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This thesis examines parental condition, how it is traded off against reproduction and how it is
displayed in a secondary sexual trait. The studies were performed on nest-box breeding
collared flycatchers Ficedula albicollis on the island of Gotland, in the Baltic Sea. Early
breeding and high fitness were found to be associated with high levels of glycosylated
haemoglobin possibly governed by migratory exertion and infectious disease. In order to test
if immune function is expressed in secondary sexual traits and how it is traded off against
reproductive effort a series of experiments were performed, in which birds were challenged
with an antigen, via a vaccine containing neutralised paramyxovirus. The forehead patch of
the male collared flycatcher serves as a badge of status and is under sexual selection. Good
condition, as reflected in strong immune response and low levels of blood parasites was found
to be associated with bigger patch size. Patch size was also found to vary in size within the
same breeding season in a pattern predictable from immune response data. Immune response,
in itself, was found to be costly in terms of reduced survival, confirming that trade-offs
involving suppression of immune response may increase fitness. Mating effort was found to
be traded off against immune function and moult. Experimental brood size manipulations
revealed a trade-off in females between number of offspring and immune function. Thus I
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PREFACE

In life science no one can avoid asking questions about why
organisms give birth to a certain number of young, and why they age
and eventually die. These are the primary questions of life-history
theory, according to which, everything that an organism does is
associated with some kind of cost, while the resources to cover these
costs are not unlimited. For example current reproduction has to be
traded off against other life history traits such as future reproduction
and survival (Stearns 1992). An individual has to have a strategy for
allocation of resources between different activities, that is, for making
physiological trade-offs. 

Orton (1929) suggested that physiological costs of reproduction are
the causes of senescence and death. Fisher (1930) put these ideas into
an evolutionary framework, while Williams (1966) was the first to
introduce the concept of trade-off between current and future
reproduction. 

The concept of trade-offs is one of the cornerstones in all theories
trying to explain differences in life span and reproductive tactics
between individuals and between species. In his landmark book
Stearns (1992) lists ten different life history traits involved in trade-
offs. My thesis focuses on one of them, parental condition, its
expression and how it is traded off against some of the other.
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INTRODUCTION

Life history trade-offs
Because resources never are unlimited,
each and every individual has to decide
how to allocate them among different
(bodily) functions (Stearns 1992). For
instance, in a bird, increased flight activity
during reproduction can be traded off
against self-maintenance such as immune
function. 

Each individual attempt to maximise its
fitness and individuals with different
access to resources in terms of matter
energy or time and with different con-
straints put upon them by environment and
lineage will allocate resources differently.

In the intra-individual trade-offs,
current reproduction is traded off against
growth and maintenance, which are impor-
tant factors governing survival probability,
condition and, in the end, prospects of
successful future reproduction (Stearns
1992). Reproduction can range from
decades of repeated reproductive events,
each with low success to one grand
terminal event as in many insect species.
Correlational studies have given important
information about the life-history decisions
governing reproductive strategies, but
more often an experimental approach is
highly preferable. By experimentally
increasing the amount of resources
allocated to one trait we can expect a
reduction in the other, if a trade-off
situation between the two exists. Although
seemingly trivial, life history research tries
to answer some of the major issues
affecting fitness: when to do what, how
much to invest in each activity and how to
balance investment between reproduction
and own survival.

General avian immunology
The avian immune system is partly
different from the mammalian system,
even though the two share most of their
key functions. In fact, parts of what we
today know about the mammalian immune
system stems from research on birds.

There are three main lines of defence
against pathogens in the organism:
1. Physical barriers such as skin and
mucous membranes.
2. The non-specific cell mediated re-
sponse, which breaks down both the orga-
nisms own damaged cells and intruders.
3. The immune system, unique to verte-
brates. It is capable of recognising and
destroying pathogens using an arsenal of
cells and molecules. It also has the
extraordinary capacity of “remembering”
previously encountered molecules. This
identification of pathogens is performed in
many ways, for example by the anti-
bodies, which are produced by the
humoral immune response.

The humoral immune response
The dominating circulating antibody in
birds is immuno-globulin Y (IgY, the ana-
logue to mammalian IgG) also responsible
for the crucial immunity transferred via the
egg. Birds also possess IgM and IgA.
Somatic mutations result in millions of
forms of binding sites of the antibodies,
each with a unique affinity to certain
epitopes (binding sites) of the antigen
(Goldsby et al. 2000). The antibody also
carries a “handle” that, once the antibody
has bound to an unwelcome substance or
cell (antigen), signals to other parts of the
immune system “this should be attacked”. 

Antibodies are produced by B-cells (B-
lymphocytes) and develop in the bone- 
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marrow and bursa of Fabricius (Toivanen
& Toivanen 1987). Every day several
million B-cells are produced, each with a
unique antibody carried on its surface.
Most B-cells die within days, but some
carry antibodies that bind to a molecule,
giving the cell the signal to start dividing.
This result in a B-cell clone, where all cells
produce identical antibodies excreted in to
the blood stream. During this primary
response the time lag between the
encountering of the antigen and the onset
of large scale Ig-production varies between
a few days (IgM) and one week (IgY).
Once activated, a number of these B-cells
will survive over a long time, allowing the
organism to be one step ahead next time
the antigen is encountered. That time the
antigen will be “remembered” by the
immune system, which will react both
more strongly and more quickly.

The term immunocompetence was ori-
ginally used for the ability to respond
immunologically, i.e. referring to qualita-
tive differences, but has in immune-eco-
logy often come to be used in discussions
about quantitative differences in response
levels. In the following the more specific
term immune-responsiveness will be used
instead, in order to stress the quantitative
differences in induced response. The term
immunocompetence will be used when
discussing qualitative differences or simply
when referring to individuals that are
efficient in fighting pathogens.

Immune-responsiveness is directly lin-
ked to immunological “memory”. This
supposedly involves the massive cloning
and long survival of antigen specific B-
cells. This mechanism is important for an
organism that can expect repetitive expo-
sures to certain pathogens. An organism 

returning to the same breeding ground year
after year can expect to gain future
advantages by investing in immunological
memory, because it will then be prepared
for the parasitological environment of the
breeding grounds next year. Hence
sacrificing antigen-memory may impose
long lasting costs upon the organism.
However, the immune response in itself is
also associated with costs. 

