Behav Ecol Sociobiol (2003) 55:50-59
DOI 10.1007/300265-003-0682-4

ORIGINAL ARTICLE

K. L. Buchanan - M. R. Evans - A. R. Goldsmith

Testosterone, dominance signalling and immunosuppression
in the house sparrow, Passer domesticus

Received: 18 February 2003 / Revised: 28 July 2003 / Accepted: 30 July 2003 / Published online: 12 September 2003

© Springer-Verlag 2003

Abstract The immunocompetence handicap hypothesis
(ICHH) suggests that dominance signals are costly
because their development is controlled by testosterone,
which is immunosuppressive. Signal control therefore
links an increased disease risk with a high quality signal.
The chest bib of the house sparrow, Passer domesticus, is
a signal known to be related to dominance and under
control of testosterone levels. We experimentally manip-
ulated testosterone in male sparrows during the breeding
season and again independently during the post-breeding
period to test whether variation in levels of testosterone
could cause variation in levels of immunocompetence.
There was no effect of testosterone manipulation on the
cell-mediated response of birds to phytohaemagglutinin
injection, nor did testosterone levels appear to affect
either white blood cell ratios or red blood cell counts. In
contrast, both breeding season and post-breeding season
testosterone levels had significant effects upon the
humoral response of the birds to sheep red blood cell
injections. However, whilst testosterone during the breed-
ing season appeared to act immunosuppressively, the role
of post-breeding levels is less clear. In concordance with a
previous study, there was an indication that corticosterone
is involved in mediating the immunosuppressive effects
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of testosterone. The strength of the secondary humoral
response and the cell-mediated response were negatively
related suggesting the possibility of a trade-off between
the different arms of the immune system. These results
provide some support for the ICHH as a mechanism
promoting the evolution of costly badges of status,
although the results question whether the immunosup-
pressive cost can be mediated by testosterone at the time
of badge development.

Keywords Badges of status - Dominance -
Immunocompetence - Signal evolution.

Introduction

Current models concerning the evolution of signals
predict that such signals must be costly to develop or to
maintain in order to reflect individual quality honestly
(Andersson 1994), but the costs associated with the
production of many signals remain unclear. It has been
suggested that signals indicating dominance, or ‘badges
of status,” remain honest indicators in part through
frequent testing of individual quality, preventing the
occurrence of cheating within the population (Rohwer
1975; Rohwer and Rohwer 1978; Mgller 1987a; John-
stone and Norris 1993). However both theoretical (John-
stone and Norris 1993) and empirical work (Gonzalez et
al. 2001) suggest that frequent testing alone is not
sufficient to maintain the honesty of the signalling
system, suggesting the need for other costs associated
with advertisement. Folstad and Karter (1992) suggested
that testosterone (T), known to be closely associated with
the development of sexual characteristics and behaviour
(Wingfield et al. 1990), may have detrimental effects on
the immune system, such that only high quality individ-
uals can withstand the immunosuppressive costs associ-
ated with high levels of testosterone. This
immunocompetence handicap hypothesis (ICHH) has
attracted much attention, though tests to date have
produced mixed support (Veiga 1993; Ros et al. 1997;



Birkhead et al. 1998; Gonzalez et al. 1999a, Hasselquist et
al. 1999; Evans et al. 2000). A number of possible
mechanisms has been suggested to link immunocompe-
tence costs with signal quality (Westneat and Birkhead
1998). To differentiate between these mechanisms, well-
designed experimental tests are needed, which manipulate
endocrine control within naturally occurring levels.

Male house sparrows, Passer domesticus, possess a
‘badge of status’ in the form of black feathers under the
bill forming a chest bib, the size of which correlates
positively with male dominance (Mgller 1987a, 1987b,
1988; Liker and Barta 2001; McGraw et al. 2003). The
role of male bib size in female choice is unclear, as
studies have variously reported that females prefer males
with larger bibs (Mgller 1987a, 1989b, 1990), that
females prefer smaller-bibbed males (Griffith et al.
1999), or that females show no preference for bib size
(Veiga 1993; Kimball 1996; Cordero et al. 1999).
Gonzalez et al. (1999a) concluded that bib size is unlikely
to be a condition-dependent trait, as dietary restriction
experiments showed no effect on bib development in the
house sparrow. They suggested as an alternative that the
cost of the bib may be mediated through immunosup-
pressive effects associated with maintaining the signal.

Testosterone has recently been shown to affect the size
of the bib in male house sparrows (Evans et al. 2000;
Buchanan et al. 2001). In addition, T was also found to be
connected with suppressed immune function, an effect
that was associated with increased levels of corticosterone
(Evans et al. 2000) and higher ectoparasite loads (Poiani
et al. 2000). Correlative studies have also suggested that
there may be an immune cost associated with bib moult
(Mgller et al. 1996; Nava et al. 2001). The possible timing
for this effect is unclear, as T levels are highest at the start
of the breeding season (Hegner and Wingfield 1986), and
are much lower at the end of the summer, when the
feathers of the new bib are being produced (Evans et al.
2000). Gonzalez et al. (1999b) found that whereas male
house sparrows with large bibs had reduced cell-mediated
immune response in the breeding season, they had an
increased response in the autumn relative to smaller-
badged males. It is unclear, however, whether T was
responsible for these seasonal changes.

