value of the path from condition to advertisement.
Many studies hint at this relationship, but few have
directly tested it by manipulating some aspect of condition
and measuring a change in advertisement (for a review,
see Andersson (1994)). Irom here, we will assume that
condition dependence of advertisements exists. We also
assume that females choose partners based on these
advertisements.

3. IMMUNE SYSTEM FUNCTION AND CONDITION-
DEPENDENT ADVERTISEMENTS

Hamilton & Zuk (1982) developed the idea that because
disease affects condition, a male’s ability to fight off
disease-causing organisms would affect his ability to put
resources into sexual advertisements. They also suggested
that because pathogens would be selected to avoid host
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defences, genetic resistance to pathogens would be part of
an evolutionary arms race between host and pathogen.
Their idea first stimulated a flurry of studies on potential
pathogens, particularly parasites (for reviews, see Read
(1988), Moller (1990q), Zuk (1992) and Andersson
(1994)). More recently, attention has shifted to measuring
the quality of the host’s immune system (e.g. Folstad &
Karter 1992; Gustaffson et al. 1994; Skarstein & Folstad
1996; Saino et al. 1997). Some of these latter studies have
focused less on the coevolution between immune system
and pathogen (and the cost of the disease itself), and
more on the potential energetic costs of mounting an
immune response (e.g. Wedekind 1992; Wedekind &
Folstad 1994; Sheldon & Verhulst 1996) as the key factor
affecting condition dependence. This shift in emphasis
suggested to us that there might be multiple ways in
which trade-offs involving the immune system would
affect condition (see Zuk 1994). Clarifying the distinctions
between alternatives seemed to us to be useful in testing
the general idea of mate choice for immunity.

Any immune response includes two steps: (i) the host
must first recognize a pathogen as an invader, and (i1) it
must mobilize resources to destroy it. In the vertebrate
immune system, once a pathogen enters the body, two
different modes of defence act to destroy it (Campbell
1993). One mode, the cellular (also formerly called non-
specific, natural or innate) response, is a system of macro-
phages, killer cells, blood proteins, interferons and
inflammatory responses that destroy pathogens directly or
resist their spread. Recognition of invaders in this system
occurs via chemical gradients (e.g. histadines, prosta-
glandins or chemicals on the surface of the pathogen) or
via interactions with the other mode, the humoral (also
once called adaptive, learned or specific) response. The
humoral response results in the increased production of
proteins (antibodies) that bind specifically to portions of
particular pathogen molecules, thereby neutralizing them
or tagging them for destruction by phagocytes, T-cells or
the complement pathway.

Here, we make an additional distinction about immune
system components. Both the cellular and humoral
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responses require recognition that an object is an invader.
Both are also potentially involved in the invader’s destruc-
tion. Some pathogens, however, are easier to recognize
and destroy than others. Thus, the effectiveness of both
cellular and humoral modes can be pathogen-specific
(e.g. Golub & Green 1991; Playfair 1995). In addition,
both cellular and humoral responses contain machinery
that maintains and replicates the cells and biochemical
agents 1nvolved in the response. Such machinery is
common to all responses, and so is involved in the
effectiveness of both modes of defence against any
pathogen. Hence, a particular individual’s resistance to a
pathogen will be a result of both specific and general
immune effectiveness (or resistance) (e.g. Wedekind 1994).
We use these terms again below; we emphasize that they
do not correspond to the standard distinction of specific
and non-specific immune responses, which refers to
whether or not the immune system can adapt its responses
in ecological time to different pathogens (Playfair 1995).
Obviously, the two dichotomies overlap, as the adaptive
response of the humoral system improves its effectiveness
against specific pathogens while simultaneously main-
taining the ability to respond broadly to many different
pathogens.

4. ALTERNATIVE HYPOTHESES ABOUT TRADE-OFFS
WITH THE IMMUNE SYSTEM

Given that the immune system has components that act
specifically against certain invaders and other components
that are common to the responses to any invader, we iden-
tified three different trade-offs within the immune system
that might affect general condition and hence influence
sexually selected advertisements. We describe them sepa-
rately below as alternative routes, linking the immune
system with condition (figure 2a—¢).

(a) Route 1: specific resistance, disease and condition

We interpret the first route (figure 24) as presenting the
idea originally suggested by Hamilton & Zuk (1982): high
genetic resistance to specific pathogens (path 1C) will
result in lower disease (path 5) and hence better condition
(path 6) and more extravagant advertisements (path 3A).
In this route, there is no direct link between the immune
system and condition; only the disease caused by the
pathogen affects condition. The key cost of immunity is
that modifications to either cellular or humoral responses,
which more effectively combat a particular pathogen,
reduce the immune system’s effectiveness against other
pathogens (e.g. Frank 1994; Wedekind 1994). For example,
particular MHC proteins are effective 1in
recognizing or presenting some antigens (e.g. Briles et al.
1983; Lamont et al. 1987; Hill e al. 1991). Similarly, parti-
cular forms of lytic enzymes might be necessary to
overcome the protective capsules of some bacteria, such
as Mycobacterium tuberculosis and Brucella (Playfair 1995).
Hamilton & Zuk (1982) noted that specific resistance
creates strong selection on the pathogen to escape host
defences. Hence, an evolutionary change in the pathogen
(or an increase in the abundance of another species) will
in turn change the underlying basis for resistance,
resulting in an unending coevolutionary war between
host and pathogen species. Because of the effect of disease

more
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on condition, the advertisements always signal the level of
resistance.