Costs of immune response
It is reasonable to believe that immune
response can have harmful side effects (see
below) (Svensson et al. 1998, von Schantz
et al. 1999). However, with a few possible
exceptions (Ilmonen et al. 2000, Råberg et
al. 2000) no one in the field of immune
ecology has convincingly demonstrated
that increased antibody-mediated immune
response will have negative fitness conse-
quences. There can be no trade-offs invol-
ving immune response unless immune
response is costly. It has been argued that
we lack proof for such costs and that the
current interpretation of many experiments
involving trade-offs with immune response
is doubtful (Sheldon & Verhulst 1996).
This line of argument is correct concerning
studies on wild animals. However, lack of
proof for the cost of immune response is
confined to the field of immune ecology.
In contrast, medical research has revealed a
vast spectrum of costs, ranging from
hypersensitivity and allergy to premature
ageing, and it is well established that
forced immune response can induce auto-
immune problems (Goldsby et al. 2000).
Among immunologists it is widely suppor-
ted that immune-suppression is induced
during stress to avoid or reduce these costs 
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(Munck & Náray-Fejes-Tóth 1995;
Besedovsky & del Rey 1996). 

Potential trade-offs with immunity
In immunological trade-offs the immune
system is down regulated, possibly not to
allocate resources from the immune system
but to avoid the immune system to inflict
costly damage.
 1. Stress is firmly connected to a wide
variety of autoimmune problems. Immune
suppression during stress is suggested to
exist in order to avoid this, and immuno-
pathology is traded off against infection
susceptibility (Goldsby et al. 2000). 
2. Certain MHC-alleles have been linked to
auto-immunity. MHC-molecules play a
crucial role in the selection of T-cells allo-
wed to survive and proliferate. Different
MHC-classes are also linked to resistance
against specific diseases (Goldsby et al.
2000). Thus there is a possibility that
selection for disease resistance on MHC-
alleles is traded off against auto-immunity.
3. Infections have been demonstrated to
induce the outbreak of certain autoimmune
reactions (Goldsby et al. 2000). The
phenomenon clearly demonstrates that
immune response against pathogens has to
be traded off against the risk of self-
damage ( Svensson et al 1998; Råberg et
al. 1998; von Schantz et al. 1999). 
4. Hormonal control has been suggested as
one factor causing sex differences in auto-
immune disease and pathogen suscep-
tibility why possible trade-offs between
reproductive function and immune re-
sponse can be suspected. It has been put
forward that sex differences in pathogen
resistance (Norton & Wira 1977; Marsh
1992) may result from androgen
suppression of immune-responsiveness 

(Schuurs & Verheul 1990; Folstad &
Karter 1992). Consequently males in
general show weaker immune responses
than females (Schuurs & Verheul 1990;
Zuk & McKean 1996). 

The adverse effects of the immune
system raises the issue how an optimal
system should react against an antigen.
Can an immunocompetent individual
simply be defined as an individual
responding strongly against every antigen?
While the answer to this question is of
course no, it is still reasonable to suspect
that response levels are adaptive results of
physiological trade-offs within each
individual. On average, response levels can
be expected to reflect the average capacity
of individuals to fight pathogens and yet
remain in good condition. Thus the
immune response has to be down regulated
to a level tolerable for the body, a level
unique to each individual and each
situation. Hence, immune response in a
breeding bird could be governed by: 
1. Acceptance of irreparable self-damage,
governed by age and prospects of future
survival.
2. Available resources, governed by factors
such as habitat quality and body condition.
3. Efficiency of the detoxification system,
governed by body condition 

Condition in a migrating bird
In the vast majority of ornithological
publications condition in birds has been
calculated from mass corrected for structu-
ral size. Condition was early established to
be dependent on among other things,
season, sex and age (e.g. Grieg-Smith
1985; Ormerod & Tyler 1990) as well as
social status (Kikkawa 1980; Ekman &
Hake 1990). Body mass derived condition 
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indices have however proven less efficient
in giving an accurate estimate of
nutritional status (Masher & Marcström
1976; Dunn et al. 1988). Hence it is
necessary to find a way of estimating
individual condition independent of con-
founding factors and without causing
suffering or having to kill the bird. 

A number of studies have reported the
fundamental importance of timing for
successful reproduction (e.g. Perrins 1965,
Verhulst & Tinbergen 1991). In migratory
birds breeding in the Temperate Zone, a
strong negative relationship between bree-
ding date and reproductive success is a rule
with few exceptions (e.g. Gustafsson 1989;
Brinkhof &  Cave 1997). Furthermore a
seasonal increase in establishment compe-
tition decreases the breeding success of
late birds (Nilsson & Smith 1988; Nilsson
1990). Hence we can expect birds to
migrate to their breeding sites with
maximum speed. Individuals in good
condition should be able to travel to the
breeding sites at a greater speed than less
capable conspecifics, but this does not
necessarily mean that they have to arrive at
an earlier date. One problem is to identify
these high condition individuals. 

Good condition is also dependent on
ability to fight infections, and hence,
following the above, individuals in good
condition should generally be identifiable
from their high immune responsiveness.

Condition and secondary sexual traits
Several models suggest that ornament size
should reflect underlying quality (Trivers
1972; Zahavi 1975; Nur & Hasson 1984
but see: Andersson 1994 or Johnstone
1995). 

Hamilton & Zuk (1982) presented a
model where relative extravagance of
secondary sexual traits (SST), within a
species, should work as a predictor of
degree of adaptation to and resistance
against the parasites currently infecting the
species or population. They argue that the
fluctuating selection pressure at loci re-
sponsible for parasite resistance should
prevent resistance alleles from becoming
fixed. In this model the selection for high
condition resulting from low pathogen
levels is due to a continuously evolving
pathogen flora, creating a perpetual arms
race referred to as the “red queen
principle” (van Valen 1973). Thus the
linkage between good genes and fitness
related sex characters, as postulated in the
handicap theory (Zahavi 1975), is
maintained. 

An individual will prefer a partner with
more elaborate SST:s in order to gain
access to benefits associated with a high
quality partner. These benefits can be
direct, such as good territory and/or help
feeding the young (Qvarnström 2000)
and/or to avoid catching disease trans-
mitted from a sick partner (Hurst et al.
1995). The same mechanism could also
provide access to indirect benefits in the
form of good genes, expressed as good
immune defence (Møller 1990, Johnsen et
al. 2000). With the “immunocompetence
handicap” theory (Folstad & Karter 1992)
suggested a proximate link between SST
expression and the immune system. While
maximising a secondary sexual trait (SST)
an individual faces a testosterone mediated
trade-off situation between this and
immune function (Folstad & Karter 1992;
Sheldon & Verhulst 1996). Since testoste-
rone has no or little effect on the develop-
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ment of secondary sexual plumage traits in
birds (e.g. Owens & Short 1995) the theory
might seem not to be applicable to the taxa.
However, sexual aggression is firmly lin-
ked to testosterone levels, hence plumage
SST:s that are under behavioural control
such as the peacock’s tail might very well
meet the criteria stipulated in the original
theory by Folstad and Karter (1992).

