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ABSTRACT Immunocompetence (i.e., the ability to pro-
duce an immune response to pathogens) can be predicted to
inf luence the chances that organisms have to survive and
reproduce. In this study we simulated a challenge to the
immune systems of male barn swallows (Hirundo rustica) by
injecting them intraperitoneally with a multigenic antigen,
sheep red blood cells, and we analyzed long-term survival in
relation to their immunocompetence. Males were assigned to
four groups that differed for the treatment of the length of the
outermost tail feathers, a sexually dimorphic ornamental
character that is currently under directional sexual selection.
Immunocompetence was measured as change of concentration
of gamma globulins relative to plasma proteins. The intensity
of the immune response was independent of age. Males that
showed the highest short-term response to sheep red blood
cells were more likely to survive until the breeding season
following that in which they had been inoculated, a pattern
consistently observed within each experimental group. Males
with comparatively long tails were more likely to survive than
those with short tails. To our knowledge, the results of this
study are the first to demonstrate that immunocompetence
can predict long-term survival in a free-ranging vertebrate.
Moreover, they are compatible with current models of para-
site-mediated sexual selection because long-tailed males are
more immunocompetent than short-tailed ones, and females,
by preferring to mate with the most ornamented males, may
acquire the ‘‘good genes’’ for high immunocompetence and,
hence, for high viability of their offspring.

Birds, like most other animals, live in complex environments
in which pathogenic organisms are abundant. Many of these
organisms, from viruses to parasitic metazoans, exert a neg-
ative effect on the fitness of the individuals they infect (1, 2).
The ability to produce an immune response to pathogens can
therefore be predicted to play a fundamental role in deter-
mining the chances that individuals have to survive and
reproduce. Vertebrates have evolved the ability to produce
sophisticated immune responses that usually involve both
cellular and humoral mechanisms. In birds in particular,
cellular immunity is typically mediated by heterophilic gran-
ulocytes and lymphocytes (3–6). Gamma globulins include a
large family of plasma proteins, such as immunoglobulins, that
are the source of antibodies involved in humoral immune
responses. In captive birds, experimental infection with a
variety of antigenic agents has resulted in the increase of
immunoglobulins in various tissues, including blood (7–10).

Although the above information seems to suggest the exis-
tence of a causal link between immunocompetence (i.e., the
ability to produce an adaptive immune response) and survival,
to our knowledge no data have been published on this topic for
free-living animals.
The aim of our study was to analyze the relationship between

immunocompetence and long-term survival of male barn
swallows (Hirundo rustica) in which an immune response has
been elicited by intraperitoneal inoculation of a suspension of
sheep red blood cells (SRBCs) (11, 12). Our simple, specific
prediction was that males with a high immune response to
SRBCs during a breeding season were more likely to survive
until the following breeding season than males with a weak
response.
SRBC inoculation is a standard procedure for immunocom-

petence measures (11, 12). Importantly, in poultry it has been
shown that lines selected for high antibody responses to this
multigenic antigen are more resistant to various infectious
diseases (13, 14). Hence, individuals that are more responsive
to SRBCs may exhibit a higher level of immune-mediated
general disease resistance.
Previous studies on birds have shown that SRBC inoculation

results in an increase of immunoglobulin plasma levels (12). In
a previous study on the barn swallow (15), SRBC inoculation
resulted in an increase in gamma globulin levels relative to the
total content of proteins in the plasma. However, no effect was
observed on either relative counts of five different types of
leukocytes (heterophils, basophils, eosinophils, lymphocytes,
and monocytes) or their concentration relative to red blood
cells (15). In the present paper, we will therefore deal only with
the relationship between survival and change of gamma glob-
ulin levels following SRBC treatment. We also showed that
experimental increase of the expression of a male ornamental
character (length of the outermost tail feathers) negatively
influenced the intensity of antibody response, and we inter-
preted this as direct evidence of immune response being costly.
The barn swallow is a socially monogamous, colonial, mi-

gratory passerine whose biology and ecology have been inten-
sively studied (16). Relevant to this study are the facts that (i)
males are affected by a variety of endo- and ectoparasites,
some of which are known to depress the fitness of the host (17),
and (ii) females prefer to mate with males with long tail
ornaments (16, 18).