A number of reviews have presented the key assump-
tions and tests of this idea (e.g. Read 1988; Moller 1990a;
Zuk 1992). Our conceptual framework echoes many of
these and we discuss them only briefly for comparison
with the other two routes described below. For females to
gain genes for resistance via this route alone, the paths 1C,
3A, 5 and 6 must all be substantially different from zero
(paths 5 and 6 must be negative). However, in order for
the genetic benefits of female choice to persist, the
pathogen species must evolve to cause a reduction in the
effects of particular resistant genotypes on the disease
caused by the pathogen (i.e. the magnitude of path 5
must change over evolutionary time for a given host geno-
type). We can broaden this idea by noting that the
magnitude of path 5 could be different as well for different
pathogen species that all coevolve (Eshel & Hamilton
1984) or fluctuate ecologically.

Because tests of Hamilton & Zuk’s (1982) hypothesis
have been recently reviewed (e.g. Read 1988; Moller
1990a; Zuk 1992; Andersson 1994), we will not explore
them in great detail. Many studies have measured correla-
tions between parasites, condition and advertisements
(paths 6 and 3A; reviewed by Moller (19906), Zuk (1992)
and Andersson (1994)); fewer have experimentally
manipulated parasites or condition and measured the
causes of such correlations (e.g. Milinski & Bakker 1990;
Moller 19906; Zuk et al. 1990). Relatively few studies of
sexual selection have measured path 1C, a genetic effect
on variation in immunity. A study of particular interest
concerns the role of the MHC in spur length in the
pheasant Phasianus colchicus (von Schantz et al. 1996). As
noted above, MHC fits the idea of specific immune
effectiveness embodied in Hamilton & Zuk’s model. von
Schantz et al. (1996) found that spur length is a condition-
dependent sexual advertisement and appears to be a target
of female preferences. Spur length was correlated with
particular MHC genotypes, and the males with those
genotypes also had higher survival. Interestingly, the posi-
tive relationship between spur length and MHC genotype
switched among different genotypes between years (von
Schantz et al. 1997), suggesting that the effectiveness of
particular combinations of MHGC against pathogens
changed with time. We do not know if (i) spur length was
longer in these particular males because they were
protected from a particular pathogen, or (ii) the impor-
tant pathogen changed with time, either by evolving or
being replaced by another one. Both (i) and (i1) are
critical for the Hamilton & Zuk idea.

Recently, many researchers have begun measuring the
magnitude of the humoral immune system response using
novel but non-replicating antigens (e.g. Saino et al. 1995;
Zuk et al. 1995; Ros et al. 1997). These are useful techniques
(see below), but on the basis of how we have defined route
1, they do not provide a measure of the immune system
that 1s relevant to route 1. The key idea embodied in route
1 is that there is a trade-off between becoming more
resistant to one pathogen at the expense of being resistant
to other pathogens. When such specific resistance is
involved, responses to a novel antigen will tell us little
about how the organism can respond to the real pathogens
it currently faces.
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Figure 2. Path diagrams illustrating three different routes linking genes, immune responses, condition and sexual advertisements.
(a) Route 1, depicting Hamilton & Zuk’s (1982) idea that genes affecting specific immune effectiveness (specific resistance; path
1C) would reduce pathogen prevalence (path 5), which would improve condition (path 6), thereby resulting in a more extravagant
advertisement (path 3A). (4) Route 2, depicting condition-dependent general immune effectiveness (general resistance). Genes
affect condition directly (1B), the level of advertisement given a particular condition (path 1A), or the level of immune response
given a particular condition (path 1C). General resistance trades-off with the advertisement over condition (paths 3A and 4), with
the benefit of higher immunity being lower disease (path 5) and the benefit of higher advertisement being increased mating success.
(¢) Route 3, depicting dual effects on condition of the immune system via pathogen resistance on the one hand and the risk of
immunopathologies on the other. Genes affect the aggressiveness of the immune system (path 1C), which affects disease (path 5)
and immunopathology (path 7) in opposite directions. Both disease and immunopathologies have negative effects on condition; the
optimal balance of those two will maximize condition and produce the most extravagant advertisement (via path 3A). In all three
routes, some effects of environment are included; path 2A is the effect of environmental variation on condition, path 2B is the
influence of environment on the immune system (e.g. via prior exposure to pathogen and ‘memory’ of the immune system).

(b) Route 2: condition and the energetics of general (1994) suggest that the energetic costs of making and
resistance maintaining immune system components is the key effect
In route 1, the costs of making and maintaining the  on condition, which might create a link between the
components of the immune response were considered  immune system and sexually selected advertisements.
negligible. Wedekind (1992) and Wedekind & Folstad This cost seems likely to be found in the machinery

Proc. R. Soc. Lond. B (1998)
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common to the response to any pathogen. Thus, in this
route (figure 2b) we focus on general resistance. Host
resources are used up by the advertisement, the immune
system and by the disease (paths 3A, 4, and 5), and so
only those individuals in good condition can mount a
strong immune defence (or handle the disease (e.g.
Skarstein & Folstad 1996)) and produce an extravagant
advertisement.