The correlation between the extrava-
gance of SST:s and heritable genetic varia-
tion in parasite resistance is of importance.
Low correlation will lead to lower
probability for individuals to gain access to
good genes, which influence the immune
system, when mating with a “sexy”
partner. This in turn will weaken the
linkage between preference genes and
genes’ regulating immunological charac-
ters (Read 1990). Hence, the indicator
mechanism requires that the individual has
limited possibility to escape the costs
connected to carrying an elaborate SST
(Andersson 1982; Kodric-Brown & Brown
1984; Grafen 1990). 

Strategic variation in trait expression
within the same individual will make the
picture more complicated. In Ficedula
albicollis, SST expression (the forehead
patch of the male) has been demonstrated
to decrease within individuals during the
same season (Griffith & Sheldon 2001)
and between years as a response to
experimentally increased breeding effort
(Gustafsson et al. 1995; Ellergren et al.
1996; Griffith 2000). Hence, ignoring
strategic changes in display when studying
heritability of, selection on and cost of sex
trait may confound result interpretation.

There are some studies demonstrating
the predicted negative correlation between
expression of SST:s and parasite load 

(Kose et al. 1999) and immune response
(Ryder & Siva-Joty 2000; Roulin et al.
2000; Lindström & Lundström 2000).
Others have found no, or the opposite,
relationship (e.g. Gonzáles et al. 1999).
This underlines that simple correlations of
parasite burden with degree of expression
of SST does not reveal the underlying
causal infection/response-patterns. 

Condition–reproduction trade-offs
The cost of reproduction is the reduction in
residual reproductive value experienced by
an individual investing in current repro-
duction (Williams 1966; Trivers 1972).
More specifically Stearns (1992) suggested
that current reproduction is traded off
against parental growth, condition and sur-
vival as well as future reproduction.

The absolute costs, be they energetic or
immunological, set the constraints of
reproductive investment and let us under-
stand the background for the trade-off
between life history traits (Stearns 1992). 

In several small birds some of the most
costly parts of the reproductive cycle may
seem apparent. For example they migrate
across the globe from their over-wintering
habitats to their breeding sites. They sing
and carry elaborate and in many cases
obviously costly SST:s. They lay eggs with
a total mass often comparable to their own,
and in many species the adults feed the
young with a tremendous energy output
rarely seen in any other organism. And yet
it has proven difficult to specify and
measure the costs of reproduction.

The question is in which currency to
analyse the economics of reproduction.
The same energy output that is affordable
for one individual can be mortal for
another (Hirshfeld & Tinkle 1975). Energy 
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budgets furthermore do not explain the
mechanism mediating the costs of repro-
duction, between different reproductive
occasions, unless the energetic trade-off
leads to irreparable damage to maintenance
functions such as immunity.

Disturbances in immune function have
obvious and well documented detrimental
long term effects, and this relationship has
been examined in detail in studies of trade-
offs between reproduction and other life
history traits (e.g. Korpimäki 1996;
Nordling et al. 1998; Moreno et al. 1999;
Richner & Tripet 1999). 

A second form of maintenance in birds
is feather replacement (moult). Allocating
resources from moult to reproduction could
lead to reduced feather quality (Siikamäki
1994; Hemborg & Merilä 1998, 1999).
Since moult is restricted to particular
periods of the year, the bird has to live
with such low quality feathers until the
next moulting period. 

Birds use their feathers for a wide
variety of SST:s (Andersson 1994). It is
reasonable to believe that these secondary
sexual plumage traits are subject to the
same trade-offs as other feathers. This
creates a link between moult and the
development of secondary sexual charac-
ters that in turn may be connected to
individual condition and immune function
and reproductive effort.

The primary aim of the studies
presented in this thesis was to investigate
how condition is best estimated, the way it
is interconnected with plumage characters
and reproductive effort, the way all these
traits are traded off against each other, and
which role the immune-system plays in
these trade-offs. 

GENERAL METHODS

Model organism
The collared flycatcher Ficedula albicollis
is a small (12–13 g during nestling fee-
ding), short-lived, long-distance migratory
passerine native to Europe (for details on
the species, study area and methods see:
Gustafsson 1989; Pärt & Gustafsson 1989;
Nordling et al. 1998; Merilä & Sheldon
2000). In our study area on the southern
part of the Baltic island of Gotland,
Sweden, males start arriving at the
breeding grounds in the last week of April
and establish breeding territories under
intense intra- and interspecific competition
(Gustafsson 1988). Interspecific competi-
tion for territories occasionally results in
direct mortality, with almost 80% of the
flycatchers killed being males (Merilä &
Wiggins 1995). Early in the season males
frequently demonstrate symptoms of
undernourishment, such as low plasma
levels of, atrophied pectoral muscles and
low levels of abdominal fat (pers. obs.).
After establishing territories, they start
singing and displaying to attract females.
They arrive approximately ten days after
the males and choose their mate on the ba-
sis of his plumage and territory characteris-
tics (Gustafsson 1988; Qvarnström 2000).
The males possess a white patch of
feathers on the forehead the size of which
predicts the outcome of male–male
competition (Pärt & Qvarnström 1997) and
the male’s investment in parental care of
the young (Qvarnström 1997). After
pairing, females lay a clutch of 4-8 eggs
(mean±S.D.: 6.0±0.83) which hatch after
around 14 days of incubation. Both parents
feed the nestlings, which leave the nest at
an age of about 14 days. Parents continue 
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to feed them for about another two weeks.
In our study area the vast majority of pairs
breed in nest boxes, and the annual return
rates of both adults (≈50%) and recruits
(≈10%) are high (for details see:
Gustafsson 1988; Pärt & Gustafsson 1989;
Nordling et al. 1998; Merilä & Sheldon
2000). 

Catching
During territory establishment, shortly
after arrival to their breeding sites, males
were caught with mist nets placed outside
the boxes where activity was observed.
Males with an established territory and a
female were caught when the female had
built most of the nest. In this case recorded
song and a stuffed flycatcher decoy was
used to lure the residential male into a mist
net by the box. In many cases it was also
possible to catch the female in this net, but
otherwise they were caught using a trap
inside the box.  During nestling feeding
such traps could be used with no detectable
disturbance of the breeding. 