STUDY AREA AND METHODS

The study was carried out during spring 1994 and 1995 on six
farms located east of Milan (northern Italy). In spring 1994,
male barn swallows were caught in mist nets at the time of their
arrival at the colonies. Each individual was marked with a
metal ring on one leg and a plastic, colored ring on the other.
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Individuals were sexed according to the shape of the cloacal
protuberance (19), and this was later confirmed by inspection
for presence (female) or absence (male) of an incubation patch
and by observation of sexual and breeding behavior. At the
time of first capture we measured several morphological
variables, including length of the left and right outermost tail
feathers, as well as several parasitological and hematological
variables (15). Tail length was expressed as the mean length of
the two outermost tail feathers. Blood samples (on average,
200 ml in heparinized hematocrit capillary tubes) and smears
were also taken at first capture and at recapture(s). Blood
samples were then centrifuged for 10 min at 4000 rpm, and
plasma was stored at 2308C for gamma globulin analysis.
We assigned males sequentially to one of four experimental

groups (i.e., the first, second, third, and fourth males to be
captured were assigned to the first, second, third, and fourth
groups, respectively, and so on for the next males). All males
were injected intraperitoneally with 100 ml of a PBS solution
containing 53 105 SRBCs per ml of solution. Males of the first
group were given the above treatment and released. Both
outermost tail feathers of males of the second group were cut
at '1 cm from the base and then reglued. Males of the third
group had their outermost tail feathers shortened by 2 cm by
cutting them at'1 cm from the base of the feather, and males
of the fourth group had their tails elongated by 2 cm.
We checked for unbiased assignment of males to the four

experimental groups by comparing the values of all the mor-
phological, parasitological, and hematological variables mea-
sured at the time of first capture in 1994. None of these
variables showed a significant difference among the groups
(one-way ANOVA, F values always associated with P-values
larger than 0.05; see also ref. 15). Although this result is not
relevant to the main aim of the present study, which was to
analyze differences in immunocompetence between survivors
and nonsurvivors within each of the tail treatment groups, it
shows that our procedure of assignment did not produce any
biases in the composition of the groups; hence, survival data
can also be analyzed in relation to tail treatment.
In spring 1995 we captured the barn swallows used in our

study colonies by the same general procedures used the
previous year. We attempted to catch as many individuals as
possible during frequent capture sessions (8–11 capture ses-
sions lasting several hours in each farm from late March to late
June). The fact that almost all (147 out of 150; 98%) of the
birds captured in the last capture session in each farm had
already been captured during the same breeding season clearly
suggests that very few birds escaped our nets. In our study area,
male barn swallows show extreme fidelity to the breeding site.
Male swallows, including those considered in the present study,
were never recorded to have moved to another farm in year i
1 1 after having bred in year i in the nearest neighboring farm
(4 pairs of nearest neighboring colonies, 3 breeding seasons,
n . 150 males in each breeding season) or in any other farm
in our study area (15 or more farms in each breeding season,
range of distances between farms: 0.4–20 km, 3 breeding
seasons, n . 300 males in each breeding season; N.S. and
A.P.M., unpublished data). In each year and farm, some of the
males did not succeed in acquiring a mate. Furthermore, none
of these males was found to have moved to another farm. We
therefore assumed that birds that were inoculated in 1994 and
were not recaptured in 1995 had not survived.
Because we also performed an intensive capture effort

during spring 1993, in spring 1994 we could classify males that
were not ringed or were ringed as nestlings during the previous
breeding season as birds born in spring 1993, and males that
were already ringed as adults during 1993 as birds that were 2
years old or older.
For the purposes of this paper, we define survivors as males

that were recaptured in the second study year (1995), and
nonsurvivors as males that were not recaptured in 1995.

Gamma globulins were assayed, on average, 3 months after
blood collection by densitometric analysis after electro-
phoretic separation of plasma proteins on agarose gels (Par-
agon SPE Kit, Beckman). Plasma (5 ml) was diluted 1:2.5 in
Barbital buffer (pH 8.6). The diluted sample (5 ml) was applied
to agarose gels after standard procedures with the Paragon
SPE kit. The electrophoreses were applied at constant voltage
(100 V) at 208C for 25 min. After electrophoresis, gels were
air-dried and stained following the manufacturer’s instruc-
tions. Densitometric analysis was performed by a computer
image analysis procedure run by the GELANALYST program
(Eidosoft, Somma Lombardo, Italy). The relative concentra-
tion of gamma globulins and other proteins that comigrate
during electrophoresis was expressed as the ratio between the
area of the densitometric profile corresponding to the gamma
globulin region and the total area of the densitometric profile.
Change of relative gamma globulin levels between the capture
in which we inoculated SRBCs and recapture was expressed as
the difference between relative levels recorded in the blood
samples collected at the time of recapture and that recorded
at the time of first capture (see refs. 15 and 20 for further
details on assay procedures and repeatability of within-sample
relative gamma globulin levels). Time elapsed from the cap-
ture in which males were inoculated, and recapture did not
differ among experimental groups (F3,81 5 0.34, not signifi-
cant; mean 6 SE intercapture time, in days, was 24.9 6 4.33
for unmanipulated males, 19.46 3.83 for males whose tail was
cut and reglued, 20.96 3.30 for tail-shortened males, and 22.8
6 4.03 for tail-elongated males).