The sparrow, therefore, is an excellent model species
with which to test the ICHH; testosterone levels are
known to control the development of a sexually selected
plumage signal and the absolute levels of T and the timing
of the control of bib size are known (Evans et al. 2000;
Buchanan et al. 2001). Earlier results from the present
study demonstrated that subtle differences in the autumn
levels of testosterone prior to moult are important for
controlling bib development rather than the much higher
breeding season levels of T which occur several months
before moult (Buchanan et al. 2001). For the ICHH to
mediate the cost of bib development it is important to
establish whether such subtle differences could also affect
immunocompetence. The first aim of this study was,
therefore, to test whether individual variation in seasonal
T levels produces meaningful differences in levels of
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immunosuppression, while still controlling individual
variation in signal development. We sought to do this
by manipulating testosterone levels both at the start of the
breeding season and then again independently prior to the
autumn moult, within the naturally occurring range for
these seasonal levels.

Evans et al. (2000) found that T manipulations during
the breeding season caused immunosuppression. However
this work suggested that testosterone might not be directly
responsible for the immunosuppression, but that the effect
was mediated through covarying levels of corticosterone.
A second aim was therefore to assess the relationship
between T and corticosterone.

As the importance of diet quality in controlling overall
immune function in the house sparrow is not clear
(Gonzalez et al. 1999a), a third aim was to test
experimentally whether variation in diet quality affected
the degree of immune response, independently from any
hormonal control.

A final aim of the study was to assess the effects of T
and corticosterone on the trade-off between the cell-
mediated and humoral responses, as differential allocation
between these two aspects of immune function could
occur and measurement of both is necessary to assess
overall immunocompetence (Weiner and Bandieri 1974;
Norris and Evans 2000).

In order to separate the effects of breeding and post-
breeding levels of T on immune function it was necessary
to manipulate the levels of T during the breeding and
post-breeding periods separately. We therefore adopted a
cross-over design to produce manipulated levels of T
during the post-breeding period that were independent of
breeding season levels. This was done to determine
whether subtle variation in post-breeding levels, that has
previously been shown to control variation in bib moult
(Buchanan et al. 2001), was sufficient to cause meaning-
ful variation in immune function.

Methods

Buchanan et al. (2001) reported the test of the role of testosterone in
controlling bib size development and basal metabolic rate in these
birds. The results reported here are the immune-response data
gathered in the same experiment. For this reason the details of the
experimental design and husbandry are identical to those described
in Buchanan et al. (2001). Male sparrows were caught in the wild
and randomly assigned to one of four experimental treatments in
early March of 1998 (n=32) and 1999 (n=64). Birds in the ‘high T,
‘low T” and ‘castrate’ treatments were all castrated, whereas birds
in the ‘intact’ treatment were sham operated and produced natural
levels of T throughout. All operations were conducted under
anaesthetic. Each bird received a slow release subcutaneous T
implant, designed to mimic natural T levels during the breeding
season (Evans et al. 2000). Implants were medical grade silastic
tubing (Dow Corning, Mich., USA, cat. no. 602-235, internal
diameter 1.47 mm, external diameter 1.96 mm) filled with
powdered testosterone (Sigma, Poole, UK, cat. no. T1500) and
sealed with silastic adhesive. The breeding season implants were
8 mm long and 2 mm long for the high and low T treatments,
respectively. Both the ‘castrated’ and ‘intact’ males received empty
implants. The birds were also allocated to one of two dietary
treatments, with the ‘high quality diet’ treatment receiving ad
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libitum seed mixture (Haiths’ Wild Bird Seed, Cleethorpes, UK)
and mealworms daily, whereas the ‘low quality diet’ treatment also
received ad libitum seed mixture, but received mealworms only
once per week. The mealworms were always consumed within 24 h
confirming that they were regarded as a high quality resource. Birds
were housed in groups of four (one from each treatment) per cage
and remained in these social groups and under the same dietary
treatment throughout the experiment. The cages were adjacent in an
outdoor aviary and each cage was 2x2x1 m (height x length X
breadth).