The majority of birds in the study areas
were already ringed either as nestlings or
as one-year-olds permitting determination
of exact age. After catching birds that did
not carry a ring were ringed and age was
determined (1 year old or older) following
criteria in Svensson (1992). In addition
birds were weighed and morphological
measurements were taken. In males fore-
head patch height and breadth were
measured in duplicate, the average of
which was used in subsequent analysis. 

Young were ringed at an age of 6 to 12
days and weighed and measured at an age
of 12 days. By checking nest boxes for
remaining dead birds after the time of 

fledging, number of fledged young could
be determined. 

Individuals not recaptured during any of
the following three years were considered
to be dead, a procedure which is justified
in this particularly philopatric population
(see: Gustafsson 1989; Merilä & Sheldon
2000 for details).

Blood sampling and blood parasite
quantification
Blood samples were taken by puncturing
the ulnar vein of the wing. Blood for
ELISA (papers II & IV-VI) and glycosy-
lated haemoglobin (paper I) was collected
with EDTA-powdered plastic capillary
tubes. To avoid haemolysis, blood samples
were spun with a gradual increase of
speed. After centrifugation plasma and
pellet were separated and frozen at -20º C.
A set of blood smears for parasite quanti-
fication (papers III & VI), was prepared in
the field. After air drying all smears were
methanol fixed and Giemsa stained. By
standardising smear procedures it was
possible to estimate parasite intensity as
opposed to the traditionally used
prevalence estimates. Haemoproteus spe-
cies are the most common haemospori-
dians in wild birds (Atkinson & Riper
1991), so also in this population of
flycatchers. Intensity analysis was limited
to Haemoproteus in order to get a
sufficient sample size for analysis. In
addition to the blood smears produced in
the field a second set of concentrated
smears was produced. Blood samples
collected in capillary tubes were
centrifuged. Many Haematozoan parasites,
such as Haemoproteus pallidus, end up in
the top part of the pellet after
centrifugation. This part of the centrifuged 
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blood column was smeared on a slide
producing a concentrated sample (Bennett
1962). The procedure doubled the
detection rate of blood parasites. Birds
where Haemoproteus pallidus could be
detected in this way were classified as
having “low” level of infection. Birds
where infection could be detected with
standard smears were classified as having
“high” levels of infection. Birds where no
blood parasites could be detected by this
method were classified as having “zero”
level of parasites. This later group
probably comprise a mix of birds with very
low infection level, birds that has had the
parasite but managed to get rid of it, birds
that has never encountered the parasite and
birds where the parasites at the moment are
not circulating in the blood stream. Hence
the “zero” parasite group is a mix of birds
with different history and condition.
For analysis of parasite prevalence and
intensity only data from parents feeding
nestlings was used.

Choice of antigen and inoculation route
After the introduction of immune challenge
as a method to estimate immune function
(Apanius et al. 1994) the field of immune
ecology has turned away from using
parasite load as a indicator of pathogen re-
sistance, instead looking at clearance rates
of pathogens (Lindström & Lundström
2000) or response against antigen. Our
choice of antigen for use in experiments
(papers II & IV-VI) received some criti-
cism by Ryder & Siva-Jothy (2000), they
argue that response against the paramyxo-
virus does not necessarily reflects general
pathogen resistance. This argument is
however easily refuted. Estimating disease
resistance and selection for resistance by 

quantifying antigen-induced B-cell re-
sponse against a novel antigen (such as the
paramyxovirus for the collared flycatcher)
is a well established field of research with
a long history and vast medical and
commercial applications (Buscaglia et al.
1988; Cheng 1991; Praharaj et al. 1996;
Yunis et al. 2000). However, the synthetic
antigen commonly used to estimate encap-
sulation rate in insects (Ryder & Siva-Joty
2000) lacks evolutionary history with
animals and there are, to my knowledge,
no published recordings of any association
between encapsulation rate and real
pathogen resistance.

The antigens used to induce immune
response in immune-ecology vary from
ecologically highly relevant ones such as
induced infection with parasites known to
plague the host in the wild (Lindström &
Lundström 2000) and immunisations with
parasite derived molecules (Hasselquist et
al. 1999; Ilmonen et al. 2000) over the
commonly used, complex, non-parasite
derived sheep red blood cells (SRBC)
(Verhulst et al. 1999; Williams et al. 1999;
Cichon 2000) to encapsulation reactions, in
insects, against a completely synthetic
antigen (König & Schmidt-Hempel 1995;
Ryder & Siva-Joty 2000). 
Except for being relevant for estimating
pathogen resistance, an experimentally
used antigen has to be involved in some
kind of realistic trade-offs. The SRBC and
the synthetic antigen are situated at
opposite ends of a continuum reaching
from very high probability of adaptive
trade-offs between responsiveness and
auto-immune reactions (Ig production
against SRBC) to the possibility of
complete lack of auto-immune costs of a
strong response (encapsulation of synthetic 
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antigen). This is, in the case of SRBC, due
to unrealistically high molecular resem-
blance between host and antigen and, in
the case of synthetic antigens, due to total
molecular non-resemblance between anti-
gen and self. 

T-cell derived response (i.e. PHA-
induced wing web swelling) has been
proven a very useful procedure (Sorci et al.
1997; Johnsen & Zuk 1999; Johnsen et al.
2000; Christe et al. 2001). It could not,
however, be used in our study of
correlations between SST and immune
response since it involves manual measure-
ments on the very individual where the
SST is expressed and hence complicates
blind assessment of immune response. In
the experiments involving manipulations
of reproductive effort, the B-cell challenge
was chosen in order to capture trade-offs
over a longer period than possible with
swelling caused by T-cell response.

To minimise the effect of local
inflammation and tissue damage the
antigen was distributed by subcutaneous
injection in the leg.

The paramyxovirus antigen
In our studies we have used a vaccine
(Nobi®-Vacc Paramyxo) containing
formalin-inactivated Newcastle disease
virus in oil emulsion acting as adjuvant
(papers II & IV-VI) The virus shares
evolutionary history with birds and all
tested species are known to have the ability
to respond. The vaccine is used world wide
on racing pigeons. We have shown that the
collared flycatcher has no prior exposure to
this antigen under natural conditions
(Nordling et al. 1998), and therefore no
confounding immunity exists.

 

Antibody response against antigens increa-
ses with phylogenetic distance (Horton et
al. 1984), and therefore a virus-derived
antigen is also expected to give a high
response when used on a vertebrate. 