We suggest that genetic variation could have four
different effects on advertisements in this route. First,
there could be genetic variation for the rules by which
condition is allocated to the immune system or the adver-
tisements. Such variation might persist because the
optimal balance between immune system or advertisement
changes owing to shifts in the presence of pathogens in the
environment or in their effects on the host (a shift in the
magnitude of path 6). In figure 26 we assume that this
allocation rule is fixed; three other paths then describe
possible independent effects of genetic variation. One
(path 1B) represents the effect of genetic variation on
variation in condition. One possible mechanism could be
via genetic differences in foraging behaviour. Individuals
that forage appropriately would have high condition, and
could produce a more elaborate advertisement, mount a
larger immune response, handle a higher invasion of
pathogens, or some combination of all three. Alternatively,
genetic variation could affect the cost of the advertisement
(path 1A), perhaps via more optimal growth or better
timing of displays. Quality individuals would have more
resources to be allocated resulting in a more extravagant
advertisement. Finally, genetic variation could affect the
cost of the immune system, perhaps in two ways. First, a
given level of response could be less costly to produce,
perhaps via conformational changes in key enzymes that
make production of antibodies or growth of cells more
efficient (path 4 would be less in these genotypes). Alter-
natively, improved specific resistance might reduce the
quantitative response needed to fight a pathogen (see
below). Both of these would result in a shift in use of
resources to other tasks, including a more elaborate
advertisement.

An important difference between routes 1 and 2 is that
in route 2, there is a general aspect of the host’s defence
system that is costly. Others have reviewed whether or not
generating an immune response entails resource-based
costs (Sheldon & Verhulst 1996; Deerenberg et al. 1997;
Raberg et al. 1998). We point out here that, whereas
studies showing a reduction in weight gain during produc-
tion of antibodies (e.g. Deerenberg et al. 1997; Klasing et al.
1987) are suggestive, measures of the impact of antibody
on basal metabolic rate reveal negligible costs (Svensson
et al. 1998). Indeed, some internal processes, such as
destruction of leukocytes that are designed to suppress the
immune system, do not appear to be as efficient in conser-
ving energy as one would expect if the energetic cost of
immunity were important (Sapolsky 1992). A few studies
have experimentally manipulated condition and measured
general components of the immune system. They have
shown that an improvement or reduction in condition can
enhance or reduce immune function, respectively (e.g.
Cooke et al. 1993; Lochmiller et al. 1993; Praharaj et al.
1995). Few studies have focused on the resource-based
costs of mounting an immune response, especially in free-
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living populations. Although it seems likely that mainten-
ance of cell-mediated responses as well as production and
maintenance of humoral responses will all entail some
cost, the evidence that this is an important cost for
models of sexual selection is equivocal.

An important prediction of route 2 is that manipula-
tions of condition (via diet or workload) should result in
parallel effects on the advertisement and the immune
system response. In this case, using novel (to the host) but
non-replicating antigens (e.g. sheep red blood cells or
SRBCs) is a conceptually relevant way to measure
immune system response. However, interpretations of
novel antigen studies should be made cautiously.
Responses to just one type of antigen (e.g. SRBCs) may
provide misleading information. For example, in lines of
mice selected for their antibody production in response to
immunization with SRBCs (Weiner & Bandieri 1974), the
line selected for low antibody production significantly
deviated from controls. However, this line turned out to
have a very strong cell-mediated immune response (via
phagocytosis), which possibly reduced the invasion of
SRBCs so quickly that antibody production became less
important. In studies of chicken lines selected for high
antibody titres to SRBCs, responses to other antigens
were sometimes high (e.g. Parmentier e/ al. 1994; Scott et
al. 1994), suggesting a common component to antibody
production, whereas in others it was low (e.g. Kreukniet
et al. 1992), indicating unique components. Some studies
also found selected lines were more resistant to some
pathogens but not others (e.g. Gross et al. 1980; Gross
1986). Hence, a low (or high) response to one antigen
presentation (e.g. SRBCs) alone does not mean that the
individual has poor (or good) general resistance. One
method of confirming that a general component of the
immune system is being measured might be to use multiple
measures of immune system response (e.g. multiple anti-
gens). Covariance between the responses obtained from
separate novel antigens would suggest a common compon-
ent to them all; the results of the few such studies to date
are mixed (e.g. Cheng et al. 1991; Bacon 1992; Luster et al.
1992; Kean et al. 1994; Dietert et al. 1996). These studies
have not used free-living individuals with natural varia-
tion in condition or genetics, and so much could still be
gained from attempting to measure general resistance in
such situations by employing an array of assays.