To test the relative effect on immune function of T during the
autumn post-breeding period in comparison to T during the
breeding period, males from the high, low and castrate treatments
were randomly re-assigned to these treatments in June. The re-
assignment was conducted such that birds in any breeding season
experimental treatment could be re-allocated to any of the post-
breeding season treatments. The breeding-period implants were
removed during the re-assignment and replaced with implants
producing T at levels that mimic natural post-breeding levels of T
(Buchanan et al. 2001). The post-breeding season implants were
2 mm and 1 mm long for the high and low T treatments,
respectively. Birds in the castrate treatment again received an
empty implant. The intact birds (n=24) were given new empty
implants, to control for the stress of the implant change, but
remained in the intact treatment group throughout the experiment.
There were therefore nine T manipulation groups: high to high
(n=4), high to low (n=6), high to castrate (n=6), low to high (n=6),
low to low (n=7), low to castrate (n=5), castrate to high (n=9),
castrate to low (n=6) and castrate to castrate (n=7). All the birds
which survived to the end of the experiment were included in the
analysis. The birds suffered similar mortality levels as they would
in the wild (Summers-Smith 1988) and mortality was similar in all
treatment groups.

Blood samples were taken from all birds twice during the
breeding season implantation period and twice during the post-
breeding period to assess circulating levels of testosterone.
Breeding season levels of T were calculated as the mean values
from blood samples taken in March and May, whereas post-
breeding values were calculated as the mean values from blood
samples taken in August and October. Blood of intact birds was
sampled at the same time. In addition, all birds were sampled once
during the breeding season and once during the post-breeding
season for estimation of corticosterone production. We used a
capture-handling-restraint procedure, which has been used across a
range of species to determine the short-term adrenocortical
response of birds to a standardised ‘stress’ (Wingfield 1994). The
procedure involves capturing a bird from its cage and taking a
blood sample (100 ul) within 1 min in order to determine basal
corticosterone concentrations. The bird is then kept in a small cloth
bag and further blood samples taken at 10 and 30 min. This method
of sampling is a standardised way of measuring both basal (1 min)
and elevated (30 min) corticosterone production.

Immune function

All the measures of immune function were taken in September of
each year, just prior to the onset of moult and during the period
when the birds carried the post-breeding implants.

Cell mediated response

In each year the cell-mediated response of individuals was tested
before the humoral response (see below) using an injection of
phytohaemagglutinin (PHA) into the wing web. PHA is a plant
lectin which promotes a hypersensitivity reaction and has been
extensively used to investigate immune function (Lochmiller et al.
1993). The thickness of both the right and the left wing web was
measured before injection using digital callipers. At this time, 50 ul
of a suspension of PHA (Sigma L-8754) (24 mg of PHA in 4.8 ml
of 1xPBS) was injected into the right wing web. 50 ul of 1xPBS

was injected into the left wing web to control for the effect of the
injection on wing web thickness. The response was measured at 6 h
and 24 h post-injection and was found to be greater 24 h post-
injection. After this time the swelling subsided. The 24-h response
was used in the analysis. Three repeated measurements were taken
with the callipers on each occasion and the measures demonstrated
high repeatability (Fs310s=17.78, 81.6%, Lessels and Boag 1987).

Blood cell counts

The ratio of heterophils:lymphocytes (H:L) has previously been
used as an index of avian stress (Maxwell 1993). To measure this
ratio we obtained white blood cell counts from birds before and
after the PHA test. Immediately before administration of the PHA a
blood smear was made from a drop of blood obtained from the leg
vein. This was repeated 24 h after administration of the PHA
injections. The smears were air dried, fixed in methanol for 2 min,
stained with a combination of May Grunwald and Geimsa stains
(4 min 50% May Grunwald; 8 min 7.5% Geimsa; 6 min 50% May
Grunwald), and rinsed in pH 6.8 buffer between stains and after
staining, in order to differentiate the blood cell types. The cells
were examined at X100 under oil immersion and 200 white blood
cells were identified and counted. Lymphocytes, heterophils, and
monocytes were counted individually. Basophils and eosinophils
occurred rarely and were counted as one group (Maxwell 1993).

In the autumn, 3—4 weeks after the PHA administration, the red
blood cell count was assessed by drawing 100 ul of blood and
diluting a portion of it with 0.15 M NaCl. This blood sample was
also used to test for the presence of heterologous antibodies to
sheep red blood cells (see below). An improved Neubauer
haemocytometer was used to measure the number of red blood
cells/mm? of blood.

