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ABSTRACT Females often select their mates on the basis
of the size or intensity of sexual ornaments, and it is thought
that such traits are reliable indicators of male quality because
the costliness of these traits prevents cheating. The immuno-
competence handicap hypothesis is a recently proposed mech-
anistic explanation of these costs and states that males carry
ornaments at the expense of their resistance to disease and
parasites. The tradeoff between immunocompetence and sex-
ual ornamentation was hypothesized to arise as a consequence
of the dual effect of androgens on ornamentation (1) and
immune function (2). To test this hypothesis, we compared
comb size between male domestic chickens Gallus domesticus
of lines divergently selected for antibody responses to sheep
erythrocytes (three lines: selected for low response or high
response and a control line). The importance of comb size in
inter- and intrasexual selection is well established, and comb
size is strongly dependent on testosterone level. Comb size was
larger in the males of the low line than in the high line, and
comb size of control males was intermediate, indicating a
tradeoff between ornamentation and immunocompetence.
Testosterone (T) levels varied in a similar fashion (TLow >
TControl > THigh), suggesting that this hormone could mediate
the tradeoff between ornamentation and immunocompetence.
These results support the idea that a tradeoff with immune
function may constrain the expression of secondary sexual
ornaments.

Animals often select their mates on the basis of the size of
sexual ornaments or intensity of sexual displays (1). The
finding that mating success can be improved by carrying larger
ornaments has raised the question of what constrains the
expression of these traits. Carrying an ornament has been
shown to incur a fitness cost (2–4), and if the costs incurred
by carrying a larger ornament depend on the quality of its
bearer, such traits can be reliable indicators of phenotypic
quality (5, 6).

Folstad and Karter (7) recently proposed the immunocom-
petence handicap hypothesis as a general proximate mecha-
nism to explain the costs of ornamentation; this hypothesis
states that males carry ornaments at the expense of their
resistance to disease and parasites. This tradeoff was originally
hypothesized to arise as a consequence of the dual effect of
androgens on ornamentation and immune function (higher
androgen levels result in larger ornaments, but suppress im-
mune function), but could also be the consequence of variation
in resource allocation in the absence of direct effects of sex
hormones (8).

The immunocompetence handicap hypothesis was based on
a number of well established physiological relationships be-
tween condition, testosterone, sexual ornamentation, and the
immune system, but when initially proposed, there were no
studies that directly related immune function to sexual orna-
mentation (7). Since then, several attempts have been made to
test this hypothesis by using different approaches. Some studies
have manipulated testosterone levels (9–12) and studied the
consequences for immune function or parasite burden. Al-
though testosterone administration can be used to investigate
the effects of this hormone on ornamentation and immune
function, this experiment does not test directly whether there
is a tradeoff between sexual ornamentation and immunocom-
petence. Other studies used natural variation to investigate the
relationship between immune function and ornamentation and
generally reported reduced immune function in individuals
with larger or brighter ornaments (13–16). However, such
correlations cannot be taken as evidence for a tradeoff be-
tween these traits, because reduced immune function in indi-
viduals with large ornaments could reflect reduced exposure
to disease (for example, dominant individuals may succeed in
foraging in patches with low parasite prevalence) or more
efficient immune function in the past.

The demonstration of a tradeoff requires experiments in
which a trait involved in the tradeoff is manipulated (17, 18).
With respect to the immunocompetence hypothesis, one such
study has been published, which reported reduced humoral
immune function in male swallows Hirundo rustica with elon-
gated tails (15) [tail length in swallows is a sexually selected
trait (19)], suggesting a tradeoff between immunocompetence
and sexual ornamentation. Here we report a study in which we
use the converse approach, a manipulation of immune func-
tion, to test the immunocompetence handicap hypothesis. We
compared comb size of domestic fowl Gallus domesticus
between males belonging to lines divergently selected on their
response to sheep erythrocytes (20). Domestic fowl is a
suitable system to test this hypothesis, because the importance
of comb size in inter- and intrasexual selection is well estab-
lished (13, 21–23), and comb size is strongly dependent on
testosterone level (13, 24, 25). Based on the immunocompe-
tence handicap hypothesis, we predicted a negative association
between immune function and comb size among selection
lines. We restricted our analyses to the selection-line level,
because we have no predictions for variation within selection
lines, since this concerns spontaneous natural variation rather
than experimental artificial variation (17, 26). For example, the
immunocompetence handicap hypothesis predicts a negative
relationship between comb size and immunocompetence, but
within a line both comb size and immunocompetence are likely
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to be positively correlated with fitness and hence with each
other. As a result of such a mixture of effects, negative, zero,
or positive correlations can be found, but none of these would
constitute evidence for or against the existence of a tradeoff.
This point has been discussed at length in the life history
literature (17, 18, 26–29) in the context of demonstration of the
costs of reproduction (30).

