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Androgens play a major role in the regulation of sexual signal expression of male vertebrates. In this
study we assessed the prevalent, yet largely untested, assumption that signal honesty is maintained
through condition-dependent androgen regulation by experimentally manipulating body condition of
male red-backed fairy-wrens (Malurus melanocephalus) through trimming several flight feathers before
the prenuptial molt. In their first reproductive season males of this species exhibit androgen-regulated
plasticity in plumage coloration, ranging from red/black (high androgens) to brown (low androgens).
Red/black plumage is preferred by females and might be constrained by a negative relationship between
body condition and androgen levels. We also evaluated whether corticosterone changes to altered con-
ditional state mediate the relationship between condition and androgens. While we predicted that males
with trimmed feathers would expend greater energy and thus be in poorer condition at the time of molt,
they were counter-intuitively in better condition compared to control birds, likely as a consequence of
subtle behavioral changes. These birds in better condition molted a greater proportion of red/black plum-
age, as predicted, and also molted more heavily. However, experimental and control birds did not differ in
their androgen or corticosterone concentrations. Furthermore, analysis of long-term data from the same
population revealed no correlation between condition and androgen levels. Collectively, these results
challenge the notion that condition-dependent androgen regulation alone is responsible for maintaining
the honesty of sexual signals and highlights the necessity of considering alternate explanations.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Sexual signal elaboration provides a striking example of pheno-
typic variation in fitness enhancing traits where more elaborate
traits are favored due to their benefits in attracting mates or deter-
ring rivals [2]. The evolution of these responses to sexual signals
requires that signals honestly reflect the quality of potential mates,
and considerable theoretical and empirical support has arisen for
condition-dependent signal elaboration [11,14,41]. A complete pic-
ture of the evolutionary forces acting on trait expression demands
knowledge of the trait’s mechanistic underpinnings, yet integrative
research into the proximate link between condition and trait
expression has lagged behind functional approaches [19,23, but
see 37].

Among male vertebrates, androgenic steroids such as testoster-
one often play a role in regulating physiological, morphological,
and behavioral reproductive strategies [1,26] and thus appear
likely regulatory signals of mechanisms integrating physiology
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and phenotype [3,22]. Because testosterone can impose behavioral
and physiological costs it has been proposed as the critical connec-
tion between individual condition and trait expression [e.g. 7,33].
The central role of glucocorticoids in energy allocation and its gen-
erally negative relationship with androgen secretions has also led
to the proposition that these hormones provide a mechanistic link
between condition and androgens [13].

Plumage signals of male birds provide an excellent model to
study the role of hormones in sexual trait expression, but our pres-
ent understanding of the causal relationship among condition, hor-
mones, and plumage elaboration is limited for several reasons.
First, most studies have been conducted during or after the breed-
ing season [e.g. 6,31,33], thereby leaving uncertainty regarding
mechanisms acting at the time of trait acquisition (i.e., prior to
breeding). Second, the majority of studies rely on correlative anal-
yses, and among those that do adopt an experimental approach,
many bypass condition in favor of hormonal manipulations aimed
at ultimate influences of testosterone on immune function and
plumage elaboration [e.g. 8,29,30]. Finally, most studies consider
only a portion of the proposed pathway between condition and sig-
nal expression, such as the relationship between condition and
glucocorticoids or androgens and plumage coloration. In fact, we
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could only find one series of experiments on the topic that manip-
ulated condition directly, in which Perez-Rodriguez et al. [27,28]
demonstrated condition-dependence in corticosterone, androgens,
and sexual ornamentation of bare body parts in captive red-legged
partridges. These past studies have advanced the field and collec-
tively grant us the theoretical and empirical ability to carry out a
comprehensive assessment of condition-dependent androgen reg-
ulation as the mechanism maintaining honesty of plumage signals.

In this study we provide an experimental assessment of
whether condition-dependent glucocorticoid and androgen secre-
tion during acquisition of nuptial plumage regulates sexual signal
elaboration in the red-backed fairy-wren (Malurus melanocepha-
lus). This small Australian passerine is ideally suited to investigate
the mechanistic basis of plasticity in sexual signals, as males exhi-
bit three discrete, alternative breeding phenotypes that differ in
plumage color and reproductive behavior [15]: males can breed
in red/black nuptial plumage (‘‘red/black breeder’’), breed in brown
female-like plumage (‘‘brown breeder’’), or remain as non-breed-
ing brown auxiliaries on the natal territory (‘‘auxiliary’’). Although
phenotype is partially related to age, males are able to assume any
of the three phenotypes in their first year of reproduction [38].
Plumage phenotype is acquired in a prenuptial (prealternate) molt
that occurs prior to breeding. Phenotype appears to be under
strong sexual selection, with differences in mating investment
and attractiveness combining to give red/black breeders the high-
est fitness [15,16,32,38], primarily as a consequence of their suc-
cess at siring young outside of the pair-bond [38].