Humoral response

The birds’ humoral responses were tested using intraperitoneal
injections of sheep red blood cells (SRBC) (Deerenberg et al. 1997;
Peters 2000) just prior to the onset of moult, during the time that the
birds carried the post-breeding season implants. This test was
conducted 3—4 weeks after the end of the PHA challenge in both
years. A blood sample (100 pl) was drawn before the start of the
immune challenge to test for the presence of heterologous
antibodies, which would cross-react with the SRBC antigens.
SRBCs in Alsever’s solution, (TCS Microbiol) were washed three
times in 1xPBS and re-suspended in 1xPBS to form a 2% solution.
From this, 150 pl of the 2% solution was injected intraperitoneally.
Eight days later 100 pl of blood was drawn to test for the presence
of antibodies during the primary response. Fifteen days after the
first injection, an identical second injection was given and 4 days
after this a second blood sample was taken to test for the presence
of antibodies during the secondary response. The timetable for
sampling the response was based on previous work, which showed
that the maximum antibody production during the primary response
of sparrows to SRBC injections occurred 8 days after injection,
whereas the maximum secondary response occurred 4 days after the
second injection (Evans et al., unpublished data). The blood
samples were spun in a benchtop centrifuge at 14,000 rpm for
15 min and the plasma removed, heat-treated at 56°C in a water
bath for 30 min and stored at —20°C for further analysis. The blood
samples were always tested within 3 weeks of being drawn. A
haemagglutination test was used to test for the presence of
antibodies against SRBC. The plasma was serially diluted across
a V-form microtitre plate (Greiner). A sample of 2% SRBC
solution was then added to each of the wells of the tray and the tray
incubated at room temperature for 1 h. Haemagglutination is
apparent when the antibodies in the plasma are present in sufficient
quantity to form a film of blood cells. The most dilute titre of
plasma capable of maintaining this reaction was noted.



Hormone assays

Blood samples (100 ul) were collected in heparinised capillary
tubes after puncture of the brachial vein with a 25-gauge needle and
centrifuged. The plasma was stored at —20°C for later hormone
assay. Total androgen concentrations were measured in plasma
samples by direct radioimmunoassay using anti-testosterone anti-
serum (code 8680-6004, Biogenesis, UK) and ['?I]-testosterone
label (code 07-189126, ICN, UK) (Parkinson and Follett 1995). The
antiserum detects T, but also cross-reacts with other androgens
present in the blood. However this cross-reactivity is low and
therefore this assay represents a reliable surrogate measure of
absolute T levels. The assay was run with 50% binding at 11 pg/
tube and a detection limit of 0.08 ng/ml for 10 pl aliquots of
plasma. After confirming that house sparrow plasma diluted
parallel with the standard curve, experimental samples were
measured in either 10 pl or 5 pl duplicate volumes. The interassay
coefficient of variation was 15.5%.

After extraction of 20 ul aliquots of plasma in diethyl ether,
corticosterone concentrations were measured by radioimmunoassay
(Wingfield et al. 1992) using anti-corticosterone antiserum (code
B21-42, Endocrine Sciences, Tarzana, Calif.) and [1,2,6,7-3H]-
corticosterone label (Amersham, UK). The extraction efficiency
was 80-90%. The assay was run with 50% binding at 150 pg/tube,
and the detection limit (for 7.3 pl aliquots of extracted plasma) was
1.4 ng/ml. The interassay coefficient of variation was 9.2%.

Statistical analysis

For each immune-response variable, separate analyses were
performed on the experimental and intact treatment groups. The
intact group could not be combined with the experimental
treatments for statistical analysis, as the T levels within the intact
group during the breeding and post-breeding periods were
obviously not independent. The analyses were conducted using
MINITAB version 10.5 (Minitab, State College, Pa., USA). For
each immune response variable a GLM ANOVA was constructed
to test the effects of the experimental manipulations on immune
reaction. The measure of immunocompetence was entered as the
dependent variable with the experimental manipulations hypothe-
sised to affect immune function entered into each model as
categorical independent variables: breeding season treatment, post-
breeding experimental treatment and dietary treatment. Mass,
breeding season and post-breeding season ‘basal’ (bleed at 1 min
after capture) and ‘peak’ (bleed at 30 min after capture) cortico-
sterone production were also entered into the model as continuous
independent variables. Interactions between the breeding and post-
breeding treatments and between T and basal and peak corticoste-
rone were added into the models. Each ANOVA model was
reduced to its simplest form by eliminating any independent
variables or interactions that failed to explain significant variation
in the dependent variable. Elimination was conducted in a stepwise
manner with the factors explaining least variation in the model
being removed sequentially until all remaining factors explained
significant variation (Zar 1984). Non-significant factors or interac-
tions were constrained into the models only to control for
experimental effects or when biologically meaningful. The model
residuals were checked for normality and homoscedasticity at each
step and the appropriate transformations made. Confidence inter-
vals for the effect sizes from comparing individual experimental
treatments were calculated using post-hoc Tukey tests. This was
done to estimate if the sample sizes used were sufficient to
demonstrate any experimental effect.

Results

The testosterone levels of the experimental birds (Fig. 1a)
fell within the natural range of testosterone levels in wild
sparrows (Hegner and Wingfield 1986). Within the intact
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Fig.1 a Mean testosterone levels +SE (ng/ml) for the breeding
and post-breeding season experimental treatments and intact house
sparrows, Passer domesticus. Values in each case are the mean of
two blood sampling events for each bird within each treatment
period. b Mean corticosterone levels for all birds sampled during
the breeding season and post-breeding periods at 1 min after
capture (= basal), 10 min and 30 min after capture

