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Summatry

1. We tested the condition-dependent hypothesis of sexual advertisement in house
sparrows (Passer domesticus). Male house sparrows have a bib of black feathers
which serves as both a badge of social status and as a cue for female choice. We
manipulated environmental conditions during the premoult period of juvenile
house sparrows kept in outdoor aviaries. Birds were assigned to two treatments dif-
fering in the amount of dietary proteins, which are known to affect the expression
of immune response in birds. We tested whether birds in the protein-rich group
had better immune responses and developed larger bibs than birds reared on a pro-
tein-poor diet. We also checked whether immune response was a predictor of survi-
val and parasite resistance.

2, Individuals with higher cellular immune response at capture had greater prob-
ability to survive during the 3months of the experiment, and they had a higher
probahility to recover from infection with Haemoproteus sp. (a blood parasite).
Conversely, birds with high immunoglobulin concentrations at capture had a
higher probability of mortality.

3. Birds on the protein-rich diet had a higher cellular immune response compared
to birds in the protein-poor treatment. Humoral immune response showed the
opposite pattern, being higher for birds in the protein-poor treatment. We did not
find any effect of food quality on the development of the badge, assessed as the size
of the trait and its colour properties.

4. In conclusion, our results support the view that immune defences are important
for survival and parasite resistance in natural populations, and that they might be
costly to produce. On the other hand, we did not find support for the condition-
dependent hypothesis of sexual advertisement, suggesting that the badge may not
be a costly trait to produce. However, badge size could reflect other aspects of con-
dition. The kind of pigments involved in colour signals may be the key factor deter-
mining the production costs of such traits.

Kep-words: immune response, immunoglobuling, parasite resistance, sexual signals,
survival, T-cell response,
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1994). Recent evidence suggests that many second-
ary sexual characters demonstrate caondition-depen-
dent expression, and that females may obtain either
direct or indirect fitness benefits by using such traits
as cues for mate choice (reviews in Andecsson [994;
Johnstone 1995). Cheating can be prevented if sex-
ual signals are costly to produce and maintain.
Parasites and diseases have been implicated to play
an important role in sexual selection because only
individuals in prime condition, and hence in super-
ior health status, will be able to develop the most
extreme expression of costly secondary sexual char-
acters (Hamilton & Zuk 1982 review in Mgoller,
Christe & Lux 1999). Folstad & Karter (1992) pro-
vided a physiological framework for the trade-off
between parasite resistance and sexual signals. They
suggested that secondary sexual traits which are hor-
mone-dependent might be honest indicators of male
quality because androgens may have immunosup-
pressive effects. Therefore, only males of high phe-
notypic andfor genetic quality could develop
exaggerated sexual signals and afford to pay the cost
of immunosuppression, with sexual signals reliably
signalling immunocompetence (the ability to raise
an efficient immune response to a novel challenge).
Without evoking the immunasuppressive effects of
androgens, it has heen suggested that sexual adver-
tisement and immune defences can be traded-off
because both functions are costly to produce and
maintain (Fig. 1) {Wedekind & Folstad 1994), an
issue currently debated {see Rdberg eral 1993,
Westneat & Birkhead 1998).

Trade-offs between the expression of secondary
sexual traits and immune defences could represent

Genes Aclvertiscment

&Condm <
Immune

Environment, response

Survival

Pathogens

Fig. 1. Path diagram illustrating links between genes and
enviromnent with condition, immune response, pathogens
and sexual advertisement. Genetic and environmental var-
iation contribute to determine general condition, immune
respanse and sexual advertisement. Individuals in prime
condition ¢an invest more resources in immune defence
and sexual signals. Pathogens interfare with the optimal
allocation of resources to immune defence and sexual sig-
nals, by diverting resources. Ultimately, resource allocation
to immune defences and sexual advertisement determines
fitness via the effect on survival (Le. parasite resistance)
and reproduction (i.e. mate attraction). Modified from
Westneat & Birkhead (1998).

Repmducuon

the underlying mechanism resulting in the classical
trade-off between repraduction and survival. To be
the case, exaggerated secondary sexual traits should
correlate with higher reproductive output, and
immune defences with better survival prospect.
Positive correlations between sexual advertisement
and reproductive suceess have been reported for sev-
eral species where females show a preference for
males with exaggerated traits (see Andersson 1994
for a review). Much less evidence is available on the
importance of immune defences for survival in nat-
ural populations {(Saino, Bolzern & Meller 1997),
and whether assays used to estimate immunaocompe-
tenice actually reflect resistance to parasitic infections
in free-ranging individuals (Siva-JTothy 1993).

The house sparrow (Passer domesticus L. 1758) is
a small dimarphic passerine; adult males have a bib
of black feathers on the throat and the chest,
whereas females are uniformly brown. Males with
larger bibs are dominant and may have better access
to food resources in flocks (Barmard & Sibly 1981;
Maller 1987a,b). Females appear to have a prefer-
ence for large bib males in some populations
{Maller 1988), but to prefer small-badged males in
athers (Griffith, Owens & Burke 1999).

We conducted an experiment to test the condi-
tion-dependent hypothesis of sexnal advertisement
in juvenile house sparrows kept in aviaries during
the moulting period. Birds were assigned to two
food treatments to test whether individuals living
under better environmental conditions had higher
immunocompetence and moulted into larger sexual
signals. We also tested whether mortality and blood
parasite prevalence were negatively correlated with
immunacormpetence.