RESULTS

We predicted that survivors should have been the most
immunocompetent males (i.e., males that had comparatively
large changes in gamma globulin levels). Moreover, we ex-
pected males with naturally large tail ornaments to be more
likely to survive than those with short ones, because a positive
relationship between ornament size and survival has been
demonstrated previously (16). The results clearly confirmed
our predictions. Mean change in gamma globulins and mean
premanipulation tail length of survivors were larger than those
of nonsurvivors. These differences between survivors and
nonsurvivors were consistently found in all the experimental
groups (Figs. 1 and 2). However, we could show no clear
pattern for the effect of age on survival. We tested for the
simultaneous, independent effects of immunocompetence,
premanipulation tail length, and age on survival in a logistic
regression analysis in which these variables were entered as
regressors and survival was entered as the response variable
(Table 1). To simultaneously test for the effect of tail treat-
ment we included in the regression model three dummy
variables specifying pairwise comparisons between survival of

Table 1. Results of a logistic regression analysis in which the
response variable was survival, entered as a two-state variable;
change in gamma globulin level, premanipulation tail length,
and age were the independent regressors; and three dummy
variables accounted for the pairwise comparisons between the
group of males whose tails were not manipulated (Control I) and
the groups of males whose tails were cut and reglued (Control II),
shortened, or elongated, respectively.

Predictor x2 P

Control I vs. Control II 0.22 NS
Control I vs. shortened 0.00 NS
Control I vs. elongated 0.01 NS
Change of gamma globulins 7.59 0.006
Premanipulation tail length 7.30 0.007
Age 0.04 NS

NS, not significant.
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males that did not have their tails manipulated and males that
had their tails cut and reglued, shortened, or elongated,
respectively. The effects of change of gamma globulins and
premanipulation tail length were statistically highly significant,
thus indicating that immunocompetence significantly contrib-
uted to predicting survival even after controlling for the
independent effect of tail length. The effect of age, however,
did not achieve significance. None of the pairwise comparisons
between survival of unmanipulated males and survival of those
in the other groups showed a statistically significant difference
when the other regressors were taken into account. However,
males with shortened tails had much higher chances of sur-
viving than males whose tails were experimentally elongated
(survivorsytotal number of males: shortened, 0.41, n5 22; and
elongated, 0.25, n 5 24), whereas survival of males of the two
control groups was identical (0.33; unmanipulated males, n 5
21, and males whose tails were cut and reglued, n 5 18) and
intermediate between that of males whose tail length was
altered. When we included first-degree interaction terms
between predictor variables in the logistic regression, none
significantly increased the variance explained by the model.

DISCUSSION
Our results clearly support the idea that long-term survival
rates of male barn swallows are higher for birds that are more

responsive to an experimental challenge to their immune
system or that have large tail ornaments, after controlling for
the effect of covariates. We scrutinized our experimental
procedures to identify potential biases in the results. Males
assigned to the experimental groups, on average, did not differ
in any of the morphological, parasitological, or hematological
variables measured in 1994 (15). Our recapture data indicate
that very few swallows escaped our capture attempts, and
emigration of breeding males from one colony to another in
the following breeding season, if it occurs, is a rare event.
Indeed, in a sample of more than 1000 males during three
breeding seasons, none is known to have moved to another
farm to breed. Although we cannot rule out the possibility that
some males remained uncaptured in 1995 or emigrated, this
would have produced the appearance of a larger immunocom-
petence of ‘‘survivors’’ than ‘‘nonsurvivors’’ only if males with
smaller immunocompetence were less likely to be captured or
were more likely to emigrate. However, we see no reasons for
speculating that such relationships between immunocompe-
tence and breeding site fidelity or catchability of males exist,
and we consider these possibilities very remote.
The results presented in this paper about the effect of tail