METHODS

Selection lines originated from an Institut Séléction Animal
(ISA) Warren cross, selected for 15 nonoverlapping genera-
tions on high or low primary antibody response at day 5 after
primary intramuscular immunization with sheep erythrocytes
at 37 days of age. A random-bred control line was also
maintained. Details regarding immunological methods and the
selection process are described elsewhere (20, 31). Briefly, in
each generation approximately 300 chicks were reared in each
line. In each selection line, the 25–40 males and 50–70 females
with most extreme antibody titers were selected to produce the
next generation, and the control line was random bred. Real-
ized selection differentials were in the order of 1.7–2.1 anti-
body titers per generation (31). Birds were individually housed
in battery cages (floor 46 3 35 cm, height 40 cm) and were
approximately 1 yr old when measured.

Blood samples (1 ml) were collected from the wing web
within 3 min of removal from the cage. Plasma was stored at
220°C for 3 mos before analysis. Concentrations of testoster-
one were estimated by a solid-phase 125I RIA method (Coat-
A-Count TKTT; Diagnostic Products, Los Angeles) according
to the manufacturer by using duplicate aliquots of 50 ml
plasma. Calculation of results was performed by applying a
spline approximation using RIASMART (Packard). The main
crossreactivities were 3.3 and 0.5% for dihydrotestosterone
and androstenedione, respectively, and ,0.1% for other ste-
roids of interest. The limit of quantitation was 0.01 ngyml, and
the interassay coefficient of variation was 12%.

After the blood sample was taken, birds were weighed and
morphometric data were collected with vernier callipers (to
nearest 0.1 mm) by observers unaware of the selection regime
from which a bird stemmed. Comb length (maximum length)
and height (above the eye perpendicular to longitudinal axis of
head) were measured and multiplied to give an index of comb
size in cm2. Combs were clipped at hatch, and combs that were
clipped unsuccessfully were not measured (birds with serrated
edge of the comb were not measured; n 5 5; three high line,
one control line, one low line). Combs would have been larger
in the absence of clipping, but because the immune system is
not yet active at this age (32), and all lines were treated equally,
there is no reason to expect that such an effect would differ
between selection lines. Furthermore, independent support for
the immunocompetence effect on comb size comes from the
testosterone data (see Fig. 2, below). Tarsus and head lengths
were measured as indicators of structural body size. Tarsus
length was measured according to Svensson (33), and head
length was measured from bill tip to back of head in a straight
line over the eye. Tarsus and head length were correlated (r 5
0.44, n 5 87, P , 0.001), and these variables were combined
in an index of body size (calculated as the mean of head and
tarsus length after transformation to standardized distribution
[mean 5 0.0, SD51.0]). However, similar results appeared
throughout for both size variables.

Sample sizes in the present study were 28–30 males for each
of the three lines. Data were analyzed by using analysis of
variance and analysis of covariance. To enhance statistical
power, the results of these analyses were combined with the
ordered heterogeneity test (34), which yields a new test statistic
(rsPc). This test is appropriate because the selection lines are
ordered with respect to immunocompetence. Before analysis,

testosterone titers were natural logarithm transformed to
normalize the distribution.

RESULTS

There was a strong response to selection, as evidenced from
the log2 antibody titers, to the challenge with sheep erythro-
cytes in males used in this study [low line (mean 6 SE) (n):
0.00 6 0.00 (28); control line: 4.11 6 0.50 (27); high line:
14.31 6 0.45 (29); F2,83 5 391.5, rsPc . 0.9999, P , 0.0001).
Although selection focused only on this aspect of immune
function, previous studies showed that humoral responsiveness
to a variety of antigens (Escherichia coli, Newcastle disease
virus, bronchitis virus, bursal disease virus) varied between
selection lines in a similar fashion (20). Furthermore, selection
lines differed in size of spleen and bursa (35), cellular immu-
nity in vivo (36), and mortality after infection with Marek’s
disease (37). Thus it seems safe to assume that immunocom-
petence was successfully manipulated.

Comb size varied significantly between selection lines (F2, 79
5 9.78, rsPc . 0.9997, P , 0.0001), being larger in males from
the low line than in the high line (t53 5 3.96, P , 0.0003), while
comb size of males from the control line was intermediate (Fig.
1A). Thus, there was a negative association between immuno-
competence and the degree of sexual ornamentation, as
predicted by the immunocompetence handicap hypothesis.