Methods

The experiment was carried out on a house sparrow
population at Badajoz (Extremadura, south-west
Spain). During July 1997 we captured juvenile {i.e.
born in the spring) house sparrows in mist nets. As
for most altricial birds, paost-fledgling house spar-
rows still depend on their parents which continue to
feed them for up to 14 days after fledging (Summers-
Smith 1988). Therefore, we limited our sample to
independent birds which obviously also made the
sample more homaogeneous with respect to age.
Birds were then banded, their tarsus length mea-
sured with a digital calliper with an accuracy of
0-01' mm, and body mass on a Pesola spring balance
with an accuracy of 1 g. Sparrows were subsequently
randomly released in 10 adjacent outdoor aviaries
located on the campus of the University of
Extremadura {Badajoz). Eight aviaries were
33 % 1'1 x 2-5m and contained between nine and 12
birds; two were 3-3 x 0-6 % 2-:3m and contained five
birds each. Birds were randomly assigned to two
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food regime treatments. Birds in the first group
received a commercial mixture of seeds for canaries
{Ornyzoo 8. L., Spain), provided ad libitum. The
second group received the same mixture of seeds
plus a supplement in animal protein (commercial
diet pratein complement ‘Pasta de hueva’, Pet-bon).
All birds had water ad libitum supplemented with
vitamins. The experiment lasted until 15 Octaber
1997 (12 weeks).

MEASUREMENT OF IMMUNOCOMPETENCE

An estimate of immunocompetence would require
information on the following components of
immune function: (1) the relative mass of lymphoid
organs (spleen and thymus); (2) response to immuni-
zation with sheep red blood cells ta obtain an i vive
measure of B- and T-cell activity; (3) response to
immunization with Brucella aborius to obtain in vive
response of B-cells independent of T-cells; (4)
response to phytohaemagglutinin to obtain # wive
response of T-cells; and (5) i vitro assay of nitrous
oxide production by macrophages from spleen cells
(e.g. National Research Council 1992). Since some
of these components of immune function are based
on in vifro methods, there will often be a conflict
between practical considerations (the fitness conse-
quences of phenotypic variation can only be esti-
mated for individuals that are still alive following
assessment of immune function) and a broad scale
estimate of immunocompetence. Furthermore, ethi-
cal consideratians will also often be at conflict with
complete assessment of immune function. We have
attempted to achieve a reasonable balance between
these conflicting demands by obtaining information
on two companents of the immune response: T-cell
mediated immunity and immunoglobulin concentra-
tion. T-cell response was assessed using the follow-
ing assay: at capture we injected each bird
intradermally in the centre of the right wing web
{after having marked the injection site with a pen)
with (-025 mg of phytohaemagglutinin {(PHA, Sigma
Chemical Co., St Louis, Missouri, USA) in 0-04 mL
of physiological saline solution (PBS) (Bausch &
Lamb Co.). The left wing web was used as a control
by mjecting 0-04 mL of PBS. The thickness of each
wing web was measured with a pressure-sensitive
spessimeter {to the nearest 0-01 mm) at the injection
site before and 24h (+ 15min) after injection. The
wing web swelling (WWS) was estimated as the
change in thickness of the right wing web from the
day of injection with PHA until the following day
minus the change in thickness of the left wing web
from the day of injection until the following day.
Wing web swelling has been shown to be repeatable
in another gronp of house sparrows (Gonzalez,
Sarci & de Lope, unpublished), as well as in other
species (Sorci, Soler & Maller 1997). The same

experimental protocol was used to assess T-cell
mediated immunity 3 months later, at the end of the
experiment.

After having measured the thickness of the wing
web, we collected a blood sample from the brachial
vein in a heparinized capillary. The capillaries were
centrifuged for Smin at 14000r.p.m., the plasma
was isolated and stored at - 30°C for immunoglobu-
lin. analysis. We immunized the sparrows by inject-
ing intraperitoneally a suspension of sheep red
blood cells (SRBS), containing 5x 10’ SRBS in
100 uL. of PBS. Blood samples were taken 10 days
after immunization and stored as described above.
Immunoglobulin concentrations were assayed by
densitometric analysis after electrophoretic separa-
tion of plasma proteins on agarose gels (Paragon
SPE Kit, Beckman). Five microlitres of plasma were
applied ta agarose gels and proteins were allowed to
nugrate for 25 min at constant voltage (100 V). After
electrophoresis, gels were air-dried and subsequently
analysed using the procedure ‘Densitometric analy-
sis of 1-D gels’ of the image analysis software NTH
Image 1-54 (NIH Image is a public domain image
analysis program which is available by anonymous
FTP from zippy.nimh.nih.gov). The relative concen-
tration of immunoglobulinsg (Ig) and other proteins
that comigrate during electrophoresis was expressed
ag the ratio between the area of the densitometric
profile corresponding to the immunoglobuling and
the total area of the densitometric profile (Saino
eraf. 1997). The total area of the densitometric pro-
file was used to check whether any change in immu-
noglobulin concentration between food regimes was
due to changes in total plasma proteins between
treatments. Ten individuals were ran twice to inves-
tigate the repeatahility of immunoglobulin concen-
tration. The repeatability was high and statistically
significant (P < 4-001}.

