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Abstract Elaborate and colorful feathers are important
traits in female mate choice in birds. Plumage coloration
can result from pigments deposited in feathers such as
carotenoids and melanins, or can be caused by nano-
scale reflective tissues (structurally based coloration),
usually producing ultraviolet (UV) coloration. Struc-
tural colorations remain the least studied of the three
most important feather colorations. Previous studies
have found a female preference for UV color in the
budgerigar, Melopsittacus undulatus, but it is not clear
what information this ornament conveys, nor what is the
possible cost associated with its production. We inves-
tigated possible correlations between immune response
and plumage color of wild-type (green) male budgeri-
gars. In particular we measured the wing web swelling
resulting from injection of phytohaemagglutinin (PHA).
We did not detect any correlation between the sedi-
mentation rate and morphological and color variables.
We found that UV chroma is the best predictor for the
cutaneous immune activity. Indeed, male budgerigars
with high UV reflectance in the breast feathers showed
stronger immune responses. These results are consistent
with the idea that UV colors are special signals con-
veying information about a bird’s condition.

Keywords Feather coloration Æ Ornaments Æ
Phytohaemagglutinin Æ Sexual selection Æ Structurally
based coloration

Introduction

Femalemate choice is an important driving force in sexual
selection (Darwin 1871). Females use various signals to

assess the quality of males, including sexual vocalizations,
behavioral displays, pheromones, and morphological
traits (Andersson 1994). For signals to contain reliable
information, they must be costly to produce and/or to
maintain (Zahavi 1975; Grafen 1990). Females may ben-
efit from mating with high-quality mates, because such
individuals may provide ‘‘direct’’ (e.g., territorial space
and the resources therein) or ‘‘indirect’’ (e.g., good genes)
benefits (see Andersson 1994). Whatever the benefit
gained, the most obvious cues used in mate-choice deci-
sion are plumage ornaments, such as long feathers and
brightly colored patches. Indeed, since Darwin (1871),
plumage of birds has been an important focus for many
evolutionary biologists interested in sexual selection.
Many studies of birds have provided evidence that females
can benefit by choosing amale according to the expression
of colorful plumage ornaments (e.g., Andersson 1994).
There is also increasing evidence that male mating pref-
erences are based on female plumage ornaments, sup-
porting the importance of plumage traits in sexual
selection (e.g., Jones and Hunter 1993; Griggio et al.
2005). Plumage coloration can result from pigments
deposited in feathers, such as carotenoids (giving feathers
yellow to red coloration), melanins (brown and black
coloration), or other pigments (such as are found in some
parrot feathers, Masello et al. 2004; McGraw and Nogare
2005). Other than pigments, the coloration of feathers can
be caused by nano-scale reflective tissues (structurally
based coloration), usually producing ultraviolet (UV) and
iridescent coloration (Gill 1995).

One of the most controversial issues in evolutionary
biology is the identification of costs of particular orna-
ments used in mate choice. Many hypotheses try to
answer the question: ‘‘Why should individuals have a
sexual preference for exaggerated or particular colored
traits?’’ Melanin-based ornamental colorations are under
social control: in a number of species, melanin-based
traits function as badges of social status (the ‘‘status sig-
nalling hypothesis’’ Rohwer 1975; Senar 1999; Hoi and
Griggio 2008). Moreover, recent studies suggest that
melanins may not be as inexpensive to produce as initially
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thought, and somelanin-based traits can be honest signals
(McGraw 2007). Indeed, these studies show that plumage
melanization is related to resistance to ectoparasites
(Roulin et al. 2001), to mating success (Parker et al. 2003)
and to environmental growth condition (Fargallo et al.
2007). Several studies indicate thatmelanin ornaments are
influenced by circulating testosterone and suggest that
melanin ornament size can act as a reliable indicator of
condition (reviewed in Jawor and Breitwisch 2003).