Blood sampling for ELISA
Experimental birds were blood sampled for
response against the antigen, in two ways.
In the brood size experiments blood was
taken during the antibody build-up phase
but with standardised time elapsed between
inoculation and blood sampling. In the rest
of the studies blood samples were collected
during a time window (20-40 days after
inoculation) of stable Ig-level why
response levels were independent of exact
timing of blood sampling. 

B-ELISA protocol
Antibody titres were quantified using a
monoclonal antibody-blocking ELISA (B-
ELISA) (Czifra et al. 1996) using a
commercial test from SVANOVA Biotech
(Uppsala) based on the blocking enzyme
immuno assay method (papers II & IV-
VI). The B-ELISA has high detection rate,
low frequency of false positive reactions
and is highly repeatable (Czifra et al.
1996). Antibody titres are described as
percent inhibition (PI%), with a distri-
bution permitting parametric testing. 

Measuring condition
The ideal way of measuring condition is to
find a set of parameters that can predict an
individuals lifetime reproductive success
accurately. Parasite levels and immune-
response might be the best estimate of
condition (papers II-VI). Immune response
is governed by available resources (Glick
et al. 1983; Lochmiller et al. 1993; Klasing 
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Figure 1. Glycosylated haemoglobin in blood samples from collared flycatchers in relation to date of
arrival in males and females. Larger dots represent 2 or 3 datapoints.

1997) and genetic components (Goldsby et
al. 2000). Immune responsiveness has also
been indicated to reflect stress tolerance
(von Schantz et al 1999). Response levels
are firmly established to be correlated with
pathogen resistance, which in turn
influence condition and fitness. In order to
get an estimate of pathogen resistance both
immune responsiveness (paper II & IV-
VI) and parasite levels (paper III & VI )
were measured.

Condition was also measured in the
standard way for birds as the residual of
mass over tarsus length. In addition, a new
condition index, for migrating birds is
introduced: glycosylated haemoglobin
(paper I).

RESULTS AND DISCUSSION

Condition is revealed by levels of
glycosylated haemoglobin
Timing of reproduction, and hence also
quick migration, is generally of crucial
importance for migrating birds. Levels of
glycosylated haemoglobin might reflect

migration speed and efficiency (paper I).
Birds which migrate without long stop-
overs are expected to have on average
higher blood glucose levels (Hazelwood
1972; Bairlein 1983) resulting in more
haemoglobin glucose oxidation. The level
of glucose oxidation probably is less
affected by short time fluctuations in
temperature, food availability and exercise
than condition indices derived from body
mass. 

Inevitably, the levels of glycosylated
haemoglobin should be heavily inter-
connected with pathogen resistance and
infection. A sick bird will migrate more
slowly and a late bird will have to breed
under less favourable conditions, which
may imperil health.

Blood samples were collected on the
arrival of the collared flycatchers at their
breeding sites or in an early stage in their
breeding cycle. After centrifugation the
pellet was collected, frozen and analysed in
one batch one week after the last bird was
caught. The proportion of glycosylated
haemoglobin (HbG) out of total Hb was
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measured with low-pressure cation-
exchange chromatography on a midget
column (Ersser et al. 1987). HbG-levels
were found to decrease with date of arrival
in males and females (n=70, r2=0.44,
p<0.0001) (figure 1) and with laying date
(n=62, r2=0.13, f=7.54, p<0.01). HbG
levels were not influenced by age, sex,
body mass or body mass corrected for
structural size. HbG levels were positively
correlated with clutch size, corrected for
laying date, in females (n=30, r2=0.13,
f=4.06, p=0.05) but not in males. HbG was
also in a positive relation with number of
fledged young, corrected for laying date, in
both sexes (males: n=19, r2=0.27, p<0.05;
females: n=15, r2=0.31, p<0.05). 

Body mass, whether corrected for
structural size or not, was of no predictive
value for the fitness parameters laying
date, clutch size, or number of fledged
young (r<0.082, p>0.15). 

Since the publication of our study,
research has been performed that permits
alternative explanations as interesting as
our original theory. Unsurprisingly,
erythrocyte life span has been demon-
strated to be negatively correlated with
HbG levels (Jiao et al. 1998) and has been
suggested as a way of estimating
erythrocyte life-span (Miksik & Hodny
1992). Birds with erythrocyte continuously
killed by blood parasites will have
haemoglobin that on average has experien-
ced shorter average exposure time to
glycosylation hence lower HbG values. In
addition, free radicals produced by intense
physical effort and immunological
pathogen defence is known to shorten
erythrocyte survival.

In short our results could reflect the
combined effect of parasite infection,

stress, and active immune response.
However, this later hypothesis remains to
be confirmed experimentally.

This study offers a novel way of
measuring condition in birds and, indepen-
dently of alternative explanations presen-
ted, supports the fundamental concept that
body condition is important for breeding
success (Darwin 1871; Fisher 1930). It also
strongly suggests that body mass indices
might be easily confounded and
oversimplified estimates of body condition.

 
Male forehead badge signals immunity
In order to investigate if male collared
flycatchers express individual condition in
secondary sexual traits, two studies of the
male forehead patch were performed
(papers II & III). In the first (paper II),
males were caught firstly during mating
and immune-challenged with paramyxo-
vaccine. They were then re-captured on the
second day of nestling feeding when blood
sampling for ELISA-estimates of immune
response against the antigen was
performed. On both occasions the forehead
patch was measured and photographed
with the bird’s head fixed in a standardised
angle to and distance from the camera lens
by holding the its beak in a wire mount
(figure 2). Negatives were digitised and the
badge measured using NIH image
(Rasband 1992). A threshold was set to
200 in all pictures before area analysis
(figure 2:d), transforming all shades of
grey into black or white. The value of 200
was chosen because it was resilient to
minor deviations in image density and
hence produced consistent results. 

Field measurements were performed in
duplicate, the average of which was used
for further analysis. 



   a                                       b                                      c                                      d
Figure 2. Forehead patch of one individual during a: early mating (May 18), b: late mating (May

21) with lines indicating where patch height and breadth was measured, c: nestling feeding (June 21)
and d: early mating (May 18) with threshold set to 200 resulting in the image from which digital area
was calculated.

Several patch dimensions were mea-
sured digitally and manually (paper II). All
parameters were tested for repeatability of
measurements, following Sokal and Rohlf
(1981).

Expected bias introduced by rapidly
repeated measurements ruled out repeata-
bility testing of field measurements within
each period, and therefore only between-
period comparisons were performed.

Setting the lower limit of repeatability
at 50% left us with five acceptable
parameters: 1: digital patch area, 2: digital
ellipse height, 3: digital patch height and
the field measurements of 4: height and 5:
area (height x breadth).