Finally, we screened sparrows for haematozoan
infections. This was done by collecting a drop of
blood for a blood smear at the beginning and the
end of the experiment. The smear was subsequently
air-dried, fixed in absolute methanol and stained
with Giemsa. We screened 10000 red blood cells in
each smear and counted the number of parasitized
cells. This was carried aut at = 1000 magnification
using an optic micrascope. Prevalence and intensity
were defined as the proportion of infected birds and
the percentage of infected cells, respectively.

MEASUREMENT OF BADGE SIZE AND
COLOUR

Badge length and width were measured with a ruler
with an accuracy of 1mm. After moult, the black
feathers of the badge have white tips which partially
cover the underlying feathers. Qur measurements
refer to the total area covered by black feathers
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[total and visible area are positively correlated
(Maller & Erritzae 1992)]. The area of the badge
was estimated using a regression equation derived
by Maller (1987a): badge size
(mm?) = 1667 + 0-45 x badge length (mm) x hadge
width (mm), and was log-transformed. Badge colour
was measured with a spectrophotometer {Ocean
Optics Europe) and decomposed inte three colour
parameters: hue, saturation and tone (Hill &
Brawner 1998). Each hird was measured twice in
order to estimate repeatability of the three colour
parameters, and of badge size. Repeatability were
high. and significant for all variables (all P < 0-001).

STATISTICAL ANALYSES

Surviving birds were assigned a value of 1 and non-
surviving a value of zero. Juvenile house sparraws
are sexually monomorphic. Since dead individnals
were not examined post-morten, we were unable to
investigate the effect of sex on survival. We used a
stepwise multiple logistic regression to test the corre-
lation between survival and wing web swelling,
immunoglobulin concentration and body size. The
food treatment was also included in the model to
account for different patterns of mortality in the
two food regimes. We also computed the mean wing
web swelling and immunoglobulin concentrations
for surviving and nan-surviving birds for each avi-
ary. We then computed the difference (surviving
minus non-surviving) between the means within avi-
aries. Under the null hypothesis of no association
between survival and immune responses, these dif-
ferences should have a mean of zero. We tested this
by using a paired f-test {Sokal & Rohlf 1981).

The effect of food treatment on the immune
response and badge size was estimated using a
repeated-measures nested ANOVA, to take into
account the effect of replicates {i.e. aviaries). The
correlation between different components of the
imniune response was assessed using linear regres-
sion models, based on both individuals and aviaries
as independent observations. Linear and log-linear
regressions were used to test the carrelation between
immune responses and intensity and prevalence of
haematozoa.

Since hue, saturation and tone may be intercorre-
lated among them, we used MANOVA and
MANCOVA to test whether food manipulation
affected colouration.

All analyses were performed using SAS (SAS
Release 6-12, SAS 1996).

Results
IMMUNOQCOMPETENCE AND SURVIVAL

A total of 60 individuals of initially 96 (63%) sur-
vived until the end of the experiment. Most martal-

ity occurred during the first 2 weeks and no birds
died in the last 2 weeks of the experiment. Survival
rate differed among aviaries (Fisher's exact test,
P ={-021} and between food treatments (high pro-
tein diet: 51-1% survival, » = 47; low protein diet:
73-5% survival, » =49, Fisher's exact test,
£ = 0-035). This last surprising result was probably
due ta an initial difference in wing web swelling
between the two treatments. In spite of being ran-
domly assigned to the two foad regimes, it tran-
spired that birds on the protein-rich diet had lower
initial values of WWS (mean + SE = 0-409 + (-028,
n = 47) compared ta birds on the protein-poor diet
{mean + SE=03544 + 0-047, n=48) (one-way
ANOVA  with food as factor: Fgq = 590,
P = 0017). None of the other variables was initially
different between the two treatments.

The wing web swelling and immunoglobulin con-
centratien can depend on individual condition. For
this reason, we first regressed WWS and Ig on two
potential correlates of body condition: body mass
and tarsus length. A stepwise multiple regression
showed that only bady mass was a significant pre-
dictor of wing web swelling; birds with higher body
mass having a larger wing weh swelling than lighter
birds (slope +S8E, b=43304 £0-099, »n =95,
P =0003). The same multiple regression on Ig
showed that neither body mass nor tarsus length
were significantly correlated with Ig (all P = 0-1).

Wing web swelling was a significant predictor of
survival probability. A stepwise logistic regression
with survival as the dependent variable and wing
web swelling, body mass and food treatment as
independent variables revealed that surviving birds
had on average a higher WWS than non-survivors
{mean =+ SE, non-survivors, 0-341 + 0-032 {(mm),
n = 35; survivars, 0-528 + 0-038 {mm), #» = 60; Wald
¥?=6281, df =1, n=95 P=0012), and that
surviving birds had higher body mass than non-sur-
vivors (Wald ¥ =6131, df =1, n=095,
P =0013). Cellular immunity and body mass thus
had an additive positive effect on survival probabhil-
ity. In a second regression model, we replaced WWS
by Ig. Here again body mass was significantly posi-
tively correlated with survival probahility (Wald
¥y =83527, df. =1, u=92, P=0004), whereas
immunoglobulin concentration was negatively corre-
lated with survival (mean =+ SE, non-survivors,
2968 + 1-141 (%), » = 33; survivors, 22-48 + 0-30
(%), n=259; Wald ¥*=5861, df. =1, n=92,
P =0-015). A stepwise logistic regression with both
measurements of immune response and body mass
showed that the three variables were significant pre-
dictors of survival (body mass: Wald > = 6389,
df =1, P=0012; immunoglobulins: Wald
=553, df=1, P=0019; WWS: Wald
¥ =409,df =1, P = (043, n = 92).
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As previously reported, survival rate differed
among aviaries. We therefore checked the consis-
tency of the association between immune responses
and survival among aviaries. This was performed by
comparing mean WWS (after correcting for body
mass) and mean immunoglobulin concentration for
survivots and non-survivors with a paired e-test. In
one aviary all birds survived and therefore we could
not use it to compute a difference between survivors
and non-survivors. In eight of nine aviaries survi-
vors had higher WWS than non-survivors {paired
t=317, d.f. =8, P<Q-02), showing that indivi-
duals with higher WWS were consistently better
able to survive frrespective of any environmental
heterogeneity among aviaries. The difference m
immunoglobulin  concentration hetween surviving
and non-surviving birds also tended to be consistent
among aviaries. In seven of nine aviaries survivaors
had lower immunoglobulin concentrations than
non-survivars, although this difference was not sig-
nificant (paired ¢t = 2-2, d.f = 8§, 0-05 < P < 0'1).