On the other hand, carotenoid-based ornaments cor-
relate with the different aspects of individual quality such
us parasite resistance, immunocompetence, and diet (for
a review see Olson and Owens 1998). In particular, these
pigments cannot be synthesized de novo but must be
obtained from the diet (Hudon 1994; Møller et al. 2000).
Carotenoids function as antioxidants and immunostim-
ulants (Chew 1996), so a trade-off in carotenoid alloca-
tion between maintenance and ornamentation has
therefore been hypothesized (Lozano 1994). In turn,
males in better condition should require fewer carote-
noids for maintenance (i.e., immune function) and
therefore be able to allocate a larger portion of their
limited carotenoid stores to ornamentation (see Hartley
andKennedy 2004 for a review). Indeed, several examples
of honest signaling in animals are based on carotenoid-
based ornaments (e.g., Hill 1991; Burley et al. 1992; Uller
et al. 2006; Griggio et al. 2007; Serra et al. 2007).

In birds, structural colorations remain the least
studied aspect of the three most important feather col-
orations, and they are largely unknown. Some studies
suggest that the expression of structural coloration re-
flects the nutritional condition of an individual at the
time of moult (Keyser and Hill 1999; Doucet 2002; but
see Prum 2006), or the moult duration (Griggio et al.
2009). For example, male nestlings of the blue tit, Parus
caeruleus, raised in reduced broods had higher UV
reflectance in the UV/blue tail feathers, more carotenoid
chroma and higher UV reflectance in the yellow breast
plumage than nestlings in enlarged broods (Siefferman
and Hill 2005). Others have suggested that UV colors
may signal developmental stability and so genetic qual-
ity of the individual (Fitzpatrick 1998; Andersson 1999),
but to our knowledge this idea remains untested.

UV colors have a relevant role in mate choice in
budgerigars, Melopsittacus undulatus, but the message
conveyed by this trait is not clear (Pearn et al. 2001,
2003; Zampiga et al. 2004). In particular, Zampiga et al.
(2004) found that preened males were more attractive to
females and that lack of preening decreased the UV
reflectance of breast feathers. Moreover, reflectance
from these feathers and female preference were elimi-
nated when the UV light was manipulated (Pearn et al.
2001). So it seems that UV reflectance from the breast
feathers could be involved in mate preference.

In this study we examined the possible relationship
between immunocompetence and plumage color of wild-
type (green) male budgerigars. We used sedimentation
rate as a measure of general health (Biard et al. 2006)
and response to a subcutaneous injection of phytohae-

magglutinin (PHA) as a measure of immunocompetence
(Martin 2005).

Methods

Body and color measurements

Three weeks before the experiment commenced, 40 male,
wild-type adult (1 year old) budgerigars were selected
randomly from four indoor aviaries and were placed in
indoor cages (50 · 50 · 50 cm). Water and food were
provided ad libitum before and during the experiment
(for more details see Griggio and Hoi 2006). No indi-
viduals were moulting during this study. Due to the
strong social behavior of this species, birds were caged in
pairs, and cages were arranged in such a way that birds
were not visually or acoustically isolated from the others.
Body mass (to the nearest 0.1 g), tarsus, and wing length
(to the nearest 0.1 mm) were measured (Svensson 1992).
The body condition was calculated by dividing bodymass
by (tarsus length)3; due to small values, the body condi-
tion indices were multiplied by 104 (e.g., Bókony et al.
2008). Commencement of breeding right after the exper-
iment suggests that housing conditions were appropriate
and that the birds were in a healthy condition.

The reflectance in the 300–700 nm range was mea-
sured with an Ocean Optics, Inc. USB 2000 spectrometer
and a deuterium–halogen source (DH–2000). The probe
was held at 45� to the feather surface (Griggio and Hoi
2006). A software package (Spectrawin 4.2) computed
reflectance spectra relative to a white reference tile (SW–
2). For each individual male, five measurements were
taken, removing the probe between each measurement.
We then averaged the five measurements for each male.

The reflectance spectrum of the breast is double
peaked: the first (usually smaller) peak being in the UV
(300–400 nm), and the second in the green–yellow (500–
600 nm). We quantified color using standard descriptors
of reflectance spectra: brightness, hue, chroma, UV
chroma, and green–yellow chroma. Mean brightness
was calculated as the mean summed reflectance (R300–

700 nm). Hue (k(Rmax)) was calculated as the wavelength at
peak reflectance. Chroma was calculated as the differ-
ence between the highest and lower reflectance divided
by the average reflectance ((Rmax–Rmin)/Raverage).
Green–yellow chroma was estimated as the proportion
of green–yellow reflectance on total reflectance (R500–

600 nm/R300–700 nm). UV chroma was calculated as the
proportion of the UV reflectance on total reflectance
(R300–400 nm/R300–700 nm). These indices have been used
in previous studies on birds (e.g., Hunt et al. 1999;
Sheldon et al. 1999; Griffith et al. 2003).