group, T levels during the breeding season and post-
breeding period were positively correlated (*=19.3,
F117=5.77, P=0.027). Analysis of the corticosterone
samples confirmed that levels increased throughout the
capture-restraint handling procedure during both the
breeding and post-breeding sampling periods (Fig. 1b).
Within the experimental birds, the correlation between
breeding season testosterone levels and breeding season
basal corticosterone was positive, but non-significant
(n=60, r=0.23, P=0.077), whereas there was a significant
positive correlation between post-breeding season testos-
terone levels and post-breeding season basal corticoste-
rone (n=60, r=0.279, P=0.031). Within the intact group
there was a significant negative correlation between
breeding season testosterone levels and breeding season
basal corticosterone (n=24, r=—0.412, P=0.045), whilst
there was no correlation between post-breeding season
testosterone levels and post-breeding season basal corti-
costerone (n=18, r=0.165, P=0.513). There were no
correlations between either measure of testosterone and
any of the measures of corticosterone taken either 10 or
30 min after capture.
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Table 1 Factors explaining
variation in individual PHA re-
sponse 24-h post-injection in
the experimental treatments and
within the intact birds. A dash
indicates a variable not included
in the model

Table 2 Factors explaining
variation in individual hetero-
phil:lymphocyte ratio in the
experimental treatments and
within the intact birds. A dash
indicates a variable not included
in the model

24 hr PHA response (mm)

Treatment
Breeding

High
Post-breeding High Low Cas High  Low Cas

High

Fig. 2 The mean PHA response (raw data) (mm) by both breeding
T treatment and post-breeding T treatment +SE. The response is the
change in the experimental wing web 24 h after injection—the

High T, low T and castrate treatments Intacts
Breeding season treatment F530=0.15 -
Post-breeding treatment F)39=0.22 -
Diet 1‘7‘1’39=4-.74->i< F1,16=0.28
* P<0.05
High T, low T and castrate treatments Intacts
Breeding season treatment F553=0.76 -
Post-breeding treatment F,53=0.14 -
Diet F1’53=0.28 F1,14=1.66
Post-breeding peak corticosterone titre F1,14=9.26%*
** P<0.01
18 T
16 T
14 +
2
12+
2
[ "
£ M Initial H:L
>
808 OPostH:L
2 0,
High Low Low Low Cas Cas Cas g'
High Low  Cas § 06 +
]
I
0,4
0,2
0 - L

change in the control wing web. High high testosterone; Low low
testosterone; Cas castrate

Cell-mediated response

Response to the PHA injection was higher 24 h after
injection (¥=1.41 mm=0.09 SE, »n=78) than at 6 h
(¥=0.866 mm=0.08 SE, n=78). The GLM model with
24-h PHA response as the dependent variable demonstra-
ted that neither breeding season treatment, nor post-
breeding season treatment had a significant effect on the
24-h PHA response, although there was a significant
effect of dietary treatment (with the lower response in the
high quality diet group), (Table 1, Fig. 2). Within the
intact group, none of the variables included in the analysis
explained significant variation in PHA response (Ta-
ble 1).

White blood cell counts

The ratio of H:L is known to be an indicator of
physiological stress (Maxwell 1993) and so an ANOVA
model was constructed to test the effect of the experi-
mental manipulations on the H:L. The initial H:L (before
the PHA injection) was the dependent variable with the
same categorical and continuous independent variables as
described above. The final ANOVA model showed that

Fig. 3 Initial H:L ratio before the PHA challenge compared to H:L.
ratio 24 h after PHA challenge +SE

there were no significant effects of breeding season T
treatment, post-breeding treatment or dietary treatment on
initial H:LL (Table 2). Within the intact group there was a
significant negative effect of post-breeding season peak
corticosterone titre (Table 2).

A similar approach was used to test the effects of the
experimental manipulations on the change in the H:L
before and after reaction to the PHA. Males showed a
significant increase in their H:L during the 24-h reac-
tion to the PHA injection (1=5.57, P<0.001) (Fig. 3).
Change in H:L was entered into the ANOV A model as the
dependent variable, with breeding season and post-
breeding season experimental T treatment and dietary
treatment as independent variables and initial H:L,
breeding season and post-breeding season basal and peak
corticosterone levels as covariates. The analysis showed
that there was no significant effect of breeding season
(F249=0.75, P=0.476) or post-breeding season (F; 9=
0.19, P=0.825) T manipulation or dietary treatment
(F149=1.02, P=0.316) on the increase in H:L; however
there was a significant negative effect of initial H:L
(F149=5.94, P=0.018). A positive effect of breeding
season basal corticosterone was non-significant (F 9=
4.01, P=0.051).



55

Table 3 Factors explaining

. gy High T, low T and castrate treatments Intacts
variation between individual
red bl.ood cell counts in the Breeding season treatment F,33=0.24 -
experimental treatments and Post-breeding treatment F35=0.53 -
within the intact birds. A dash  Diet F135=0.41 Fy15=4.39
indicates a variable not included  Breeding basal corticosterone titre F135=8.27%%
in the model.