Birds were infected with Haemoproteus sp. In
July, the prevalence was 32:3% (r = 94).
Haemoproteus infections (prevalence and intensity)
did not correlate significantly with survival probabil-
ity (prevalence: Wald y* =284, d.f. =1, #n =92,
P =04092; intensity: Wald ¢*=1055 d.f =1,
n=92 P=4304);, nor were immunoglobulins,
WWS and body mass cotrelated with Heamaprateus
prevalence and intensity (prevalence: immunoglobu-
lins, Wald ¥* =028, df.=1, #=192, P=059;
WWS, Wald y* = 0067, df =1, n =92, P = 0-79;
body mass, Wald y'=165, df =1, »n=292
P = 0129, intensity: immunoglobulins, r, = —0-045,
n=92, P=067, WWS, ¢ =0015 n=095
P = (-89, body mass, v, = 0-142, 0 = 96, P = (-17).

A potential problem with our results is that we
observed 37% mortality during the 12 weeks of the
experiment, However, comparisons with data avail-
able on post-fledging survival in free-living house
sparrows show similar patterns of mortality, sug-
gesting that high meortality could be an intrinsic
characteristic due to age rather than potential bias
in our experimental protocol {(i.e. food quality,
crowding, awviaries). To test this hypothesis, we
repeated the experiment in 1998, using adult male
house sparrows. As in 1997, birds were caught and
their cellular immunity estimated using injection
with PHA (we did not estimate humoral immunity).
Birds were then released into the same aviaries, fed
with the same mixture of seeds and therefore experi-
enced the same overall experimental conditions.
Only 78% (4/51) of adult birds died. A lagistic
regression on survival probability with age and
WWS as independent variables showed significant
effects of both age (Wald y* = 1028, df =1,
n=147, P=040008) and WWS (Wald y* = 1520,
df. =1, n =147, P =0-0001), with the interaction

being non-significant (Wald 3° = 249, d.f =1,
n=147 P =0101).

ENMVIRONMENTAL VARIABILITY AND
IMMUNE RESPONSE

Food treatment significantly affected both T-cell
response and immunoglobulin concentration of sur-
viving birds. At the beginning of the experiment
neither WWS nor Ig differed between protein-rich
and protein-poor diets (two-way ANOVA: WWS,
foad: F\ s =121, P=0276, sex: F 54 = 460,
P =0036; Ig, food: F)s3=0-81, P=10-372, sex:
F| sy = 1-38, P ={-214). However, at the end of the
experiment wing web swelling was higher for birds
receiving the protein-rich treatment compared to
protein-poar individuals (nested ANOVA: food:
Fi4s = 2890, P <0001, replicate within food:
Fagqs = 170, P = (125, sex: Fi 45 = 0-08, P = 0924,
interaction terms: P > Q-5). Conversely, Ig were sig-
nificantly lower for birds belonging to the protein-
rich treatment {nested ANOVA: food: Fi4s =453,
P =10-039, replicate within food, Fgys= 290,
P=4q-011, sex: Fj 45 =008, P=0927, interaction
terms: P > 0-5). Buds in the protein-poor regime
were unable to raise their WWS as time progressed,
whereas birds in the protein-rich regime strongly
increased the WWS (Fig.2a). This resulted in a
highly significant interaction term between food
treatment and date (repeated-measures nested
ANOVA: Fis=2357, P <{-001). The opposite
trend was observed for Ig which only increased for
birds in the protein-poor treatment (Fig.2h).
However, in this case the food by date interaction
was nhot significant (repeated-measures nested
ANOVA: F\ 45 = 3-52, P = 0-067).

The analysis of the total densitometric profile of
plasma proteins showed that the amount of plasma
proteins did not change between food treatments
nor between the two sampling dates {repeated-mea-
sures nested ANOVA: date: F 45 =001, P = 0917,
food: Fas5 =007, P =10794, food*date:
Fi a5 =008, P = (0-785). This shows that the change
in the percentage of Ig among plasma proteins was
not due to a change of overall plasma prateins.

Body mass significantly increased between the two
sampling dates, althongh the increase in bady mass
was independent of food regimes (repeated-measures
nested ANOVA: date Fy,45= 12636, P < 0-001;
food: F\ a5 =003, P = 0-869, food*date:
Fy45= (-5, P =(-476). It is therefore unlikely that
the differences observed for WWS and Ig were the
results of the confounding effect of body mass.
Indeed, both WWS and Jg were still significantly
correlated with food treatment after correcting for
bady mass ({nested ANCOVA: WWS, food
Fl4e = 3133, P < 0-001; body mass: F| 4 = 5-84,
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P =0019; lg, faod: F| 4 = 5-38, P =0-023; body
mass: F 46 = 1-95, P = -169).