Patch height, independent of way of
measurement, predicted condition, ex-
pressed as immune response (N≥10, r≥
0.69, p<0.01) (figure 3). The area measure-
ments, which per definition include the
patch breadth, had lower predictive power
(not shown here).
A positive correlation between condition
(residual body mass) and badge size has
previously been reported by Qvarnström

1997). However, no such correlation could
be demonstrated for any of the badge
parameters in the current study (N≥13,
r<0.41, p>0.1). The absence of a
significant relationship may be attributable
to fluctuating body masses during mating
and low sample size. In this particular
situation both SST expression and immune
responsiveness might be better indicators
of body condition than indices derived
from body mass. This result is comparable
to a cross species study by Harper (1999)
demonstrating that feather coloration is
better predicted by parasite load than by
body mass derived indices.

The partly coverable male forehead
patch is a badge of status (Hansen &
Rohwer 1986) that decreases in size during
each breeding season. I also wanted to
investigate if the change in patch expres-
sion was in itself related to body condition. 

With this limited sample only the digital
measurements disclosed the change in
badge size. Digital patch breadth (DPB) 
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Figure 3. Antibody response against paramyxovirus antigen in male collared flycatchers in relation to
forehead patch height measured in three different ways.

decreased from 9.72±0.66 mm
(mean±S.D.) during mating to 8.90±0.58
mm during nestling feeding (paired t-test,
t1,11=3.74, p=0.0033). Decrease in digital
patch height (DPH) was small, from
7,83±0.26 mm to 7.69±0.62 mm and
showed only a trend for decrease (paired t-
test, t1,11=2.081, p=0.062).
As previously reported (Griffith &
Sheldon, 2001), changes were dependent
on size of badge during mating (simple
correlation, digital patch height: N=12,
r=0.76, p<0.01, digital patch breadth: N=9,
r=0.69, p<0.02). However, during nestling
feeding, this sex trait probably has lower
impact on fitness. This is supported by the
fact that males do not engage in fighting
with other males, sing, or perform any
other display during this period. Hence the
behaviourally controlled expansion of the
trait during the period of nestling feeding
should be at its minimum and can be
regarded as the baseline expression. In this
limited sample baseline expression was in
no relation with either change in DPB
[OH1](Spearman rank correlation, N=12,
rs=-0.54, Bonferroni corrected p=0.14) or
change in DPH (simple correlation, N=12, 

r=0.18). Increase in badge height (trait size
during mating/trait size during nestling
feeding) was positively correlated with
immune response level (simple correlation,
N=9, r=0.81, Bonferroni corrected p<0.02)
(figure 4). However, in this limited sample,
the change in breadth (measured digitally)
did not show any relationship of this kind
(N=9, r=0.45, p>0.1). 

Figure 4. Antibody response levels against
paramyxovirus antigen in male collared flycatcher
in relation to forehead patch height change from the
mating period to the time of nestling feeding.
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Together with the fairly high repeatabilities
of SST measurements, this suggests that
the correlation between badge size change
and immune response might not be a
statistical artefact produced by a corre-
lation between a baseline trait size and the
magnitude of change (Sokal & Rohlf,
1981; Geberhardt-Heinrich, 2000).

Polygamous males, and/or males and
females pursuing extra pair copulations,
will also complicate the interpretation of
the data. Thus, trait expression is expected
to be a complex function of own condition,
point of time of during the season,
condition and trait expression among
neighbouring males, and reproductive state
of potential partners. 

One can speculate that males with
elaborate sex traits display tolerance
against the stress imposed by the trait, be it
physical, as suggested for the barn swallow
(Hirundo rustica) (Saino et al., 1997) or
behavioural as suggested for the collared
flycatcher (Gustafsson et al. 1995; Pärt &
Qvarnström 1997; Qvarnström 1997).
They may be less prone to autoimmune
reactions as a result of their better
condition and/or suffer a lower level of
physiological stress caused by other
factors. Alternatively, or additionally, they
may enjoy a higher capacity to deal with
detrimental compounds such as free
radicals that are produced both by physical
effort and by immune response (von
Schantz et al., 1999). Finally, males that do
not suffer from high levels of infection will
experience a lower background level of
immunological activity that will permit a
response without the risk of reaching
critical levels of immuno-pathology. An
individual well adapted to the current
pathogen milieu will be able to fight 

infections with greater precision and
possibly with lower total response levels.
In this way qualitative differences in
capacity to respond economically against a
broad flora of real pathogens can be
revealed by the quantitative differences in
response against a single antigen, hence the
two concepts immunocompetence and
immune-responsiveness might be closely
interconnected.

If large patch size is associated with
high immune-responsiveness it should also
be associated with lower levels of
infection. To test this a larger sample of
males were caught measured and blood
sampled. Two blood smears was produced,
one with the traditional technique one
using parasite concentration through
centrigugation. Since Haemoproteus
pallidus is the most commonly found
parasite further analysis was limitied to
this to get a sufficient sample size. Birds
were divided in to three groups (i)
individuals where parasite were detected
with the conventional smear technique
(henceforth “high” intensity of infection),
(ii) individuals where infection only could
be detected in smears where the parasites
had been concentrated through centrifu-
gation (henceforth “low” intensity of infec-
tion) and (iii) individuals where neither
method revealed any H. pallidus infection
(henceforth “zero” intensity of infection).
The results from the study demonstrated
that males carrying a large badge also
suffer from lower levels of Haemoproteus
pallidus infection (ANOVA F2,713 =8.07,
p<0.001) (figure 5) (paper III). The result
was independent of age and time of the
season. 
Among the conclusions from these studies
are that the size of the collared flycatcher
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               “high”           “zero”           “low”
           Level of infection with H. pallidus

Figure 5. Patch size in male collared
flycatchers with different intensity of
Haemoproteus infection.

male’s white forehead badge is an honest
display of male quality in terms of immune
response and level of infection. It is shown
that the trait demonstrates short-term
plasticity within the breeding season. The
amplitude of the change in size was
demonstrated to reflect level of immune
responsiveness. These results are in con-
cordance with models suggesting condition
dependent plasticity of secondary sexual
traits (Andersson 1994).

Immune response is costly
To test if immunological effort is
associated with a fitness cost a group of
birds were challenged with paramyxovirus
vaccine and a control group given a sham
treatment with phosphate buffered saline
solution (PBS) (papers IV & V). Immune
challenge significantly affected survival to
following breeding seasons. This was most
pronounced in males where only 2 out of
17 inoculated survived as compared to 7
out of 11 PBS treated (table 1, figure 6).