Sedimentation rate measure

To state the general current condition of health of male
budgerigars we measured the red blood cell sedimenta-
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tion rate. Blood cell sedimentation rate is useful for
detecting elevated levels of immunoglobulin and fibrin-
ogen. A high sedimentation rate is indicative of infec-
tions and inflammatory diseases (Sturkie 1986; Biard
et al. 2006). To measure sedimentation rate, we collected
blood samples in heparinized capillary tubes, which were
later placed upright in a refrigerator (4�C) for 4 h. Blood
samples were then centrifuged for 5 min at 2,600 · g.
Height of the red blood cell layer was measured and
sedimentation rate was measured as the amount of red
cells divided by the height of blood in the capillary
occupied by blood (controlling for volume).

Assessment of T-cell-mediated immunity

Cutaneous immune activity was tested by a standard-
protocol immunization with phytohaemagglutinin
(PHA, Sigma L-8754). The subcutaneous injection of
this plant lectin into the wing web induces a cell-medi-
ated immune response that causes a local swelling. This
test has been widely used in many captivity and field
studies on birds (Davison et al. 1996; see also references
in Martin et al. 2006 for a review of studies using this
technique) since it reflects the combined responses of T
cells, cytokines, and inflammatory cells. Each male was
injected with 0.2 mg of PHA in 0.1 ml of physiological
saline solution (PBS). Wing web thickness at the site of
injection was measured with a spessimeter to 0.01 mm
before injection and after 24 h. The immune response
index was calculated as the difference between thickness
after and before the injection. We injected the birds
3 weeks after they were placed in separate cages because
stress hormone release (e.g., birds exposed to vigorous
activity during capture phase) is a mediator of the sup-
pression of PHA responses (Ewenson et al. 2003).

Statistical analyses

We used forward stepwise regression to identify which of
the morphological (wing, body mass, tarsus measure-
ments, and body condition index) and color variables
(brightness, chroma, hue, UV chroma and green–yellow
chroma) explained the significant amounts of the vari-
ation in wing web swelling and sedimentation rate.
Statistical analyses were performed using SPSS v. 13.0
(Norušis 1993). Data were checked for normality, and

appropriate transformations were used when necessary.
All results are presented as mean ± standard error.

Results

Responses to PHA injection varied between males
(1.53 ± 0.08 range: 0.36–2.88; Fig. 1). UV chroma was
the only variable to enter the forward stepwise regres-
sion when wing web swelling was used as the dependent
variable (Table 1; Fig. 1). We did not detect any corre-
lation between sedimentation rate and morphological
and color variables (all P > 0.2). A negative correlation
was found between sedimentation rate (0.70 ± 0.01,
range: 0.56–0.79) and PHA response (Pearson correla-
tion: r = �0.346, P = 0.029, N = 40).

Discussion

Male budgerigars with high UV reflectance in the breast
feathers showed stronger immune responses. Matching
of captivity conditions (e.g., similar access to food) and
age of all males used in this study ensure that differences
in the quality of the individuals should not affect the
activation of the immune system.

Females and males can base their mate choice on
particular ornaments, such as exaggerated color traits.
Many studies have demonstrated that colored plumages

PHA-response (mm)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

U
V

 c
hr

om
a

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

0.26

0.28

Fig. 1 Relationship between the immune response to phytohae-
magglutinin (PHA response) and UV chroma

Table 1 Results of forward stepwise regression investigating the relationship between immune response (wing-web swelling in response to
PHA) and morphology and color indices from 40 male budgerigars

Wing Body
mass

Tarsus Body
condition

Brightness Chroma Hue UV
chroma

Gr–Yel
chroma

Mean (±SE) 10.71 (0.09) 43.20 (1.12) 16.10 (0.70) 103.84 (2.94) 34.70 (1.09) 2.35 (0.10) 527.12 (7.82) 0.19 (0.01) 0.72 (0.01)
Partial correlation �0.14 0.05 �0.25 0.13 0.08 0.09 �0.04 0.45 0.03
P value 0.39 0.78 0.13 0.41 0.65 0.59 0.81 0.003 0.87