The three male reproductive phenotypes of this species show
distinct differences in circulating androgen concentrations during
the prealternate molt as well as during reproduction, with red/
black breeders having the highest levels and auxiliaries having
the lowest [21]. Furthermore, testosterone implantation during
the prenuptial molt led to production of red/black plumage [20],
demonstrating that high testosterone levels are causally related
to acquisition of male-typical nuptial plumage, in contrast to many
other passerines [18]. A previous study [21] also found that body
condition during molt differed among the three male phenotypes
(red/black > brown > auxiliary), and that androgen levels were cor-
related with body condition across individuals. Accordingly, we
hypothesized that condition-dependent androgen secretion is
responsible for maintaining signal honesty in this system. In the
present study we tested the causal role of body condition in regu-
lating androgen concentrations during prenuptial molt and the
resulting plumage coloration through experimentally manipulat-
ing body condition by trimming flight feathers prior to molt. Be-
cause previous studies have employed this method to manipulate
condition [e.g., 39,40], we expected trimmed males to be in poorer
body condition than controls (but see Section 3). We recaptured
birds at the peak of molt to test the prediction that better condition
would lead to higher circulating androgens and, in turn, relatively
more red/black plumage. We further utilized this experiment to
establish whether corticosterone might play a role in these rela-
tionships through negative covariance with testosterone [13].
2. Methods

2.1. Study species and basic field methods

This study was conducted in a population of color-banded red-
backed fairy-wrens near Herberton, Queensland, Australia
(145�250E, 17�230S), which has been monitored continuously since
2003. We target trapped birds using mist-nets and a combination
of herding and brief (<2 min) playback of conspecific vocalizations.
Upon capture we immediately removed birds from the net and col-
lected a maximum of 80 ll of blood from the jugular vein into hep-
arinized microcapillary tubes (bleeding delay: mean = 5.9 min,
range = 1.7–31.0). Unbanded birds received an Australian Bird
and Bat Banding Scheme (ABBBS) aluminum leg band and a unique
combination of three colored plastic leg bands for subsequent vi-
sual identification, then birds were aged as either second year
(1 year-old) or after-second year (1 + year-old) using the degree
of skull ossification [21]. We performed basic morphometric mea-
surements on all captured birds (mass and wing, tarsus, tail, and
culmen lengths), quantified the degree of feather molt on six body
regions (head, back, wing, belly, chest, tail; scale of 0–3 each), and
estimated fat stores based on fat seen in the furcular cavity on a
scale from 0 (no fat) to 3 (bulging) in 0.5 increments [21]. Fat score
was chosen as the measurement of condition because its indepen-
dence from body size makes it preferable to other condition indices
[9,10], although it is correlated with the residual of the regression
of mass on tarsus length in this species [21].

Throughout the breeding seasons we used sightings and cap-
tures of birds to estimate the proportion of their body covered in
red/black plumage. Using this value we categorized birds as brown
(<33% red/black feathers), intermediate (33–66%), or red/black
(>66%), although plumage coloration is strongly bimodal with
few males in intermediate plumage [38].

2.2. Condition manipulation

We conducted the condition manipulation experiment before
and during the 2010–2011 breeding season. We initially captured
birds during the pre-breeding season between August 7 and Septem-
ber 14, 2010 and randomly assigned all second year birds (born pre-
vious breeding season) to one of two treatments. Control birds were
released after completion of basic processing. Manipulated birds, on
the other hand, had 3 primaries (numbers 5, 7, and 9) on each wing
and the 4 central tail retrices trimmed at their base before being re-
leased. Because second year males cannot be differentiated from fe-
males we manipulated both male and female birds and used
established molecular genetic techniques see [36] to determine
sex post-hoc. Male birds were recaptured 18–81 days post-treat-
ment using protocols described above to obtain blood samples, take
morphometric measures, and score plumage coloration.