At the end of the experiment, Ig and WWS were
negatively and significantly correlated, after correct-
ing for body mass (stepwise linear regression, slape
+ SE =-0083+ 0039, P=0037, n=257). The
negative correlation between Ig and WWS was also
significant when considering the aviaries as indepen-
dent observations (stepwise linear regression, slope
+ SE = -0-159 + 0-055, P = 0020, » = 10, Fig. 3).

VARIATION IN IMMUNE RESPONSES AND
PARASITIC STATUS

In July, 31-6% of the birds which were still alive in
Octaber harboured parasites, whereas the propor-
tian of nfected birds decreased to 12-:3% at the end
of the experiment in Qctober. This was due to 12
birds changing their status from infected to non-
infected, whereas only one individual acquired the
infection during the experiment (7 = 10-82,
P < 0-001). The proportion aof infected birds in July

was not significantly correlated with any of the pre-
dictor variables (log-linear model: WWS: y? = 0-57,
P =0-449; Ig: y* = 0010, P = 0912 bady mass:
¥ = 1670, P=0196, sex: ¥ = 0-650, P = 0-421).
However, at the end of the experiment both WWS
and food treatment were significantly carrelated
with. Haemoproteus prevalence, birds with higher
WWS and in the protein rich regime having lower
probabilities of being infected (log-linear modek
WWS:  y* =651, P=00ll; food treatment:
y* =475 P=04029, WWS * food treatment:
xi =029, P =10-519), all other variables (Ig, sex,
hody mass) not being significantly correlated with
prevalence (all P > 0-2). Mareover, prevalence did
not vary among aviaries (Fisher's exact test,
P = (-452), which allows the use of each individual
as independent observations. The correlation
between Haemaoproteus parasitism and WWS was
also present when based on intensity of parasitism
instead of prevalence. Again intensity in July was
not significantly correlated with WWS, Ig, body
mass or sex (all P > 0-3) whereas, in October, birds
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Fig. 3. Negative correlation between the percentage of immunoglobuling among plasma proteins and wing web swelling in
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with the highest intensity of parasitism were those
with the smallest WWS (Pearson’s partial correla-
tion coefficient, » =-0-344, P = 0010, »n = 58).
Intensity was not significantly correlated with Ig
(Pearsan’s partial carrelation coeflicient, ¢ = 0-096,
P = 0-483, n = 56). Intensity did not vary among
aviaries (one-way ANOVA, F, g = 1-00, P = 0-4535).

ENVIRONMENTAL VARIATION, IMMUNE
RESPGNSE AND SEXUAL ADVERTISEMENT

Badge size was not affected by food treatment
{nested ANOVA: food. F),, =04010, P=0913,
replicate within food:  Fy,p = 0-85, P =0-573).
Badge size was not significantly correlated with var-
iation in body mass (i.e. the difference of body mass
between the two sampling dates) {(Fig. 4}, WWS and
Ig (nested ANOVA: food: F| i = 000, P = 0-966,

526
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Badge size (mm?®)

400 r

330
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replicate within food: Fga = 0-75, P = (-646; body
mass: Fj 49 = 0-00, P = 0-965; WWS: F| .y = 0-010,
P =099 Ig: F 3 = 0-55, P=0469), nor was it
correlated with values of body mass, WWS§ (Fig. §)
and Ig in October (nested ANOVA: food:
Fla =004, P=0836, replicate within food:
Fgap = 1-11, P =0394; body mass: Fya; = 020,
P =0661, WWS. F 5 =0990, P=01330, Iz
Fig =353, P =04074)

Similarly, badge colour was not affected by food
treatment, nor was it correlated with body mass,
WWS or Ig (MANCOVA: Food: Wilks® lambda =
0772, Fage = 2:55, P = 0-078; body mass: Wilks’

lambda = 0-889, Fj.e= 1-084, P =0-373; WWS;
Wilks" lambda = 0919, Fy,6 = 0758, P = 0-528;
Ig: Wilks” lambda = 0865, Fyuq= 1354,

P =0-279). Finally, badge colour and size were not
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Fig. 5. Relationship hetween badge size (mm®) and wing web swelling {mm) measured at tha end af the axperiment. Full
and empty dots represent protein-rich and protein-poor regimes, respectively.



1232

Condition-
dependent
immunocompe-
tence and sexual
advertisement

© 1999 British
Ecological Saciety
Jowrnal of Animal
Ecalagy, 68,
[225-1234

significantly correlated (MANCOVA: badge size,
Wilks” lambda = 0-976, F; 59 = 0:976, P = 0-869).

Discussion

IMMUNOQCOMPETENCE, PARASITISM AND
SURVIVAL

Wing web swelling, a measure of T-lymphocyte pre-
liferation, was positively correlated with survival
prospects in house sparrows. Conversely, we found
a negative correlation between immunoglobulin con-
centration and survival probability. High levels of
immunoglobulins are likely to reflect exposure to
infectious agents, and therefore the negative correla-
tion between immunoglobulins and survival might
not be surprising. For instance, work on the house
martin {Delichon urbica L. 1758} has shown that
experimentally manipulated parasitism by Qeciacus
hirundinis (Jenyns 1839) (a haematophagous hemi-
pteran) increases immunoglobulin concentration (de
Lape, Maller & de la Cruz 1998).