We also note that, although the use of novel antigens
removes the potential cost of the disease (path 6) from
the experiment (an important benefit), it may be poten-
tially less demanding on the immune system than a real
pathogen, which replicates inside the organism. Thus,
only the initial components of host defences might be
necessary to combat this experimental ‘infection’. We
would predict that a higher cost might be evident if novel
antigens were used in such a way (e.g. rapidly repeated
immunizations) that might more closely approximate the
load on the immune system from an actively replicating
organism.

Separating the three genetic pathways (paths 1A, 1B and
1C) has not been attempted, and seems likely to be
difficult. Measures of heritability of resistance to experi-
mental inoculations of parasites (e.g. Hillgarth 1990;
Moller 19904; Zuk et al. 1990) do not necessarily test
paths 1A—C in this route because they do not distinguish
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between general (route 2) and specific resistance (route 1).
Divergence of lines selected on immune responses (e.g.
Weiner & Bandieri 1974; Kreukniet ef al. 1992; Kean ef al.
1994) strongly suggests a genetic basis for such responses,
although which paths (IA-C) are involved is not clear.
From the point of view of whether or not females receive
indirect genetic benefits by choosing upon advertisements,
separating the three paths does not matter. Nevertheless, a
complete understanding of this route would need to
examine each path. A possible, but difficult, experiment
that could measure all three separately would be to cross-
foster individuals and have independent measures of the
effect of genotype on condition, immune system response
and advertisement.

(c) Route 3: resistance and immunopathology

The immune system could be viewed as a biochemical
signal detector, because it must distinguish between self
and non-self, and between benign and harmful invaders.
Thus, the immune system faces the same problem any
signal detector does: errors of rejecting or accepting an
object when it should not are inevitable, and the system
cannot simultaneously reduce both (Wiley 1983). A
possible trade-off faced by the immune system, therefore,
might be between the risk of a pathogen passing through
undetected (acceptance error) versus the risk of immuno-
pathology (i.e. rejecting parts of the host or completely
benign invaders (rejection errors) and attacking them
(e.g. de Boer & Perelson 1994; Sherman et al. 1997)). In
this route (figure 2¢), a change in the immune system
would have simultaneous and opposite effects on paths 5
and 7. Acceptance and rejection errors both have negative
effects on condition (paths 6 and 8), thereby affecting the
advertisement. The genetic effect (path 1C) might be
thought of as influencing immune system ‘aggressiveness’,
and the genes most beneficial to females would be those
that optimally balance the benefits of aggressively
attacking real pathogens with the risks of immuno-
pathology. Changes in the biotic environment could lead
to shifts in the optimal balance point, thereby maintaining
the genetic variation being signalled by the advertisement
(figure 3). Route 3 is distinctly different from route 1; the
cost here is the effect of the immune system on the host,
whereas in route 1 the cost was in terms of limits to immu-
nity to one pathogen versus another.

Immunopathology is common and is clearly associated
with mistakes of recognition or an overzealous immune
response (or both). Autoimmune disease, in which the
immune system attacks host tissues (e.g. rheumatoid
arthritis or haemolytic anaemia (Golub & Green 1991)),
is clearly a mistake in recognition. A number of other
debilitating consequences of immune function appear to
be mistakes in level of response. Allergies, for example,
are the result of a strong response to foreign substances
that are not harmful on their own. Similarly, dangerously
high fever, excess granuloma formation or excess deposits
of antibody—antigen complexes (which can lead to
problems such as renal failure (Playfair 1993)) all have
negative effects on the host.

Some evidence exists for the idea of a trade-off between
fighting disease and damaging self. Some studies indicate
that the prevalence of immunopathology and the strength
of immune responses are negatively correlated (e.g. Kinlen

Proc. R. Soc. Lond. B (1998)
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Figure 3. Optimal immune system responses (O, Oy and
Oygs) as a function of trade-off between the impact of immunity
on pathogens and the effect of immune system function on
immunopathologies. The optimal points occur when the slopes
of the curves relating the effect on condition of the immune
system fighting off the pathogen and the effect on condition
due to immunopathology sum to zero (indicated by vertical
dotted lines). Differences in prevalence or type of pathogen
among environments (either in space or time) result in shifts in
the benefit curve (E1, E2 or E3) and hence produce different
optimal levels of aggressiveness that might be indicated by a
condition-dependent male advertisement.

1992; Gridley et al. 1993). Females generally have higher
immune responses than males (Grossman 1985) and, in
humans, also have higher rates of autoimmune disorders
(Nelson & Steinberg 1987). Hormone studies have shown
that progesterone inhibits the immune system and when
women are either pregnant (when progesterone levels are
high) or using oral contraceptives that contain proges-
terone, some autoimmune conditions are reduced.
Similarly, disruption of the normal feedback regulation of
the immune system via the secretion of glucocorticoids
(Besedovsky & del Rey 1996) results in a prolonged
immune response and increased autoimmune disease (e.g.
Wilder 1995). Indeed, immunosuppression during stress
has recently been suggested to be an adaptive response to
reduce the impact of immunopathology at sensitive times
(Raberg et al. 1998).

