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Abstract Colour variation in birds is often used to signal
functional differences between individuals and sexes,
though white plumage has usually been disregarded
because white feathers were thought to be cheap to produce
and hence unreliable signals. Here, we provide evidence
for sex-specific morphological and colour differences in
the strikingly patterned but apparently monomorphic Dia-
mond Firetail (Stagonopleura guttata). We found that
males had longer and darker tails, wider lores and a darker
bill, while females had significantly more white flank spots.
These gender-specific trait differences could be used to
signal individual quality in sexual or social interactions,
and hence we examined the correlation between these traits
and the cell-mediated immune response (phytohaemag-
glutinin, PHA test). During both the breeding and non-
breeding seasons, we found a positive correlation between
PHA response and white flank spot number as well as their
ultra-violet reflectance in females, and a negative correla-
tion with white chroma and hue. In males, there was a
positive correlation between PHA response and red rump
reflectance (hue, red-chroma). There was no association
between PHA response and either tail length or lore depth
in either sex. These results add to a growing body of
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evidence that female spot number and white plumage
reflectance signal quality.
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Zusammenfassung

Anzahl und Farbton der weiBlen Seitenflecken als
Indikator der Kkutikuliren Immunantwort von Dia-
mantfinken (Stagonopleura guttata)

In vielen Vogelarten dienen Farbmerkmale dazu funktio-
nale Unterschiede zwischen Individuen und Geschlechtern
zu signalisieren. Weille Gefiederfarben sind in diesem
Kontext selten untersucht worden, da angenommen wird,
dass die Produktion weiler Federn mit geringen Kosten
verbunden ist und somit ein unzuverldssiges Signal
darstellt. In der vorliegenden Studie beschreiben wir
geschlechtsspezifische Unterschiede in Morphologie und
Farbung des auffallend bunten, sexuell monomorphen
Diamantfinken (Stagonopleura guttata). Minnchen bes-
aen lingere und dunklere Schanzfedern, breitere dunkle
Streifen zwischen Auge und Schnabel und einen dunkleren
Schnabel, wihrend Weibchen eine signifikant grofere
Anzahl weiller Seitenflecken aufwiesen. Da diese Merk-
male in sexuellen oder sozialen Interaktionen genutzt
werden konnen untersuchten wir den Zusammenhang
zwischen ihnen und der zellbasierten Immunantwort
(Phytohaemagglutinin, PHA test). Sowohl innerhalb als
auch auBlerhalb der Brutsaison fanden wir eine positive
Korrelation zwischen der PHA-Antwort und der Anzahl
der weiBlen Flecken sowie der UV-Fiarbung der Weibchen.
Die Korrelation mit Farbsittigung und Farbton der weiflen
Flecken war signifikant negativ. Bei den Ménnchen zeigte
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sich eine positive Korrelation zwischen PHA-Antwort und
roter Farbung (Farbsittigung und Farbton) des Biirzels. In
beiden Geschlechtern fanden wir keinen Zusammen-
hang zwischen der Linge der Schwanzfedern oder der
Breite des Kopfstreifens und der PHA-Antwort. Diese
Ergebnisse erweitern unser Wissen iiber den Gebrauch von
Fleckenmuster und weiler Gefiederfarbe als weibliches
Qualitdtsmerkmal.

Introduction

Colour variation is a widespread phenomenon in birds and
its evolution and adaptive function has been hotly debated
since Darwin (reviewed in Cronin 1991). Colour variation
is often correlated with sex and age (Butcher and Rohwer
1989), and hence birds may use visual cues to recognise
the sex and maturity of conspecifics. Colour may also
signal functional differences in quality that can be used to
discriminate between potential partners and rivals, and
hence optimise mate choice (McGraw and Ardia 2003;
Bortolotti et al. 2006; Senar 2006, Amundsen and Pirn
2006; Clutton-Brock 2007). Curiously, despite the apparent
advantages of having colour signals that can be used to
discriminate between the sexes, over 50 % of bird species
are monomorphic in appearance (Griffiths et al. 1998;
Heinsohn et al. 2005). Yet this apparent similarity in the
sexes may be deceptive because birds have a broader visual
spectrum and can detect cues invisible to humans (Cuthill
et al. 2000; Eaton 2005). Hence, species of birds that
appear monomorphic to humans may well be dimorphic to
their conspecifics, and use subtle variations in their plum-
age as both species-specific signals and for communication
within and between the sexes.