#k p<0.01

Table 4 Factors explaining variation between individual humoral responses to the secondary injection of SRBC in the experimental
treatments and within the intact birds. A dash indicates a variable not included in the model

High T, low T and castrate treatments Intacts

Breeding season treatment F)30=3.57% -
Post-breeding treatment F>30=4.03% -
Diet F1’30=O.31 F1,9=7.63*
Mass F130=9.49%*
Post-breeding testosterone titre - F)9=6.23%
Post-breeding basal corticosterone titre F130=0.77 F9=10.73%%*
Post-breeding treatment x post-breeding basal corticosterone titre Fi30=4.39%
Breeding season treatment x post-breeding treatment Fy30=1.54
Post-breeding testosterone titre x post-breeding basal corticosterone titre F9=7.54%
* P<0.05
% P<0.01
Red blood cell counts 257
The final model explaining variation in red blood cell g 2]
counts showed that there were no significant effects of the @ o5 ]
breeding season or the post-breeding season T treatments g
or of dietary treatment (Table 3). However, there was a & .
significant negative effect of breeding season basal g
corticosterone titre (Table 3). Within the intact group § 05
the effects of breeding season and post-breeding season ®
testosterone titre and dietary treatment were all non- S [IH]EH]]

. . Treatment
Slgnlflcant (Table 3) Bree:i‘:\g High  High High Low Low Low Cas Cas Cas

Humoral response

The final model explaining individual variation in
secondary SRBC response contained significant effects
of both breeding season and post-breeding season exper-
imental treatments (Table 4, Fig. 4). The fitted means
confirmed that within the breeding season treatments the
lowest response was seen in the high T treatment. Within
the post-breeding treatments the difference between the
treatments was less clear with the lowest response seen in
the low T treatment and the high T and castrate treatments
mounting marginally larger responses. The effect of
dietary treatment was non-significant. There was a
significant interaction between post-breeding experimen-
tal treatment and post-breeding basal corticosterone. An
explanation for this interaction is that within the high and
low testosterone treatments there was a negative relation-
ship between corticosterone and immune response, which
was not seen in the castrate treatment. A non-significant
interaction between breeding season experimental treat-
ment and post-breeding experimental treatment was

Post-breeding High Low Cas High Low Cas High Low Cas

Fig. 4 The secondary humoral response to SRBC (raw data) with
both the breeding and post-breeding treatments +SE. High high
testosterone; Low low testosterone; Cas castrate. None of the
individuals in the HIGH-HIGH treatment showed any antibody
response to the SRBC

constrained into the model as both treatments appeared
to affect the response produced (Fig. 4).

The intact group was analysed separately with sec-
ondary response to the injection of SRBC as the
dependent variable and with dietary treatment as an
independent factor and breeding season and post-breeding
season testosterone, basal and peak corticosterone titres as
covariates. The final model showed a significant negative
effect of post-breeding season T level, as well as a
negative effect of post-breeding basal corticosterone titre
(Table 4). There was also a significant interaction
between post-breeding testosterone titre and post-breed-
ing basal corticosterone. Although both hormones inde-
pendently had a negative relationship with the secondary
humoral response, the interaction implies that increasing
corticosterone makes the relationship between testoster-
one and immune response less negative. There was also a



56

Table 5 Factors describing the
relationship between the 24-h

PHA response and the second-
ary response to SRBC in the
experimental treatments and
within the intact birds. A dash
indicates a variable not included

High T, low T and castrate treatments Intacts
Breeding season treatment F)43=0.45 —
Post-breeding treatment Fi43=1.79 -
Diet F1’43=1.33 F1,12=0.64
Primary humoral response F1 4p=17.22%*
PHA reaction F 4p=4.30%

in the model

* P<0.05
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Fig. 5 The relationship between the response to PHA injection 24 h
after injection (mm) and secondary response to SRBC injection for
all experimentally manipulated birds. Fitted data from the model
are plotted

significant effect of dietary treatment, such that individ-
uals on a high quality diet produced a lower response
(Table 4).

The relationship between the humoral
and the cell-mediated response

Within the experimentally manipulated birds, differential
resource allocation could be occurring between the
different aspects of the immune system, according to
the aspects of immune defence that are of greatest
importance at the time (Weiner and Bandieri 1974). For
this reason the relationship between the reaction to the
PHA injection 24 hours after exposure and the secondary
reaction to the SRBC injection, was analysed by
constructing a GLM ANOVA. Secondary response to
the SRBC injection was entered as the dependent variable
and the PHA response and primary response to the SRBC
injection were entered as continuous independent vari-
ables. Year, breeding season T treatment, post-breeding
season T treatment and dietary treatment were entered as
categorical independent variables. The significant predic-
tors of the secondary SRBC response were found to be
primary SRBC response and 24-h PHA reaction (Table 5).
The negative relationship between the secondary humoral
response and the cell-mediated response is shown in

Fig. 5. This trade-off was not apparent within the intact
group.