Inoculated females demonstrated slightly
lower survival (11/22) compared to PBS
treated individuals (6/9). Laying date was
delayed by antigen treatment while
fledging success (fledged/egg) remained
unaffected (table 1).

The results of this experiment
demonstrate that the cost of immune
response could be of an energetic nature,
as has been suggested previously (e.g.
Apanius et al. 1994; Ilmonen et al. 2000).
However, the limited short-term effects on
reproductive parameters (only on laying
date) suggest that long-term effects are of
larger magnitude. 

How the cost of immune response is
transferred in to reduction on survival is
not clear. However, forcing the individual
to respond immunologically during stress
might induce autoimmune problems
(Svensson et al. 1998) or problems with
oxidative stress (von Schantz et al. 1999)
having detrimental long term effects.

Figure 6. Effects of increased immunological effort
(Inoculation with paramyxo vaccine) on survival on
male and female collared flycatchers.
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Table 1. Three ANOVAs of fitness characters’ dependence on immune challenge, sex and mating
effort treatment.

Source Survival

Test value        p

Laying date

Test value           p

Fledging success

Test value            p
  Inoculation χ2

1 =6.78  0.0092 F1,60=4.12 0.047 F1,58=0.092  0.76
  Sex χ2

1 =3.21  0.073 F1,60=0.95 0.33 F1,58=0.44  0.51
  Mating treatment χ2

1 =0.90  0.34 F1,60=1.58 0.21 F1,58=3.24  0.078
  Inoculation x Sex χ2

1 =2.54  0.11 F1,60=0.45 0.50 F1,58=0.19  0.34

Manipulations of mating and nest
building effort
To test if mating and/or nest building effort
is traded off against pathogen resistance
and moult an experiment was performed
were mating/nest-building effort was
manipulated (papers IV & V). Two adja-
cent areas with similar habitat and density
of breeding flycatchers were used in the
experiment. By using breeding data from
10 breeding seasons preceding the
experiment two areas where chosen that
did not differ in breeding parameters or
survival of collared flycatchers.

All birds in one area (henceforth
“+effort area”) were subjected to increased
mating effort by blocking the entrance of
their nest box for five days. This resulted
in the female re-mating with a new male
and the male having to repeat his mating
effort (mimicking his effort of having a
secondary female). All boxes immediately
adjacent to the experimental box were also
sealed (unless occupied by other birds) in
order to avoid pairs simply changing box
within their original territory. 

At the time of the first capture, in both
areas, birds were given an immune
challenge with 10 µl paramyxo vaccine.
Transfer of antibodies from the mother to
the egg can be suspected to influence 

circulating levels of antibodies in females,
most pronounced in ones laying after the
period of Ig-production. Hence overlap
between laying and Ig-production was
included in the model in the form of time
elapsed between inoculation and laying.

Figure 7. The effect of increased mating effort on
immune response against antigen (vaccine with
neutralised paramyxovirus) in collared flycatchers.

Mating effort suppress immunity
Immune responsiveness was significantly
reduced by experimental increase in ma-
ting effort (figure 7) (paper IV). This was
independent of sex and time elapsed be-
tween inoculation and egg laying (table 2).



M. S. Andersson

24

Table 2. ANCOVA of factors influencing
immune response in collared flycatchers
against experimentally distributed antigen
(vaccine with neutralised paramyxovirus).
LD=laying date, ID=inoculation date.

Source Test value p
Treatment     F1,40=10.61     0.0025
Sex     F1,40=0.95     0.34
LD-ID     F1,40=0.95     0.34
Treatm.*Sex     F1,40=2.23     0.14

The effect was most pronounced in males,
in which the average response level was
(mean ± S.D.) 72.8±10.4 in the control
area compared to 51.5±17.5 in the +effort
area. In females the treatment effect was of
lower magnitude (control area: 62.2±12.4;
+effort area: 53.4±18.8). 
This shows that establishing a new
territory is indeed costly for the male in
terms of a reduced ability to respond to an
antigen. Since the secondary immune
response, involving immunological
memory, is dependent on the strength of
the primary response, a reduction of the
primary immune response against a
pathogen has the prospect of leading to
increased pathogen susceptibility next time
the pathogen is encountered. Thus, a male
investing more in reproduction during the
mating period, or a female changing
partner, will have to trade this off against
the risk of a reduction in residual fitness. 

Mating effort trades off against moult
A total of 20 males and 23 females from
the area with increased effort and 17 males
and 18 females from the control area were
scored for moult at day 13 of nestling
feeding following Ginn & Melville (1983).
The incidence of moult was significantly
higher among birds in the control area as
compared to the treatment area (χ2

1 = 

21.06; p < 0.001). The result remained
qualitatively similar when moult score was
analysed (table 3, figure 8) suggesting that
increased mating effort may lead to a delay
in the initiation of moult. However, the
immunization treatment did not have sig-
nificant effect on the incidence of moult
(χ2

2=0.19; p=0.90) or moult score (table 4). 

Table 3. ANCOVA of moult-scores in collared
flycatchers subjected to mating effort
manipulations and immune challenge with
paramyxovirus containing vaccine.

Source d.f. F P
Age 1   4.99   0.0287
Sex 1   62.47 < 0.001
Mating treatm. 1   18.89   0.0001
Inoculation 1   0.03   0.8549
Laying date 1   3.98   0.0499

Thus, the moult process clearly should be
included as an important component in the
study of the complex trade-offs between
reproductive investment, immune defence
and self-maintenance functions in birds.

Figure 8. Moult scores (±S.E.) of male and female
collared flycatchers subjected either to increase
mating effort (treatment) or left untouched
(control). Samples were collected at day 13 of the
feeding of the young. See Table 4 for statistical
tests.
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Brood size trades off against immunity
To test if current reproductive effort is
traded off against maintenance an
experiment involving brood size mani-
pulations was performed (paper VI).
Breeding flycatchers pairs with the same
hatching date and clutch size were
randomly assigned to three groups. 

Swapping young between nests created
three groups, one with two young less than
originally, one with two young more and
one with the original brood size, a set-up
successfully used before (e.g. Gustafsson
& Sutherland 1988). In general, the
differences in number of young in the three
groups persisted until the end of the
nestling period when the young fledged
(mean±S.E., reduced: 2.7±0.34, control:
4.1±0.48, increased: 5.1±0.56) (ANOVA:
F2,42=6.04, p=0.0049), and it is thus safe
to assume that the breeding effort of the
birds was indeed affected. Females were
caught in the nest three days before
expected hatching of the eggs. All females
were inoculated with 7 µl of a vaccine
(Nobi®-Vacc Paramyxo). They were then
released and not caught again until when
feeding 12-day-old nestlings when blood
samples for ELISA was taken.