All organisms are exposed to parasites and patho-
gens which may significantly reduce host fitness {e.g.
reviews in Lehmann 1993, Maller 1997). The
immune system of vertebrates probably represents
the most efficient mechanism to control parasitic
infections, as illustrated by dramatic fitness casts of
immunaodeficient individuals (Mitchison 1990). In
spite of the straightforward predictions concerning
the correlation between the efficiency of the immune
system and host fithess components, experimental
evidence for such a relationship is still scarce {see
Saino etal. 1997). Our results add evidence for the
role played by immune defences in determining sur-
vival prospects in natural populations. In this study,
individuals were maintained under homogeneous
environmental conditions that preclude any effect of
differential exposure to parasites or predators as a
cause of the observed effect. A potential bias in our
study could be the ‘unrealistically’ high juvenile
mortality observed in the aviaries. However, com-
parisons with data available on post-fledging survi-
val in the house sparrow show similar patterns of
mortality for natural populations (Summers-Smith
1988). Most mortality observed in the aviaries
oceurred during the first 2 weeks after the beginning
of the experiment, suggesting that some birds were
more susceptible to a changing and potentially
stressful  environment. The relationship between
cellular immune response and survival was consis-
tent in juvenile and adult birds. Survival rate of
adult house sparrows maintained under the same
experimental conditions during an equivalent period
of time was significantly higher than survival of
juveniles, which again suggests that juvenile mortal-
ity was not due to bias in our experimental proto-
col.

ENVIRONMENTAL VARIABILITY AND
IMMUNOCOMPETENCE

Environmental conditions are known to have a
large impact on the expression of the immune
response in vertebrates and on risks of paragitism.
Amaong other factors, food quantity and quality can
significantly modify the level of immunocompetence
{Chandra & Newberne 1977, Lachmiller, Vestey &
Baren 1993). We found that juvenile house sparrows
were able to mount a better cell-mediated immune
response when feeding on a protein-rich food cam-
pared to individuals experiencing a protein-poor
diet. Humoral immunity, assessed as the percentage
of immunoglobuling among plasma proteins after
immunization with SRBC, showed the oppaosite pat-
tern, tending to be lower for birds in the protein-
rich treatment. Differences between campenents of
the immune response in their ahility to respend ta
different food treatments have already been reported
for other species {e.g. Lochmiiller ez 2. 1993).

Assuming that combating an immune challenge is
costly for a host, and that the different components
of the immune system confer protection against dif-
ferent pathogens, one might expect that individuals
invest more into the components which proved to
be more protective against present parasitic chal-
lenge. Cytotoxic T-cells are responsible for the
destruction of host cells infected by viruses and
other intracellular parasites, whereas antibodies (i.e.
immunoglobulins) can provide a major barrier either
against extracellular pathogens or extracellular
stages of parasites (e.g. by restricting the spread of
virus in the blood stream) (Roitt, Brostoff & Male
1996). Cell-mediated immunity could, thus, be mare
effective against haemosporidians which mostly have
intratissue and intracellular stapges. In agreement
with this hypothesis, we found that the probability
af recovering from Haemaoproteus infection was
positively correlated with wing web swelling, an
index of T-lymphaoeyte proliferation, but nat with
immunoglobulin concentrations.  Experimental
manipulation of parasites with different ‘niches’
(intra- vs. extracellular) are needed for a better
understanding of the adaptive nature of this rela-
tionship.

COST OF SEXUAL SIGNALS AND IMMUNITY

The condition-dependent hypothesis of sexual
advertisement is based on the assumption that sex-
ual signals are costly to produce (see Westneat &
Birkhead 1998). Females may obtain direct and
indirect benefits from mating with males with exag-
gerated sexual signals, if these signals indicate phe-
notypic andfor genetic quality (Andersson 1994).
However, under the assumption of limited resources,
allocation to one function can only be achieved at
the expense of other resource-demanding functions.
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Using the reasoning of the principle of resource allo-
cation, Wedekind & Folstad (1994) suggested that
sexnal advertisements might indicate resistance to
parasites because resources allocated to signals can-
not be allocated to mounting immune defences. The
view of resqurce constraints on immune functioning
is currently under debate (Konig & Schmid-Hempel
1995, Sheldon & Verhulst 1996; Deerenberg eral.
1997 Raberg eral 1998; Westneat & Birkhead
1998). Some empirical evidence seems to suggest
that immune defences are resource-demanding,
while other studies have failed to find significant
impact of immune defences on basal metabolic rate
(see Westneat & Birkhead [998 for a review). Our
finding of an increase of cellular immune response
in birds belonging to the protein-rich group is also
in agreement with the hypothesis of nutrition limit-
ing immune defences.