Significant values are shown in bold
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based on melanins and carotenoids are reliable signals
correlating with aspects of individual quality such as
parasite resistance, immunocompetence, diet, and social
status (e.g., Lozano 1994; McGraw and Hill 2000;
Blount et al. 2003; Griffith et al. 2003; Griggio et al.
2007). The situation for the UV reflecting structural
colors is more controversial (see Prum 2006). We found
that in budgerigars, UV plumage coloration that is
known to have an important role in sexual selection
(Pearn et al. 2001; Zampiga et al. 2004) signals male
quality. In particular, the UV chroma is the best pre-
dictor for cutaneous immune activity. Our findings
suggest that females choosing a partner with a higher
UV reflectance should obtain a mate in good condition
(Andersson 1994).

Our results add strength to previous studies propos-
ing that UV colors are signals conveying information on
birds’ overall health (Doucet and Montgomerie 2003;
Jourdie et al. 2004; Mougeot et al. 2005; Soler et al.
2007). In satin bowerbirds, Ptilonorhynchus violaceus,
juveniles and females are greener than males, and the
plumage reflectance is bimodal, with peaks in both
the ultraviolet and green portions of the spectrum (as in
the wild-type budgerigars). It was found that juvenile
males exhibiting greater UV chroma had fewer blood
parasites. It was proposed that a structural color orna-
ment could signal the intensity of infection from blood
parasites (Doucet and Montgomerie 2003). Another
study suggesting UV chroma as an indicator of parasite
resistance is the one by Mougeot et al. (2005) on the red
grouse, Lagopus lagopus. They found that in both males
and females fewer nematode parasites, Trichostrongylus
tenuis, were predicted from brighter UV in combs.
However, in both of these studies, the quality of indi-
viduals was investigated in terms of parasite numbers
present in the blood. On the other hand, it has been
suggested that individual immune system efficiency such
as the genetic ability to respond against antigenic chal-
lenges can be a more appropriate measure of parasite
resistance than a simple blood parasite count (Apanius
1998; Møller et al. 2000). Up to now, there have been a
few studies investigating the individual immune response
in relation to UV coloration, mostly on fleshy traits. It
has been shown that in nestlings of both the common
starling, Sturnus vulgaris (Jourdie et al. 2004) and spot-
less starling, Sturnus unicolor (Soler et al. 2007), there is
a positive relationship between skin UV reflectance and
T-cell-mediated immune response. Another study con-
ducted on adult male king penguins, Aptenodytes pata-
gonicus, failed to find any significant correlation between
PHA immune response and the degree of UV reflectance
from the beak (Nolan et al. 2006). On the contrary, in
the mallard, Anas platyrhynchos, male bill UV reflec-
tance was affected by the investment in antibody pro-
duction consequent to immunization with sheep red
blood cells (Peters et al. 2004). One other experiment
testing the relationship between plumage coloration and
immune response was conducted on fledgling blue tits,
Cyanistes caeruleus (Peters et al. 2007). None of the

color parameters measured was related to cell-mediated
immune response (to PHA), humoral immune status and
parasitism. Another study that failed to support the
hypothesis that ornament expression signals quality in
terms of cell-mediated immunity is the one by Pärn et al.
on bluethroats, Luscina s. svecica (2005). They did not
detect any correlation between the extent of the throat
structural-based blue feathers and the swelling following
a PHA-challenge in females, but this kind of immune
response was strongly correlated with body condition.
Our study is therefore one of the first to find a positive
relationship between feather UV colors and individ-
ual immunocompetence. An experiment on immune
response during the moult would be necessary to con-
firm our results. It must be noted that green breast
coloration is a combined color containing both a yellow
pigment component and a blue structural component.
Future studies are necessary to understand the relative
value of these two components. Moreover, budgerigars
in captivity tend to be overweight, and this could be
partially responsible for the fact that we did not detect a
significant correlation between body condition and
response to PHA injection. Future studies in the wild are
necessary to confirm our results.

In conclusion, our study reveals that UV color is a
reliable indicator of immunocompetence in male bud-
gerigars. Our results seem to be in line with previous
studies that found a positive relationship between
structural plumage ornamentation and individual qual-
ity.
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