2.3. Radioimmunoassay

Blood samples were kept on ice in the field and then and
promptly centrifuged upon return to the field station. We then
measured hematocrit and removed plasma for storage in liquid
nitrogen until transport to Washington State University, where
samples were kept in a �20� freezer. The 16–52 ll plasma samples
were assayed using previously published protocols that allow
simultaneous measurement of total androgen and corticosterone
concentrations [20], except that we used 30 ll of redissolved ex-
tract for determination of recoveries and included 10 duplicate
known samples. Corticosterone recoveries were determined for
each sample (mean recovery was 88%), whereas androgen recover-
ies were obtained from four samples unrelated to the experiment
but analyzed in the same assay (mean recovery of 86%). The single
assay had an intra-assay variation of 5.40% for androgens and
9.51% for corticosterone (calculated according to [4]; androgen val-
ues calculated from 10 duplicate known samples). Given our assay
parameters the minimum detectable androgen concentration was
116.3 pg/ml of plasma and we measured androgen concentrations
between 113.5 pg/ml and 4593.1 pg/ml (mean = 390.7 pg/ml, med-
ian = 191.6 pg/ml). The minimum detectable corticosterone con-
centration was 0.88 ng/ml and we detected concentrations
between 1.93 and 57.7 ng/ml (mean = 11.0 ng/ml, median = 8.2).
Concentrations of undetectable samples were back calculated from
minimal detectable levels (androgens = 1.95 pg/tube, corticoste-
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rone = 3.91 pg/tube). The radioimmunoassay was performed using
tritium-labeled testosterone (Perkin Elmer Life Sciences NET-553,
Waltham, Massachusetts USA) and corticosterone (Perkin Elmer
Life Sciences NET-339) with corticosterone antibody (Esoterix
Endocrinology B3-163) and a testosterone antibody (Wien Labora-
tories T-3003, Flanders, New Jersey USA) that cross-reacts with clo-
sely related steroids (100% reactivity with testosterone, 60% with
5alpha-dihydrotestosterone, 5% with aldosterone, <15% with other
androgenic steroids, and less than 0.05% with 17<beta>-estradiol
and all other steroids: values provided by the manufacturer). Sam-
ples from the treatment types and time periods were randomly
distributed throughout the single assay.
2.4. Statistics

We analyzed experimental effects on fat stores, plumage color-
ation, molt, and hormone concentrations using an analysis of
covariance (ANCOVA) with treatment as a fixed factor. We assessed
effects on hormones and condition by measuring the difference be-
tween values at the time of treatment and at the final recapture to
control for individual variation (i.e. differences in receptor densi-
ties). Differences in proportions of individuals in each plumage cat-
egory were evaluated using chi-square tests of contingency tables
and the relationship between plumage coloration and molt and cir-
culating hormones were analyzed with a multiple regression. We
employed a multiple regression with date included as a factor in
analyses of the relationship between androgens and corticoste-
rone. Because the magnitude of treatment effects may vary with
time since manipulation, we included days since treatment as a
covariate in fat and hormone analyses. We also included date as
a covariate in analyses of plumage coloration and hormones since
these variables change with progress toward the breeding season.
Small sample sizes prevented statistical analyses of treatment ef-
fects on breeding role.

We used data collected between 2004 and 2011 in a multiple
regression to look at the relationship between hormone concentra-
tions and fat stores in molting males. In these analyses we included
date, breeding stage, total molt score, and year as factors and elim-
inated pseudoreplication from multiple captures of individual
birds by only including the capture with the highest molt score. Re-
sults from this broader database remained qualitatively similar if
we employed an alternative condition metric (residual of regres-
sion of mass on tarsus) and/or removed nonsignificant terms from
our model; therefore we only present results using a priori models
to assess the role of fat scores.

Androgen concentrations were natural-log transformed and
corticosterone concentrations were square root transformed in
all analyses to improve normality, although figures present raw
values for easier interpretation. To ensure that hormone concentra-
tions reflected baseline values [see 21] we omitted any blood sam-
ples collected more than 5 min after capture for corticosterone
(bleeding delay: mean = 3.1 min, range = 2.2–4.8 min) and 10 min
after capture for androgens (bleeding delay: mean = 4.2 min,
range = 2.2–9.8 min). With these restrictions, delay was a nonsig-
nificant covariate in all hormonal analyses and was therefore
omitted.

All analyses were conducted using the program NCSS [12]. Ani-
mal procedures were approved by the Washington State University
Institutional Animal Care and Use and the James Cook University
Animal Ethics Committees.
Fig. 1. Mean + SE loss of fat stores between the time of treatment and recapture in
control (h) and feather trim ( ) males. Fat stores were estimated from fat in the
furcular hollow (scale of 0–3). Sample sizes for control and feather trim birds are 9
and 10, respectively.
3. Results

Feather trimming significantly affected the body condition of
males, although opposite the direction we initially predicted, as
feather-trimmed birds maintained more of their pre-treatment
fat reserves than did control birds (F1,16 = 4.16, p = 0.05; Fig. 1).