An important issue is whether or not both disease and
immunopathologies affect condition in ways that would
influence the development of sexual advertisements. Some
immunopathologies are clearly very costly (e.g. death due
to anaphylaxis), and other consequences of immune
responses (e.g. cell lysis) could affect resources available
to other parts of the body (e.g. haemolytic anaemia)
(Playfair 1995). Nevertheless, little attention has been
given to how immunopathologies might affect sexual
advertisements.

A prediction of the resistance versus immunopathology
hypothesis is that the optimal immune response will be
intermediate: that is, it will be a balance between the
ability to resist pathogens versus the dangerous effects on
self. Furthermore, immunopathology could result from
either specific or general resistance. Improved immune
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effectiveness against particular pathogens could result in
more immunopathology if the pathogen is evolving to
escape immune defences by mimicking the host (e.g.
group A streptococcus, which mimics mammalian heart
tissue (Playfair 1995)). A larger or longer response
(general resistance) to a pathogen can lead to more cell
lysis, more antibody—antigen deposits, more granulomas,
or an increased risk of autoimmunity (as happens with
injections of the bacterial protein lipopolysaccharide,
which can stimulate self-reactive B cells directly (Playfair
1995)). It is therefore not clear whether use of novel anti-
gens as a measure of the immune response is appropriate
for testing route 3. If the focus is to look at the effects of
general resistance on immunopathologies, then novel anti-
gens would be a useful way of measuring such responses,
although because the optimal response is intermediate,
we would expect a nonlinear relationship with condition
(individuals with both high and low responses should
have low condition, although for different reasons).
However, if specific resistance is thought to be important,
then use of novel antigens would be inappropriate, and it
seems likely that investigators would have to uncover the
specific host—pathogen relationship to test route 3
adequately.

As with route 1, a complete test of this route will need
to document shifts in biotic environments that cause shifts
in the optimal balance between aggressive immunity
from pathogens and the risk of pathology (figure 3). It
seems to us that we are a long way from testing this
idea, as we will need to know a great deal more about
the pathogens involved, the portions of the immune
system of relevance and the costs associated with
increased immune aggressiveness.

5. THE REAL WORLD

Our discussion of the three alternative trade-offs and
the predictions of each assumed that each was the only
route of importance. It is obvious that in the real world,
all three could be involved simultaneously. For example,
fever is a potentially effective weapon against some
diseases (e.g. Playfair 1995; route 1), involves metabolic
costs (e.g. Baracos et al. 1987; route 2), and can have debil-
itating effects on the functions of host tissues (e.g. neural
damage) if it is too extreme (e.g. Playfair 1995; route 3).
Furthermore, there are possible interactions between the
routes. For example, better recognition of antigen by anti-
body, or more effective presentation of antigen by MHC
(specific resistance), can produce a stronger production of
antibody (general resistance) (Golub & Green 1991). In
some cases, improved recognition of pathogen (specific
resistance) might make the risks of cross-reactivity with
self go down (e.g. Steward 1981). Changes in one route
could also affect selection on the others. For example,
evolution of more effective destruction of a particular
pathogen (e.g. better lytic enzymes; route 1) might cause
evolution of a reduced numerical response (lowered anti-
body production) and a reduced energetic (route 2) or
immunopathogenic cost (route 3).

Environmental influences (paths 2A and 2B), such as
fluctuations in food availability, seem likely to have large
effects in all these models, and will reduce the reliability
of advertisement as a signal of genetic benefits. Relatively
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little study of environmental influences on sexually
selected traits has been attempted, yet besides the potential
dampening effect such variation will have on the reliability
of advertisements, environmental variation could be the
key driving factor maintaining genetic variation in all
three routes discussed above. Changing environments
could change the array of pathogens of most danger to
hosts, thereby shifting the value of specific resistance in
route 1. Similarly, changes in environment could alter
which path and which genes within that path have the
most influence on condition in route 2. Finally, fluctuating
pathogens alter the optimal balance between disease resis-
tance and risk of immunopathology in route 3 (figure 3).
Thus, one exciting area of study might be the ways in
which environmental variation influences sexually selected
advertisements and the underlying benefits females
acquire by choosing adorned males.

Given these complications, how should one proceed in
testing these ideas? The real world also undermines glib
assertions of what constitutes a rigorous test of particular
hypotheses, as many of the issues we have discussed (e.g.
measures of paths in figure 2a—c¢) are likely to be very
difficult to accomplish. Consideration of the key differ-
ences between the three routes we have described suggests
some general approaches. These include searching for
measures of specific versus general resistance (which are
likely to emerge from combining study of the immune
system and the key pathogens affecting the host), the ener-
getic cost of the immune system, and the consequences of
immunopathologies on general condition. Although beha-
vioural ecologists and immunologists are still a long way
from fully understanding each other (e.g. Svensson &
Skarstein 1997), some of the tools to achieve these measures
may be already available. We hope that the framework we
have presented will allow integration of immunology and
behavioural ecology such that specific measures of the key
variables can be found, and the ways in which mate choice
1s influenced by the immune system can be tested.