Costs of immune defences are certainly difficult to
assess; however, the cost of producing and maintain-
ing sexual signals might also be difficult to estimate,
and few studies have attempted to manipulate body
condition and assess the effect on the development
of secondary sexual traits. A further difficulty in
considering secandary sexual traits as signalg of con-
dition or quality is that each trait is likely to be
associated with different costs. Morphological, beha-
viaural and colour-based traits have different phy-
siological pathways and probably different resource
demands for their expression. Mareover, in birds,
secondary sexnal traits involving feathers are usually
produced aonce a year during moult (Svensson 1994).
Therefore, the cost of producing feathers, if any,
should reflect body condition during the period
when feathers are produced (i.e. moult). Finally,
pigments involved in colour signals are not all
equally expensive to produce andfor acquire.
Carotenoid-based colours, for example, are sup-
posed to reflect quality because carotenaids cannot
be synthesized by birds, but must be ingested with
food (Kodric-Brown 1989; Hil & Maontgomerie
1994). Only birds in good nutritional condition with
access to large quantities of carotenoids could thus
develop brighter colouration. Moreover, caratenaids
might provide the mechanistic link between immu-
nity and sexual signals because they play an impor-
tant role in stimulating both B-and T-lymphocytes
(see Lozana 1994). Individuals would thus face the
dilemma of mmobilizing carotenoids in the signals
at the expense of immune defence (Olson & Owens
1998}, The bib of black feathers in the house spar-
row is a melanin-based trait. Contrary to carote-
noids, melanin is synthesized by hirds from hasic
dietary components (1.e. tyrosine), and it has been
suggested that melanin-based calours can be cheap
to produce (Hill & Brawner 1998). To our knowl-
edge only one study has provided supportive evi-
dence for the condition-dependent hypothesis of

sexual advertisement based on melanin pigments
(Veiga & Puerta 1996). Qur results are in agreement
with those reported by Hill & Brawner (1998), since
we did not find any effect of food quality on the
development of badge size and colour.

In this study we focused only on potential pro-
duction costs of a sexual signal. Secondary sexual
traits, however, might be more expensive to main-
tain than to produce, in particular traits involved in
social interactions which are used throughont the
year. As already stated, the badge of house sparrows
15 used in male-male contests as a gignal of social
dominance (Maller [987a,b). Dominant males might
have better access to food resources, but are also
challenged by subordinates and are therefore under
social control of their status. Large-badged males
might also have higher testosterone titres (Evans
et of. unpublished), and they are involved in sexual
displays at higher rates than small-badged males
(Maller 1990). All these activities are potentially
costly and stressful, and they could determine the
immunological status of individuals at a given time.
In other words, we suggest that for traits which are
produced once a vear at low costs, the causal link
between sexual signals and immunocompetence
might involve casts of maintaining sexual advertise-
ment. Accarding to this hypothesis, sexual signals
would determine immunocompetence and not the
reverse. Observations carried out on male house
sparrows have shown seasonal variation in the rela-
tionship between wing web swelling and badge size,
the relationship being positive in autumn and win-
ter, and negative in spring during the reproductive
season {(Ganzalez, Sorcl & de Lope 1999).

Qur finding of low production costs of sexual sig-
nal in male house sparrows raises the question of
honesty af the badge as an indicator of male quality.
Social control of deception might prevent cheating,
suggesting that maintenance costs could be prohibi-
tively high for law quality birds. Manipulation of
badge size has provided evidence for both the view
of social control of dominance status (Maller 1987h)
and for survival costs of experimentally enlarged
badges (Veiga 1995). We suggest that the currency
of such maintenance costs may be the immune sta-
tus of an individual.

Acknowledgements

We are very grateful to C. de la Cruz, J. A. Diaz
and C. Navarro. Jean Clobert improved an earlier
version af the manuseript. This study was suppaorted
by grants from Spanish DGICYT (PB 95020 to
FdL), Ministerio de Educacion Y Ciencias {FP96 to
GG) and by CNRS ATIPE Blanche to APM and
GS.



1234

Condition-
dependent
RO QP E-
tence and sexval
advertisement

@ 1999 British
Ecolagical Society
Journal af Animal
Eeology, 68,
1225-1234

References

Andersson, M. (1994} Sexwal Selection.
University Press, Princeton.

Barard, C.J. & Sibly, R.M. (1981) Producers and scroun-
gers: a general model and its application to eaptive
flocks of house sparrows. Animal Behaviour, 29, 543-
550.

Chandra, RK. & Newberne, P.M. (I1977) Nusrition,
Immunity and Infection. Plenum Press, New Yark.

Deerenberg, C., Apanius, V., Daan, 8. & Bos, N. {1937
Reproductive effort decreases antibody responsiveness.
Proceedings of the Royal Saciety Londan B, 264, 1021—
1029,

Folstad, I. & Karter, A.J. (1992) Parasites, bright males
and the immunacompetence handicap. dmerican
Naturalise, 139, 603-622.

Gonzalez, G., de Sorci, G. & Lope, F. (1999) Seasonal var-
iation i the relationship between cellular immune
response and badge size in male house sparrows
(Passer domesticns). Behavioral Ecology Sociabiology,
46, 117-122.

Griffith, §.C., Owens, LP.F. & Burke, T. {1999) Female
choice and annual reproductive success favour less-
arnamented male house sparrows. Praceedings of rhe
Roypai Society London B, 266, 765-770.

Hamilton, W.D. & Zuk, M. {1982) Heritable true fitness
and bright birds: a role. for parasites? Seience, 118,
384-387.

Hill, G.E. & Brawner,W.R. III (1998) Melanin-hased plu-
mage coloration in the house finch 15 unaffected by
caccidial infection. Proceedings of the Royal Saciety
Landon B, 265, 1105-1109.

Hill, G.E. & Montgomerie, R. (1994} Plumage colour sig-
nals nutritional condition in  the house finch.
Proceedings of the Royal Society London B, 265, 1105~
1109.