 Immune response against the experi-
mentally distributed antigen was affected
both by area and manipulation (ANCOVA:
area, F1,42=10.0, p=0.0029; brood size ma-
nipulation, F1,42=5.5, p=0.023) (figure 9). 

In one area (henceforth “farmland”)
females demonstrated significantly higher
antibody response levels as compared to
the other (woodland).

Re-analysis of the data revealed that
females in the farmland area fledged
significantly fewer young (mean±S.D.:
2.2± 2.1) compared to females in the other 

(“woodland”) area (3.8±2.4) (Mann-
Whitney U-test: N=86, z=-2.68,
p=0.0074). Hence some area effect might
have reduced breeding effort below a level
necessary for the experimental mani-
pulations to have a detectable effect. In
addition brood size manipulations did not
persist until the time of fledging in the
farmland area, where average number of
fledged young from increased broods was
smaller compared to control broods.

Furthermore, higher resource levels
available for the young have been demon-
strated to affect parasite resistance posi-
tively in the parents (Wiehn & Korpimäki
1998). Antibody response levels were not
effected by brood size manipulations in the
farmland area (ANOVA: F2,32=3.42, o.h.
test rsPc=0.995, p=0.0075). In the other
area, response levels were affected
significantly and negatively by increases in
brood size (ANOVA: F2,7=0.01, o.h. test
rsPc =0.004, p=0.49). 

Figure 9. Antibody response against experimentally
distributed antigen (vaccine with neutralised
paramyxovirus) in female collared flycatchers in
relation to experimental brood size manipulations.
Brood size in one experiment area (“farmland”)
was not effectively manipulated.
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This demonstrates that antibody response
levels are negatively affected by increased
parental effort; this effect has previously
been reported only in laboratory
experiments (Deerenberg et al. 1997). 

To study the effect of increased bree-
ding effort on parasite susceptibility
identical manipulations were performed on
a group of birds not subjected to inocu-
lation with antigen (paper V). 

Blood samples, for parasite analysis,
were collected from females at day 12 of
nestling feeding. 

The experiment revealed that
Haemoproteus intensity in females
increased with experimental increase in
brood size (Kruskal-Wallis: H=6.05,
d.f.=2, o.h. test: rsPc=0.951, p=0.008)
(figure 10). However, parasite prevalence
was not affected (data not shown here). 

It could also be demonstrated that
females suffering from infection demon-
strated lower survival as compare to fe-
males were infection could not be detected
(N=272, d.f.=1, χ2

c = 4.98, p = 0.026). 

In summary, the results demonstrate
that reproductive effort is traded off
against immune responsiveness and
parasite resistance against a parasite that
affects fitness negatively. Thus reduced
pathogen resistance can be a factor
mediating costs of reproduction between
breeding occasions.

Figure 10. Intensity of Haemoproteus blood
parasites in female collared flycatchers in response
to experimental brood size manipulations.
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CONCLUSIONS

The most important conclusions from these
studies are:

1. Glycosylated haemoglobin and immune
responsiveness are, at least under certain
conditions, better indicators of body
condition then the traditionally used body
mass indices and body condition has big
influence on point of time of arrival at the
breeding sites and subsequent reproductive
success.
2. Reproduction, both mating and rearing
young, is costly in terms of reduced
immune responsiveness and increased
pathogen susceptibility. Thus stress indu-
ced immune suppression can be the factor
mediating reproductive costs in the trade-
off between current and future
reproduction.
3. Immune responsiveness is costly in
terms of breeding delay and reduction of
survival in individuals subjected to experi-
mentally increased immunological effort. 
4. Mating effort is costly in terms of
delayed moult, which may be yet another
factor mediating reproductive costs
between current and future reproduction in
birds. This indirectly suggests the
existence of trade-offs connecting
reproductive costs and immune function
with the development of plumage
characters.
5. Secondary sexual traits act as honest
indicators of condition, as revealed by an
association between large forehead badge
and high immune responsiveness and low
levels of infection in collared flycatcher
males. This supports the handicap principle
for the evolution of secondary sexual traits.

6. Short-term plasticity in level of ex-
pression of secondary sexual traits may
play a greater role than previously
assumed, as demonstrated in the collared
flycatcher by a strong relationship between
change in forehead patch size and immune
responsiveness.

PROSPECTS

Life history research has only just started
applying immunological methods to
ecological problems and the possible future
implications look promising. The interplay
between body condition, stress tolerance
and immunocompetence produce con-
straints that may well prove to be
fundamental. Putting oxidative stress and
immune function in to a life history
perspective will undoubtedly be a
fascinating task. Antioxidants play a role in
erythrocyte life span, and may influence
plumage quality and the efficiency of the
immune system as well. Since oxidative
by-products are produced by virtually
every activity of animals they have the
prospect of being revealed an important
trade-off currency. 

Previously undetected assortative ma-
ting based on immunocompetence, espe-
cially MHC-classes, pathogen resistance
and degree of infection could be a very
interesting field of investigation.
Furthermore, combined with studies of
endocrinology and assortative mating,
maternal immunity has the potential of
proving many estimates of heritabilities
unrealistic. In addition the trade-off
between maternal health and maternal
transmission of antibodies remains to be
investigated, with the possibility of 
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providing proximate explanations to
variation in gestation/incubation patterns
and senescence through reproduction.

The study of costs of immunity and
immunological trade-offs has the scope of
becoming important in the studies of
senescence and pleitropic genes. However,
the costs of immune response for wild
animals first has to be properly
investigated and defined. To be able to
induce realistic trade-offs between risk of
immuno-pathology and immunity we will
have to start using mixed antigens with
epitopes from a broad range of relevant
pathogens. Revealing the absolute costs of
immunity will undoubtedly involve the use
of knock-out organisms, lacking the ability
for specific responses. In the field of
sexual selection manipulations of species
relevant pathogens have to be done, both
with eradication and introduction of
infection. Thus the field of theoretical
immune ecology will most certainly face a
number of ethical decisions. 

Immune ecology is probably going to
play a more important role in the solving
of problems concerning animal migration,
population dynamics and conservation
action for endangered species. The effect
of increased civilisation stress, ultraviolet
radiation and pollution levels, on host
pathogen interactions and the immune
system, is a formidable research task where
immune ecological methods and theories
can be applied.
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