At the time of recapture, better body condition of these birds
was associated with enhanced elaboration of plumage coloration,
with feather-trimmed males developing significantly more red/
black plumage than did control males (F1,17 = 4.73, p = 0.04;
Fig. 2). These birds also molted more heavily (F1,15 = 4.88,
p = 0.04), and across treatments heavier molting birds ultimately
acquired more red/black plumage (R2 = 0.57, b = 7.77,
F1,16 = 23.21, p < 0.001). At the conclusion of molt, 45% of all
trimmed males (including those not recaptured) had developed
some red/black plumage, three exhibited enough to be categorized
as having either intermediate (>33%) or red/black (>66%) plumage,
and one molted into completely red/black plumage. Conversely,
only 25% of control males produced any red/black plumage and
the most ornamented individual exhibited only 18% red/black
plumage, leading to a difference between treatments in the propor-
tion of birds with plumage categorized as dull (X2 = 3.76, p = 0.05).
Treatment did not appear to influence breeding role, with 60% of
control and 58% of treatment birds becoming breeders.

The better condition (greater fat stores) of trimmed males did
not result in altered corticosterone (F1,5 = 2.19, p = 0.20; Fig. 3A
and B) or androgen (F1,12 = 0.24, p = 0.63; Fig. 3C and D) plasma
concentrations compared to pre-treatment concentrations. Fur-
thermore, ultimate plumage coloration was not linked to hormonal
concentrations at the beginning of treatment (corticosterone:
R2 = 0.05, b = �11.51, F1,6 = 0.42, p = 0.54; androgens: R2 = 0.05,
b = 11.29, F1,12 = 0.79, p = 0.39) or at recapture (corticosterone:
R2 = 0.04, b = 9.46, F1,12 = 0.74, p = 0.41; androgens: R2 = 0.05,
b = 6.46, F1,15 = 1.03, p = 0.33). Corticosterone and androgen con-
centrations were unrelated to each other at the beginning of treat-
ment (prior to molt onset; R2 = 0.08, b = �0.14, F1,7 = 0.68, p = 0.44)
and at recapture (during peak molt; R2 < 0.01, b = 0.05, F1,12 = 0.01,
p = 0.91).

A correlative analysis of our 2004–2011 database revealed a
negative, but marginally nonsignificant, relationship between body
condition (fat stores) and circulating corticosterone concentrations
among molting males (R2 = 0.08, b = �1.50, F1,10 = 4.24, p = 0.07;
Fig. 4A). Conversely, no relationship existed between fat stores
and circulating androgen levels among molting males (R2 = 0.03,
b = �0.33, F1,27 = 2.14, p = 0.16; Fig. 4B).



Fig. 2. Mean + SE plumage coloration of captured control (h) and feather trim ( )
males at the conclusion of molt. Plumage coloration is an estimation of the
proportion of their body covered in red/black plumage (scale of 0–100). Values are
derived from 10 birds in each treatment.
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4. Discussion

Our results provide experimental evidence for condition-depen-
dence of sexual trait expression by young male red-backed fairy-
wrens, as birds with experimentally enhanced condition acquired
a significantly greater proportion of red/black nuptial plumage.
Somewhat surprisingly, the direction of the manipulation’s effect
on condition was opposite to predictions based on previous stud-
ies, with birds having their flight feathers trimmed maintaining
greater fat stores and hence better body condition than controls.
Fig. 3. Changes in corticosterone (A and B) and androgen (C and D) concentrations of co
during the peak of molt showing raw values (A and C) and mean + SE (B and D). Corticost
measured in 8 birds from each treatment. O: males with brown (<33% red/black) pluma
This unexpected result could arise from increased investment in
self-maintenance, but such an interpretation conflicts with the
greater investment in ornamentation by these males or the lack
of marked treatment effects on reproductive role. More likely it re-
sults from subtle impacts on the behavior of these birds, whose for-
aging habits and infrequent flight differ substantially from the
habits of other birds that have been subjected to similar experi-
mental manipulations [e.g., 39,40]. Behavioral changes resulting
from feather trimming that might have decreased energetic expen-
diture or increased food consumption could include decreased
time sentineling within their social group, reduced aggressive
interactions, or simply less flight. Moreover, past studies employ-
ing feather-trimming protocols have been limited to the breeding
season and most have focused on females; neither of the two stud-
ies we could find with males detected a significant effect of treat-
ment on body condition [34,35]. Ultimately this study is incapable
of concluding the cause of this counterintuitive experimental pat-
tern, but it does highlight variation across species in responses to
artificial ‘handicaps’.