length manipulation are in line with those obtained in four
previous independent experiments, both in terms of quality
and of intensity of the effect (16). Similar to previous findings,
males with experimentally elongated tails suffered an increase
in mortality of approximately 8% compared with the overall
estimate of survival for all males included in the four exper-
imental groups, whereas survival of tail-shortened males in-
creased by approximately the same magnitude (Fig. 3). This
evidence has been interpreted as the result of impaired
foraging ability andyor increased aerodynamic costs of flight.
The positive relationship between natural tail length and
survival also is not a novel one and has been described for a
large sample of male swallows from Denmark (16).
The significance of our study mainly lies in the experimental

evidence provided for a positive relationship between immu-
nocompetence and survival. To our knowledge, this is the first
study in which such a relationship has been demonstrated
under field experimental conditions.
The importance of pathogens and parasites in animal life has

been widely acknowledged and documented. Many studies
have shown that immune response to pathogens, in birds and
in other vertebrates, involves production of antibodies by a
variety of cell types in different tissues. Therefore, there seems
to be little doubt that, in most vertebrates, humoral immune
response is central to the adaptive immunity processes. SRBCs
are multigenic antigens that may cross-react with antibodies to
other antigens previously experienced by the host and also
eliciting an immune response. Although this may represent a

FIG. 1. Mean (1SE) change of gamma globulin levels at approx-
imately 3 weeks from inoculation of SRBCs of male swallows whose
tails were unmanipulated (Control I), cut and reglued (Control II), and
shortened or elongated by 20 mm, that survived (white bars) and did
not survive (black bars) until the breeding season following that of
inoculation. Measurement unit of gamma globulins is the percentage
of gamma globulins relative to whole protein plasma content. Change
is expressed as difference between value at recapture and value at first
capture. Numbers are sample sizes.

FIG. 2. Mean (1SE) premanipulation tail length of male swallows
whose tails were unmanipulated (Control I), cut and reglued (Control
II), and shortened or elongated by 20 mm, that survived (white bars)
and did not survive (black bars) until the breeding season following
that of inoculation.

FIG. 3. Difference in survival between male swallows whose tails
were unmanipulated (Control I), cut and reglued (Control II), and
shortened or elongated by 20 mm. Zero represents the survival
(survivorsytotal number of males) of males of all the groups pooled.
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limitation of using SRBCs, it is most important to the present
study that selection for high antibody responses to SRBC
antigens in other birds resulted in lines more resistant to
various infectious diseases (13, 14). Hence, the positive asso-
ciation between immunocompetence and survival we observed
may result from immunocompetent males being better able to
cope with a variety of pathogens.
Saino andMøller (15) showed that for one experimental group

of males considered in this paper (males with elongated tails), a
positive correlation existed between premanipulation tail length
and immunocompetence, and therefore a secondary sexual char-
acter currently subject to a directional female mate preference
reflects the ability to produce immune responses. Moreover, in
previous studies (16) and in the present one we have shown that
males with large tail ornaments survive better than those with
small ornaments. These pieces of evidence combined with the
results presented here thus suggest that differential viability in
relation to tail ornamentation may at least partly arise because
males with large ornaments are more immunocompetent.
This study has obvious relevance to current models of sexual

selection, particularly to those models that envisage sexual
selection as mediated by female preference for parasite- and
disease-resistant males. Selective advantages may arise from
genetic resistance to pathogens (21–23) and efficient immune
systems (24–26). Manipulative studies currently in progress
will clarify the extent to which additive genetic variance
contributes to the total variance in the intensity of immune
response observed in this study. At present, we can speculate
that if interindividual differences in immunocompetence have
a genetic basis, then our results most likely would be the first
to show that female mate preference for highly ornamented
males will result in acquisition of ‘‘good genes’’ for high
immunocompetence for their offspring. By mating with long-
tailed males, female barn swallows may thus acquire genes for
immunocompetence that ultimately will ensure high viability
to their offspring. Hence, this study clarifies one of the
mechanisms through which genetic benefits may accrue to
choosy females from their mate preference.

Note Added in Proof: If survival is affected by immune response, then
we would predict no relationship between tail length (independent
variable) and immune response (dependent variable) after controlling
for the effects of treatment, survival, and age (additional independent
variables). Indeed, the effects of tail length and age were nonsignifi-
cant (tail length: F1,78 5 0.53, NS; age: F1,78 5 0.13, NS), whereas the
effects of treatment and survival were significant (treatment: F3,78 5
4.48, P 5 0.006; survival: F1,78 5 8.50, P 5 0.005). This indicates that

tail length reliably signals survival prospects mediated by immune
defense.
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