Ideas come from many sources, and those in this paper were
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D. Hasselquist, B. J. Hatchwell and M. Siva-Jothy. We also thank
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with unpublished data; they independently developed a graphical
model of optimal immune response similar to our figure 3. D.F.W.
was supported by the National Science Foundation and the Uni-
versity of Kentucky, and T.R.B. by NERC and the University of
Sheffield during the writing of this paper. Fred Davison, Dennis
Hasselquist, Joe Poston, Lars Raberg, Andrew Read, Paul
Sherman, Marlene Zuk and three anonymous reviewers kindly
provided many useful comments on the manuscript.

REFERENCES

Alexander, R. 1974 The evolution of social behaviour. A. Rew.
Ecol. Syst. 5, 325-383.

Andersson, M. 1994 Sexual selection. Princeton University Press.

Bacon, L. D. 1992 Measurement of immune competence in
chickens. Poultry Sci. Rev. 4, 187-195.

Baracos, V. E., Whitmore, W. T. & Gale, R. 1987 The metabolic
cost of fever. Can. J. Physiol. Pharmacol. 65, 1248—1254.

Besedovsky, H. O. & Del Rey, A. 1996 Immuno-neuro-endocrine
interactions: facts and hypotheses. Endocr. Rev. 17, 64-97.

Birkhead, T. R. & Moller, A. P. 1992 Sperm competition in birds:
evolutionary causes and consequences. London: Academic Press.



1072 D. F. Westneat and T. R. Birkhead  Mate choice and the immune system

Briles, W. E., Stone, H. A. & Cole, R. K. 1977 Marek’s disease:
effects of B histocompatibility alloalleles in resistant and
susceptible chicken lines. Sczence 195, 193—-195.

Campbell, N. A. 1993 Biology, 3rd edn. Redwood City, CA:
Benjamin-Cummings Publishing Co.

Cheng, S., Rothschild, M. F. & Lamont, S. J. 1991 Estimates of
quantitative genetic parameters of immunological traits in the
chicken. Poultry Sci. 70, 2023-2027.

Cooke, M. E., Miller, C. C., Park, Y. & Parzia, M. 1993
Immune modulation by altered nutrient metabolism: nutri-
tional control of immune-induced growth depression. Poultry
Sci. 72, 1301-1305.

Darwin, C. 1871 The descent of man, and selection in relation to sex.
London: John Murray.

de Boer, R. J. & Perelson, A. S. 1993 How diverse should the
immune system be? Proc. R. Soc. Lond. B 252, 171-175.

Deerenberg, C., Kogel, d. C. H. & Overkamp, G. F. J. 1996 Costs of
reproduction in the zebra finch Taeniopygia guttata: manipulation
of brood size in the laboratory. 7. Avian Biol. 27, 321-326.

Deerenberg, C., Apanius, V., Daan, S. & Bos, N. 1997
Reproductive effort decreases antibody responsiveness. Proc.
R. Soc. Lond. B 264, 1021-1029.

Dietert, R. R.,; Golemboski, K. A., Kwak, H., Ha, R. & Miller,
T. E. 1996 Environment—immunity interactions. In Poultry
immunology (ed. T. F. Davison, T. R. Morris & L. N. Payne),
pp- 343-356. Abingdon, UK: Carfax.

Eshel, I. & Hamilton, W. D. 1984 Parent—offspring correlation in
fitness under fluctuating selection. Proc. R. Soc. Lond. B222,
1-14.

Fisher, R. A. 1930 The genetical theory of natural selection. Oxford:
Clarendon Press.

Folstad, I. & Karter, A. J. 1992 Parasites, bright males, and the
immunocompetence handicap. Am. Nat. 139, 603—622.

Frank, S. A. 1994 Recognition and polymorphism in host—
parasite genetics. Phil. Trans. R. Soc. Lond. B 346, 283—293.

Golub, E. S. & Green, D. R. 1991 Immunology: a synthesis, 2nd edn.
Sunderland, MA: Sinauer Associates.

Grafen, A. 1990 Biological signals as handicaps. J Theor. Biol.
144, 517-546.

Gridley, G., McLaughlin, J. K., Ekbom, A., Kloreskog, L.,
Adami, H.-O., Hacker, D. G., Hoover, R. & Fraumeni, J. F.
Jr 1983 Incidence of cancer among patients with rheumatoid
arthritis. 7. Natn. Cancer Inst. 85, 307-311.

Gross, W. B. 1986 Effects of dose antigen and social environment
on antibody response of high and low antibody response
chickens. Poultry Sci. 65, 687-692.

Gross, W. B., Siegel, P. B., Hall, R. W.;, Domermuth, C. H. &
DuBoise, R. T. 1980 Production and persistence of antibodies
in chickens to sheep erythrocytes. 2. Resistance to infectious
diseases. Poultry Sci. 59, 205—-210.

Grossman, C. J. 1985 Interactions between the gonadal steroids
and the immune system. Science 227, 257-261.

Gustafsson, L., Nordling, D., Andersson, M. S., Sheldon, B. C. &
Qvarnstrom, A. 1994 Infectious diseases, reproductive effort
and the cost of reproduction in birds. Phil. Trans. R. Soc. Lond.
B 346, 323-331.

Hamilton, W. D. & Zuk, M. 1982 Heritable true fitness and
bright birds: a role for parasites? Sczence 218, 384—387.