Discussion

The ICHH assumes that T promotes the development of
sexually selected signals while suppressing the immune
system. A number of studies has confirmed a causal role
of T in increasing bib size in house sparrows (Evans et al.
2000; Gonzalez et al. 2001). In addition we have recently
documented that it is T immediately prior to the onset of
moult that is crucial in controlling the increase in bib size
(Buchanan et al. 2001). This result is supported by the
recent finding that seasonal increases in bib size are
affected by the number of aggressive interactions prior to
the onset of moult, probably through the effects of
testosterone (McGraw et al. 2003). Therefore, the first
requirement of the ICHH is fulfilled in the case of
dominance signalling through chest bib production in the
house sparrow.

The first aim of the work reported here was to test
whether the subtle differences in post-breeding T levels
previously found to influence bib size (Buchanan et al.
2001) were also sufficient to produce significant differ-
ences in immunocompetence. In short, we found little
evidence that the variation in T levels during the post-
breeding period could produce meaningful variation in
levels of immunosuppression. There was no evidence that
the cell-mediated response was affected by either breed-
ing season or post-breeding levels of testosterone.
Furthermore, neither the ratio of heterophils to lympho-
cytes nor overall red blood cell counts, both indicators of
body condition, were affected by either breeding season
or post-breeding levels of testosterone. In contrast, the
secondary humoral response appeared to be affected by
both breeding season and post-breeding season levels of
testosterone, but only the breeding season levels showed a
consistent immunosuppressive effect. The analysis con-
firmed that the effect of the breeding season T levels
(independent of post-breeding T) was negative. However,
when comparing the post-breeding treatments the lowest
response was found in the low T treatment. Therefore,
although post-breeding T affected the secondary humoral
response, the effect could not be described as simple
immunosuppression.

Although the breeding season manipulations demon-
strated immunosuppression of the humoral response
associated with increased testosterone levels, other im-



mune parameters were not adversely affected by in-
creased testosterone. Our manipulations did not produce
large differences between the treatments in the cell-
mediated response to PHA in white blood cell ratios or in
red blood cell counts. When examining the non-signifi-
cant effect of breeding season testosterone treatment on
PHA response, the CIs indicate that the largest difference
between the treatments occurred between the high and
low T birds (CI lower —0.966, upper 0.638). The effect
size generated was small relative to the difference
between the treatments; therefore our sample sizes were
insufficient to demonstrate any significant differences.
This pattern was also true for the H:L and red blood cell
counts.

There are several reasons why the breeding season
treatments might show a clear immunosuppressive effect,
whilst the post-breeding treatments showed no consistent
effect on immunocompetence. The most parsimonious
explanation of these results is that larger differences are
required between individual male T levels to detect
consistent differences between birds in their level of
immunocompetence using these methods. However, the
treatments also differ in their timing, with breeding
season levels of T present some 3 months prior to the
immune assays. During the experiment, the birds re-
mained in the same social groups. If the dominance
hierarchies within the cages established at the start of the
experiment remained stable throughout this could have
influenced the outcome of the effect of post-breeding T
levels on immunocompetence, as breeding season and
post-breeding season T would not in this case be truly
disentangled.

The fact that breeding and post-breeding T levels were
correlated in the intact birds suggests that in the wild,
birds with high breeding season testosterone levels would
also have high post-breeding season levels of T. This
indicates that whilst no direct effect of post-breeding
testosterone on immunocompetence was detected, it is
entirely plausible that high levels during the post-breeding
season are associated with an immunosuppressive cost,
mediated at another time in the year. This supports the
original idea from the ICHH that individual males have an
optimum level of T that they can produce to maximise
fitness, without suffering detrimental immunosuppressive
costs.

The second aim of the study was to determine whether
corticosterone might be directly involved in mediating the
immunosuppressive effects associated with increased T.
There was some evidence for this, as basal corticosterone
production interacted with post-breeding testosterone
levels to affect the humoral response, within both the
experimental and the intact birds. Within the experimental
birds, the action of corticosterone appears to be immu-
nosuppressive, but only in the presence of T, as the
castrate treatment did not demonstrate this effect. Our
data therefore lend some support to the hypothesis that it
is corticosterone, not T, which directly exerts the cost
associated with the development of sexual traits (Evans et
al. 2000) or that corticosterone and T work in tandem to
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facilitate immunosuppression. The direct immunosup-
pressive effect of each hormone could only be tested by
experimental manipulations of T and corticosterone
independently. Basal corticosterone appeared to covary
with T levels, as has been shown in other studies (Barnard
et al 1996; Evans et al. 2000). Interestingly within the
intact group there was a negative relationship between
corticosterone and T. This implies that males in good
condition have high T and low corticosterone, but that
experimental individual elevations of T will result in
elevated levels of corticosterone. Corticosterone is
thought to be immunosuppressive when chronically
elevated (Mgller 1995; Buchanan 2000) and therefore
the effects seen here are likely to be linked to long-term
elevation in corticosterone associated with elevated
circulating T titres. There is a growing body of experi-
mental work demonstrating the covariation of corticoste-
rone with testosterone and the negative consequences for
immunocompetence (Ketterson et al. 1991; Duffy et al.
2000; Casto et al. 2001), and recent reviews support this
conclusion (Braude et al. 1999; Hillgarth and Wingfield
1997). In addition, T can also cause an increase in levels
of corticosteroid-binding globulin (CBG) (Schoech et al.
1999, Deviche et al. 2001). As both T and corticosterone
can bind to CBG, (although corticosterone has much
greater affinity), it seems possible that T and corticoste-
rone interact on a number of levels with consequences for
immunosuppression.