Our experimental manipulation had a clear impact on body
condition, and thus enabled our study to examine the causal con-
nection between body condition and plumage signals: experimen-
tal males, which were in better condition than controls, were
significantly more likely to molt red/black plumage than were con-
trols. Experimental males were also molting more heavily at the
time of recapture, likely indicating earlier and/or faster molt.
Although our sampling scheme does not allow conclusive interpre-
tation of this molt pattern, it is consistent with work on other
Malurus wrens showing associations between condition and molt
date [5,25]. Thus, this study supports the causal relationship be-
tween condition and plumage signals, as suggested by earlier cor-
relational analyses [21], and also allows us to elucidate the
ntrol (h) and feather trim ( ) males between the time of treatment and recapture
erone was measured in 4 control and 5 feather trim birds, whereas androgens were
ge; X: males with intermediate (33–66%) or red/black (>66%) plumage.



Fig. 4. Relationship between fat stores and hormone concentrations among second year males studied between 2004 and 2011. Sample sizes for corticosterone (A) and
androgens (B) were 23 and 41, respectively. Fat scores were estimated from fat in the furcular hollow (scale of 0–3).
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proximate hormonal mechanisms by which condition affects
development of nuptial plumage coloration.

Condition manipulation did not generate the predicted change
in corticosterone levels. While this could suggest no effects on
the energetic allocation of treatment birds, it remains possible that
the lack of effect arose because our condition enhancement did not
necessitate hormonal compensation as would be expected for con-
dition reduction [24] or because small sample sizes limited our sta-
tistical power. Contrary to the notion that androgen levels are
constrained through a negative relationship with corticosterone
[13], our results suggested no relationship between these hor-
mones prior to or during molt. The lack of a negative relationship
during molt suggests these hormones interact little during the crit-
ical window of trait determination and may explain the lack of a
relationship between plumage coloration and corticosterone
among non-manipulated molting birds in this population (Lindsay
et al., unpublished data). Thus, at least in this species, there is little
evidence for a pathway by which condition affects androgens via
glucocorticoids to determine signal expression.

Despite previous demonstration of testosterone-dependence in
plumage coloration of this species [20], effects on trait expression
in our study do not appear to be strongly tied to circulating andro-
gen concentrations. The most parsimonious explanation for this is
simply that no relationship exists between condition and andro-
gens, and this is also suggested by the nonsignificant relationship
between condition and androgens in either the experiment or the
data from seasons 2004–2011. Nonetheless, we are hesitant to con-
clude strongly that there is no connection between condition and
androgens, considering the demonstrated co-dependence of plum-
age expression on both androgens [20] and condition (this study)
suggests some link between the two. Considering the lack of evi-
dence for condition-dependent androgen regulation, however, we
conclude that closer scrutiny may be needed to resolve the rela-
tionships among condition, androgens, and sexual signals.

Alternative explanations exist for the lack of an observed rela-
tionship between condition and androgens. First, it has been pro-
posed that androgen secretions might be constrained by
condition only when condition falls below some threshold [27],
and considering our feather-trimming enhanced, rather than wors-
ened, condition, many control birds might have remained above
this threshold value. Second, the causal relationship between con-
dition and androgens could be opposite the direction predicted,
with androgens influencing condition. This would not exclude
the possibility that condition also influences androgens, but simply
that such a pattern is obscured by the opposing relationship. This
explanation is supported by the enhanced condition of young
males implanted with testosterone in this species [20]. Finally, it
remains possible that our sampling scheme was unable to detect
transient yet important changes in androgen concentrations.
Regardless of which of the above scenarios (or combination of
scenarios) is acting, this experiment suggests the condition-depen-
dence of sexual signals is not necessarily mediated by a simple and
linear interplay between physiological condition and androgens.
The theoretical logic and simplicity of androgen-mediated condi-
tion-dependence has led to wide acceptance of this idea and pro-
duced a wealth of studies that rely on, yet rarely test, this
assumption [but see 27]. An alternative possibility is that physio-
logical, environmental, and genetic systems interact to produce
individual hormone levels and the resulting phenotype [17]. A
complete picture of the mechanisms involved requires the simulta-
neous consideration in these factors in a comprehensive model,
although the extensive data required for such an undertaking
leaves the issue unresolved. Until the mechanisms of condition-
dependence are unraveled, however, researchers should exhibit
caution in seeking simple explanations and rather examine multi-
ple proximate explanations for the maintenance of sexual signal
honesty.
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