Hill, A. V. S.; Allsopp, C. E. M., Kwiatkowski, D., Anstey,
N. M., Twumasi, P., Rowe, P. A., Bennett, S., Brewster, D.,
McMichael, A. J. & Greenwood, B. M. 1991 Common West
African HLA antigens are associated with protection from
severe malaria. Nature 352, 595-600.

Hillgarth, N. 1990 Parasites and female choice in the ring-necked
pheasant. Am. Lool. 30, 227-233.

Kean, R. P, Cahaner, A., Freeman, A. E. & Lamont, S. J. 1994
Direct and correlated responses to multitrait, divergent selec-
tion for immunocompetence. Poultry Sci. 73, 18-32.

Proc. R. Soc. Lond. B (1998)

Kinlen, L. J. 1992 Malignancy and autoimmune diseases. J.
Autormmun. 5(A), 363—371.

Kirkpatrick, M. & Ryan, M. J. 1991 The evolution of mating
preferences and the paradox of the lek. Nature 350, 33—-38.

Klasing, K. C., Laurin, D. E., Peng, R. K. & Fry, D. M. 1987
Immunologically mediated growth depression in chicks:
influences of feed intake, corticosterone and interleukin-I.
F Nutr. 117, 1629-1637.

Kreukniet, M. B., Van der Zijpp, A. J. & Nieuwland, M. G. B.
1992 Effects of route of immunization, adjuvant and unrelated
antigens on the humoral response in lines of chickens selected
for antibody production against sheep erythrocytes. Vet
Immunol. Imunopathol. 33, 115-127.

Lamont, S. J., Bolin, C. & Cheville, N. 1987 Genetic resistance to
fowl cholera is linked to the major histocompatability complex.
Immunogenetics 25, 284—289.

Lochmiller, R. L., Vestey, M. R. & Boren, J. C. 1993 Relationship
between protein nutritional status and immunocompetence in
northern bobwhite chicks. Auk 110, 503-510.

Luster, M. L., Portier, C., Pait, D. G., White, K. L. Jr, Gennings,
C., Munson, A. E. & Rosenthal, G. J. 1992 Risk assessment in
immunotoxicology. I. Sensitivity and predictability of immune
tests. Fundl Appl. Toxicol. 18, 200-210.

Milinski, M. & Bakker, T. C. M. 1990 Female sticklebacks use
male coloration in mate choice and hence avoid parasitized
males. Nature 344, 331-333.

Moller, A. P. 1990a Parasites and sexual selection: current
status of the Hamilton and Zuk hypothesis. 7. Evol. Biol. 3,
319-328.

Moller, A. P. 19906 Effects of a haematophagus mite on the barn
swallow (Hirundo rustica): a test of the Hamilton and Zuk
hypothesis. Evolution 44, 771-784.

Nelson, J. L. & Steinberg, A. D. 1987 Sex steroids, autoimmunity
and autoimmune diseases. In Hormones and immunity (ed. 1.
Berczi & K. Kovacs), pp. 93-119. Lancaster, UK: MTP Press.

Parmentier, H. K., Siemonsma, R. & Nieuwland, M. G. B. 1994
Immune responses to bovine serum albumin in chicken lines
divergently selected for antibody response to sheep erythro-
cytes. Poultry Sci. 73, 825-835.

Playfair, J. H. L. 1995 Infection and immunity. Oxford University
Press.

Potts, W. K., Manning, C. J. & Wakeland, E. K. 1991 Mating
patterns in seminatural populations of mice influenced by
MHC genotype. Nature 352, 619-621.

Praharaj, N. K., Dunnington, E. A. & Seigel, P. B. 1995 Growth,
immunoresponsiveness, and disease resistance of diverse stocks
of chickens reared under two nutritional regimens. Poultry Sci.
74, 1721-1729.

Raéberg, L., Grahn, M., Hasselquist, D. & Svensson, E. 1998 On
the adaptive significance of stress-induced
suppression. Proc. R. Soc. Lond. B. (In the press.)

Read, A. F. 1988 Sexual selection and the evolution of parasites.
Trends Ecol. Evol. 3, 97-102.

Ros, A. F. H., Groothuis, T. G. G. & Apanius, V. 1997 The rela-
tion among gonadal steroids, immunocompetence, body mass,
and behavior in young black-headed gulls (Larus ridibundus).
Am. Nat. 150, 201-219.

Ryan, M. 1997 Sexual selection and mate choice. In Behavioural
ecology: an evolutionary approach, 4th edn (ed. J. R. Krebs &
N. B. Davies), pp. 179-202. Oxford: Blackwell Scientific.

Saino, N., Moller, A. P. & Bolzern, A. M. 1995 lestosterone
effects on the immune system and parasite infestations in the
barn swallow (Hirundo rustica): an experimental test of the
immunocompetence hypothesis. Behav. Ecol. 6, 397-404.