Artificial selection on a particular trait often affects many
other traits, and the variation in comb size between selection
lines could reflect a general effect on body size, rather than a
specific effect on sexual ornamentation. Indeed, body size
varied between selection lines (F2, 84 5 4.03, rsPc 5 0.98, P ,
0.01), males from the low line being larger than males from the
high line (t57 5 2.55, P , 0.02), whereas size of males from the
control line was intermediate (Fig. 1B). However, further
analysis showed that selection lines differed in comb size even
when body size was controlled for statistically (Fig. 1C; results
of ANCOVA: selection line: F2, 78 5 7.22, rsPc 5 0.999, P ,

FIG. 1. Male comb and body size in chicken lines divergently
selected on response to sheep erythrocytes. (A) Comb size (1SE). (B)
Body size (6SE), defined as the mean of standardized tarsus and head
length. (C) Comb size vs. body size.
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0.001; size: F1, 78 5 6.27, P , 0.02; using allometric scaling
yields the same result). Using body mass instead of body size
yields the same results (data not shown). Body mass also varied
between selection lines [low line (mean 6 SE in g) (n): 3,465 6
49 (28); control line: 3,333 6 56 (27); high line: 3,305 6 47 (29);
F2,84 5 2.87, rsPc 5 0.939, P , 0.03), but body condition (as
indicated by residuals of a regression of mass on body size) did
not differ between selection lines (F2, 83 5 1.61, rsPc 5 0.40, P .
0.3). Thus we conclude that artificial selection on immuno-
competence affected sexual ornamentation independent of
selection effects on body size or condition.

According to the immunocompetence hypothesis, the
tradeoff between immunocompetence and sexual ornamenta-
tion is caused by a dual effect of testosterone on immune
function and ornamentation (7). Other compounds could also
play this role, and corticosterone has been suggested as an
alternative (38), but previous work has shown that corticoste-
rone level does not vary between the selection lines used in our
study (39). Testosterone varied significantly between selection
lines (F2, 77 5 4.93, rsPc 5 0.99, P , 0.005), males from the low
line having higher levels of testosterone than males from the
high line (t50 5 3.08, P , 0.004), whereas testosterone level of
males from the control line was intermediate (Fig. 2). Thus
testosterone may regulate resource allocation to immune
function and sexual ornamentation, as suggested by the im-
munocompetence handicap hypothesis.

DISCUSSION

The central prediction of Folstad and Karter’s (7) immuno-
competence handicap hypothesis is that a tradeoff exists
between sexual ornamentation and immune function. We
found a negative association between manipulated levels of
immunocompetence and comb size, in agreement with this
prediction. Thus females selecting males with extravagant
ornaments may thereby select males that either can afford to
reduce their investment in immune function, for example
because their genome is relatively well suited to the currently
prevailing parasites (40, 41), andyor males that have relatively
abundant resources available and can therefore afford to keep
both their ornamentation and their immune system function-
ing at high levels (26, 42).

Repeated selection experiments sometimes yield slightly
different results, and in our study, for financial reasons, there
were no replicates of the different selection regimes. It can be
argued that replication is required before any firm conclusions
can be drawn. It is therefore important to note that similar
results were obtained in lines of broiler chicks divergently
selected on their response to E. coli (43). These results were
discussed in a different context, and data were collected on
chicks up to 30 days old (long before they are sexually active),
but also in this experiment high-response chicks had smaller
combs and lower testosterone levels than low-response chicks.

These observations support the conclusions from the present
study.

The existence of a tradeoff between sexual ornamentation
and immune function suggests these traits draw resources from
the same pool, but which resources are involved remains to be
investigated. Maintaining circulating populations of leuko-
cytes and antibodies is, however, a continuous resource drain,
and repair costs associated with immunopathology have re-
cently been suggested as an additional drain on resources (42,
44). Carrying a large comb costs energy simply through its
effect on body mass, and in addition heat lost through this
ornament may be important (unpublished observation, J.
Tinbergen and S.V. with thermal camera). Thus the tradeoff
between sexual ornamentation and immune function may at
least be partly energy based, although it is important to note
that even the magnitude of the energy costs of these traits is
largely unknown (but see refs. 45 and 46). Obviously, other
resources, such as carotenoids (47, 48), could also be impor-
tant.

The immunocompetence handicap hypothesis is based on
the assumption that testosterone suppresses immune function,
and the negative association between immunocompetence and
testosterone level in our study (Fig. 2) is in accordance with
this assumption. However, this assumption was largely based
on mammalian studies (7), and several recent studies in
different bird species failed to find an immunosuppressive
effect of exogenously administrated testosterone (11, 12, 43).
Furthermore, parasite prevalence does not differ between
male and female birds (49), while males typically have higher
testosterone levels. Thus it appears that for adult birds the
evidence for immunomodulation by testosterone is weak (at
least with respect to the humoral immune response).

Effects in the opposite direction, of immunological products
on endocrine state, have been extensively studied in mammals
(50). It is interesting to note that our study, in conjunction with
the study of Leitner (43), provides experimental evidence for
such feedback in birds, because testosterone levels responded
to manipulation of immunocompetence. This finding is in
agreement with the observation that testosterone and orna-
mentation decrease with increasing parasite load in domestic
fowl and other species (48, 51–56). Taken together, these
observations suggest that testosterone in birds plays only some
of the roles assumed in the original immunocompetence
hypothesis, in the sense that it modulates the expression of
sexual ornaments but in turn is modulated by immune function,
rather than vice versa as originally assumed (7).
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