Johnstone, R.A. (1995) Sexual selection, honest advertise-
ment and the handicap principle: reviewing the evi-
dence. Riological Reviews, 70, 1-65.

Kodrie-Brown, A. {1989) Dietary carotenoids and male
mating success in the guppy: an environmental compo-
nent to female choice.  BRehavioral Ecology
Sactobiology, 17, 199205,

Kénig, C. & Schmid-Hempel, P. {1593) Foraging activity
and immunocompetence in warkers of the bumble bee,
Bombus tevrestris L. Proceedings of the Ropal Saciery
Laondon B, 260, 225-227.

Lehmann, T. (1993} Ectoparasites: direct mnpact on host
fitness, Parasitalogy Today, 9, 8-13.

Lochmiller, R.L., Vestey, M.R. & Boren, J.C. {1993
Relationship between protein nutritional status and
immunocompetence i northern bobwhite chicks. Auk,
110, 502-510.

de Lope, F., Maller, AP & de la Cruz, C. (1998)
Parasitism, immune respanse and reproductive success
in the house martin Defichon urbica. Oecologia, 114,
188-193.

Lozano, A.G. (1994) Carotenoids, parasites, and sexual
selection. Qikas, 70, 309-311.

Mitchison, N.A. (1990) The evolution of acquired immu-
nity to parasites. Parasitology, 100, §27-534.

Maller, A.P. (1987a) Variation in badge size in. male house
sparrows Passer domesticus: evidence for status signal-
ling. Animal Behaviour, 35, 1637-1644,

Maller, A.P. {1987h) Social control of deception among
status signalling house sparrows Passer domesticus.
Behaviaral Ecology Soeciebiclogy, 20, 307-311.

Princeton

Maoller, A.P. (1988) Badge size in the house sparrow Passer
domesticus: effects of intra- and intersexual selection.
Behavioral Ecology Sociobialagy, 22, 373-378.

Maller, AP. (1890} Sexual behaviour is related to badge
siza in the house sparrow Passer domesticus. Behavioral
Eecalogy Sociobinlagy, 27, 23-19.

Maller, A.P. (1997) Parasitism and the evalution of host
life histary. Host—Parasite Evolution. General principles
and avian models (eds D.H. Clayton & J. Moare), pp.
105-27. Oxford University Press, Oxford.

Maller, AP, Christe, P. & Lux, E. (1999) Parasite-
mediated sexual selection: effects of parasites and host
immune function. Quarterfy Review qf Biology, M4, 3—
il

Maller, AP, & Erritzae, L. (1992) Acquisition of breeding
coloration depends on badge size in male house spar-
rows  Passer  domesticus.  Behavioral  Ecology
Saciabiology, 31, 271-277.

National Research Council (1992) Bislogic Markers in
Immunotoxicology.  National — Academy  Press,
Washington.

Olson, V.A. & Owens, L.P.F. (1998) Costly sexual signals:
are carotenoids rare, risky or required? Trends in
Ecolagy and Fvolution, 13, 510-514.

Raberg, L., Grahn, M., Hasselquist, D. & Swvensson, E.
(1998) On the adaptive significance of stress-induced
immunasuppression. Praceedings of the Royal Saciety
Londen B, 265, 1637-1641.

Roitt, 1., Brostoff, J. & Male, D. {1996) Fmmunalogy.
Mosby, London.

Saino, N., Bolzern, A.M. & Maller, AP (1997)
Immunocompetence, ornamettation, and viability of
male barn swallows (Hirundo rustica). Proceedings of
the National Academy of Science USA, 94, 549-552.

SAS (1998) SAS User's Guide. statistics. Version 6.12 edi-
tion. SAS Instrute, Cary.

Sheldon, B.C. & Verhulst, §. (1996) Ecaological immunal-
ogy: costly parasite defences and trade-offs in evolu-
tionary ecology. Trends in Fcology and Evelution, 11,
317-321.

Siva-Jothy, M. (1995) ‘Immunocampetence’: conspicuaus
by its absence. Trends in Fcology and Evelution, 10,
205-204.

Sokal, R.R. & Rohlf, F.I. (1981) Riometry. Freeman, San
Francisco.

Sorci, G., Soler, I.J. & Maller, A.P. (1997) Reduced immu-
nacompetence of nestlings of replacement clutches in
the European magpie (Pica pica). Proceedings of the
Rayal Society London, R, 264, 15931598,

Summers-Smith, J.D. (1988) The Sparraws. T. & AD.
Payser, Calton.

Svensson, L. (1994) Identification Guide o European
Passerines. 3rd edn. L. Svensson, Stockholm.

Veiga, L.P. (1993) Honest signalling and the survival cost
of badges in the house sparrow. Evelution, 49, 570-
572.

Veiga, I.P. & Puerta, M. (1996) Nutritional constraints
determine the expression of a sexual trait in House
sparrow, Pagser domesticus. Proceedings af the Rayal
Sactety Landon B, 263, 229-234,

Wedekind, C. & Folstad, I. (1994} Adaptive or non adap-
tive Immunosuppresion by sex hormanes? Americen
Naturalise, 143, 936-938.

Westneat, D.F. & Birkhead, T.R. (1938) Alternatve
hypotheses linking the immune system and mate choice
for good genes. Proceedings af the Royal Sociery
London B, 265, 1065-1073.

Received 14 December 1998 revision received 22 February
1999