Saino, N., Bolzern, A. M. & Moller, A. P. 1997 Immuno-
competence, ornamentation, and viability of male barn
swallows (Hirundo rustica). Proc. Natn. Acad. Sci. USA 94,
549-552.

immuno-



Mate choice and the immune system  D. F. Westneat and 'T. R. Birkhead

1073

Sapolsky, R. M. 1992 Neuroendocrinology of the stress response.
In Behavioral endocrinology (ed. J. B. Becker, S. M. Breedlove &
D. Crews), pp. 287-324. Cambridge: MIT Press.

Scott, T. R., Dunnington, E. A. & Siegel, P. B. 1994 Brucella
abortus antibody response of white leghorn chickens selected
for high and low antibody responsiveness to sheep erythro-
cytes. Poultry Sci. 73, 346—-349.

Sheldon, B. C. & Verhulst, S. 1996 Ecological immunology:
costly parasite defences and trade-offs in evolutionary
ecology. Trends Ecol. Evol. 11, 317-321.

Sherman, P. W.; Reeve, H. K. & Pfennig, D. W. 1997 Recognition
systems. In Behavioural ecology: an evolutionary approach, 4th edn
(ed. J. R. Krebs & N. B. Davies), pp. 69-96. Oxford:
Blackwell Scientific.

Skarstein, F. & Folstad, 1. 1996 Sexual dichromatism and the
immunocompetence handicap: an observational approach
using Arctic charr. Oikos 76, 359-367.

Steward, M. W. 1981 Affinity of the antibody—antigen reaction
and its biological significance. In Structure and function of anti-
bodies (ed. L. E. Glynn & M. W. Steward), pp. 223-263.
Chichester, UK: Wiley.

Svensson, E. & Skarstein, F. 1997 The meeting of two cultures:
bridging the gap between ecology and immunology. Trends
Ecol. Evol. 12, 92-93.

Svensson, E., Raberg, L., Koch, C. & Hasselquist, D. 1998
Energetic stress, immunosuppression and the costs of an anti-
body response. Funct. Ecol. (In the press.)

Trivers, R. L. 1972 Parental investment and sexual selection. In
Sexual selection and the descent of man, 1871-1971 (ed. B.
Campbell), pp. 136-179. Chicago, IL: Aldine-Atherton.

von Schantz, T., Wittzell, H., Goransson, G., Grahn, M. &
Persson, K. 1996 MHC genotype and male ornamentation:
genetic evidence for the Hamilton—Zuk model. Proc. R. Soc.
Lond. B 263, 265-271.

von Schantz, T., Wittzell, H., Géransson, G. & Grahn, M. 1997
Mate choice, male condition-dependent ornamentation and
MHC in the pheasant. Hereditas 127, 133—140.

Wedekind, C. 1992 Detailed information about parasites
revealed by sexual ornamentation. Proc. R. Soc. Lond. B 247,
169-174.

Proc. R. Soc. Lond. B (1998)

Wedekind, C. 1994 Mate choice and maternal selection for
specific parasite resistances before, during and after fertiliza-
tion. Phil. Trans. R. Soc. Lond. B 346, 303-311.

Wedekind, C. & Folstad, I. 1994 Adaptive or nonadaptive
immunosuppression by sex hormones? Am. Nat. 143, 936-938.

Weiner, E. & Bandieri, A. 1974 Differences in antigen handling
by peritoneal macrophages from the Biozzi high and low
responder lines of mice. Eur. J. Immunol. 4, 457—463.

Westneat, D. F.; Sherman, P. W. & Morton, M. L. 1990 The
ecology and evolution of extra-pair copulations in birds. In
Current ornithology, vol. 7 (ed. D. M. Powers), pp. 331-369. New
York: Plenum Press.

Wilder, R. L. 1995 Neuroendocrine—immune system interactions
and autoimmunity. 4. Rev. Immunol. 13, 307-338.

Wiley, R. H. 1983 The evolution of communication: information
and manipulation. In Communication (ed. T. R. Halliday &
P. J. B. Slater), pp. 82—113. Oxford: Blackwell Scientific.

Wright, S. 1968 Evolution and genetics of populations. 1. Genetic and
biometric foundations. University of Chicago Press.

Yamazaki, K., Beauchamp, G. K., Shen, F.-W., Bard, J. & Boyse,
E. A. 1994 Discrimination of odor types determined by the
major histocompatibility complex among outbred mice. Proc.
Natn. Acad. Sei. USA 91, 3735-3738.

Zahavi, A. 1975 Mate selection—a selection for a handicap. 7.
Theor. Biol. 53, 205-214.

Zuk, M. 1992 The role of parasites in sexual selection:
current evidence and future directions. Adv. Study Behav. 21,
39-68.

Zuk, M. 1994 Immunology and the evolution of behavior. In
Behavioral mechanisms in evolutionary ecology (ed. L. A. Real),
pp- 354-368. University of Chicago Press.

Zuk, M., Thornhill, R., Ligon, J. D. & Johnson, K. 1990
Parasites and mate choice in red jungle fowl. Am. Zool. 30,
235—244.

Zuk, M., Johnsen, T. S. & Maclarty, T. 1995 Endocrine—immune
interactions, ornaments and mate choice in red jungle fowl.

Proc. R. Soc. Lond. B 260, 205-210.

As this paper exceeds the maximum length normally permitted,
the authors have agreed to contribute to production costs.