Dietary treatment was found to affect the PHA
response in the experimental birds and also the size of
the humoral response in the intact birds. In both cases the
effect was not in the expected direction, as birds on a poor
quality diet mounted a larger response to the immune
challenge than those on the high quality diet. This pattern
is similar to some of the results found by Gonzalez et al.
(1999a), who found that house sparrows kept on a protein-
rich diet showed significantly elevated cell-mediated
responses, but significantly suppressed humoral respons-
es, in comparison with individuals on a protein-poor diet.
This suggests that the immune response may not be
directly constrained by resources (Gonzalez et al. 1999a)
or access to resources (Gonzalez et al. 1999b), or that
individuals are capable of re-allocating the available
resources between physiological processes. One interpre-
tation is that birds housed in poorer conditions are
protecting themselves from the detrimental consequences
of infection by investing proportionately more in their
immune response than birds fed on a higher quality diet.
If the likelihood of injury or disease varies with
nutritional conditions it could be optimal to invest more
in immune protection when in poor nutritional conditions.
An alternative interpretation is that our ‘high quality’ diet
is in fact not as desirable as we had intended. A recent
study on captive breeding in house sparrows suggests that
mealworms are a poor quality food resource for nestlings,
possibly because of toxins in the cuticle of the insect
larvae (Moreno-Rueda and Soler 2002). In this case our
‘high quality’ diet birds may have been suffering some
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toxic effects that could explain the direction of the change
in immune investment.

The final aim of the study was to test for differential
allocation between the humoral and cell-mediated im-
mune responses. The negative relationship between the
secondary humoral response and cell-mediated response
to PHA 24 h after injection suggests that there may indeed
be some resource-based constraint on mounting an
immune response. Alternatively, the value of the two
types of response may vary between individuals, such that
individuals at higher risk of tissue injury, for example,
might invest proportionately more in a cell-mediated
response and less in the humoral response (Zuk and
Johnsen 1998). That different aspects of immune function
should trade-off against each other has been suggested
previously (e.g. Weiner and Bandieri 1974), highlighting
the problem of measuring overall immuncompetence
(Westneat and Birkhead 1998). Also relevant to this
trade-off are the potential costs of over-investment in
immune responsiveness, in terms of causing auto-immune
disorders (Réberg et al. 1998). All the birds experienced
the immune tests in the same order and an alternative
explanation is that birds which invested most in the
earliest challenge (PHA) were unable to respond as much
to the later challenge (SRBC). Further work is needed
using a balanced design reversing the order of these
challenges to determine the effects of one immune
challenge on the other.

This study provides limited support for the immuno-
suppressive effects of testosterone. It is clear that at
certain levels testosterone can act immunosuppressively,
but it is still unclear whether this occurs directly or
through the action of corticosterone. The experimental
results suggest that the subtle differences between T
levels of individual males during the post-breeding
period, which control bib development, are not enough
to cause demonstrable immunosuppression. Selection
studies and survival analyses have documented a possible
trade-off between immune function and the production of
sexually selected signals (Nolan et al. 1998; Verhulst et
al.1999). However, the direct evidence from both correl-
ative work and manipulative experiments has been less
consistent (e.g. Peters 2000; Duckworth et al. 2001;
Hasselquist et al. 1999; Lindstrom et al. 2001, Westneat et
al. 2003).

The results reported here suggest that seasonal changes
in T levels are capable of causing variation in immuno-
competence, although only in some immune traits. Our
conclusion that breeding season levels of T cause
immunosuppression of the humoral response supports
our earlier work (Evans et al. 2000), but we found little
evidence for an immunosuppressive cost associated with
high post-breeding levels. Given that post-breeding levels
of T control bib size during the autumn moult, we found
little evidence for a direct immunosuppressive effect
associated with a large badge size. However, as intact
males with high T levels prior to the autumn moult also
had high T levels during the previous breeding season, we
suggest that it is likely that T-control of bib development

has some immunosuppressive costs. When these costs are
mediated or how biologically meaningful these costs are,
is unclear. We would suggest, therefore, that although our
study provides some support for the ICHH, it is still not
clear whether the immunosuppresssive effects of T are of
sufficient importance to explain the evolution of the
house sparrow chest bib as an honest signal of quality.
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