Colour variation may also be a reliable indicator of the
general health of an individual (Jawor and Breitwisch
2003; Hill and Montgomerie 1994), whereby brighter
plumage and integumentary colour (bill, legs, skin and
comb) have been correlated with better nutritional condi-
tion (Doucet 2002; Griffith and Pryke 20006), fewer para-
sites (Zuk et al. 1990; McGraw and Hill 2000; Mougeot
et al. 2005) or a stronger immune response (Linvelle and
Breitwisch 1997; Saks et al. 2003; McGraw et al. 2006;
Jacquin et al. 2011). Most research on feather colouration
has concentrated on melanin-based ornaments (Evans et al.
2000; Griggio and Hoi 2010; for a review, see McGraw
2006), carotenoid-based ornaments (Lonzano 1994; Hill
2002; Griggio et al. 2009a; for a review, see Hill 2006),
and structural colouration (Doucet 2002; Siefferman and
Hill 2005; Griggio et al. 2009b, 2010). In contrast, white
plumage patches have been little studied even though they
are present in many birds with different grades of
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expression and conspicuousness. In part, white patches
have been little researched because the keratin of unpig-
mented feathers is structurally achromatic and such orna-
ments were considered cheap to produce (Torok et al.
2003; Prum 2006). However, there is growing evidence
that white patches have a cost and therefore a potential
function as an honest signal (Hoglund and Lundberg 1987;
Part and Qvarnstrom 1997; Kose and Mgller 1999; Kilp-
imaa et al. 2004; McGlothlin et al. 2007; Griggio et al.
2011). For example, white feathers are costly in Barn
Swallows (Hirundo rustica) because feather lice are more
frequent on feathers without melanin and these unpig-
mented feathers are more likely to break (Kose and Mgller
1999). Similarly, experimentally manipulating the diet of
Dark-eyed Juncos (Junco hyemalis) has shown that they
develop larger and brighter white patches when they have a
high-protein diet (McGlothlin et al. 2007). Hence, in at
least some species, it is clear that white plumage patches
are costly to produce and maintain and could function as
reliable signals of phenotypic quality.

Moreover, the majority of studies investigating the cost
and possible function of plumage ornaments have largely
focused on male ornaments, and there has been little
research into females, especially in species in which the
sexes are apparently equally ornamented (reviewed in
Clutton-Brock 2009). In addition, there are only a few
recent studies investigating the role of a white plumage
patches as indicators of female quality (Velando et al.
2001; Potti and Merino 1996; Morales et al. 2007; Hanssen
et al. 2009).

Our study species is the Diamond Firetail (Stagonople-
ura guttata), an endemic Australian estrildid finch that is
notoriously difficult to sex in the hand (Higgins et al.
2006). Both sexes have a conspicuous plumage character-
ised by a red bill, black lores and breast band. The species
derives its name from the conspicuous red rump and a
striking pattern of white spots (diamonds) on black flanks.
The carotenoid-based hue of the bill is a responsive and
reliable short-term indicator of carotenoid concentration
that supplements the longer-term signalling of the feathers
(Stirnemann et al. 2009). We have previously shown that
the number of white flank spots varies between individuals
and is correlated with female (but not male) social status
and dominance during feeding contests (Crowhurst et al.
2012). Exposure of the white spots also varies with
behavioural context (resting, feeding, displaying) and with
the intensity of behavioural interactions (Dunbar 2008;
personal observation). The aim of this study is to identify
which sexually dimorphic traits could be an expression of
individual condition. First, we identify morphological or
colour traits that are dimorphic; and second, we compare
individual variation in these traits with immune activity,
measured as the skin swelling to a phytohaemagglutinin
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(PHA) test; this skin reaction is thought to provide infor-
mation about the cell-mediated immune response (Tella
et al. 2008). For the PHA response, we focus our analyses
in particular on the role of variation in white spot number
for response intensity.

Methods
Study species

The Diamond Firetail is a small (~17 g) estrildid finch
that occurs in woodlands and open forest of temperate,
semi-arid and arid areas of south—eastern Australia (Hig-
gins et al. 2006). It is primarily granivorous and may
consume the seeds of introduced grasses that have replaced
native plants in much of its range (Read 1994). Since the
1980s, habitat loss has drastically reduced Diamond Fire-
tail populations, and it is now nationally listed as near
threatened (Garnett and Crowley 2000; Ford et al. 2001;
Garnett et al. 2011).

Few field studies are available, and little is known about
Diamond Firetail breeding or morphological variation in
the wild (O’Gorman 1980; Higgins et al. 2006; McGuire
and Kleindorfer 2007). Most of what is known about
Diamond Firetails is based on observations by aviculturists
(O’Gorman 1980, 1981; Higgins et al. 2006). The finches
are socially monogamous and breed in pairs from August
to February (O’Gorman 1981). The male courts the female
with an elaborate display that usually involves bobbing on
a branch while holding a piece of green grass. Both adults
usually build the bottle-shaped nest, and females lay 3-7,
but usually 4-5, eggs (Higgins et al. 2006). Both parents
incubate and feed nestlings and fledglings (Higgins et al.
2006). Juveniles acquire their adult plumage at ~10-14
weeks in warmer climates and ~ 16-20 weeks in cooler
climates; males acquire their mature plumage earlier than
females (O’Gorman 1980). Both sexes have red rump
feathers, black lores, black breast bands and, usually, >20
white flank spots (Higgins et al. 2006). Aviculturists assess
the sex of the birds using bill colouration during the
breeding season when male bills are described as “almost
purple” and female bills as “coral pink” (O’Gorman 1980;
Higgins et al. 2006).

Morphological measurements

We measured morphological features of captive finches: 36
males and 33 females at the Adelaide Zoo in 2006, 2007,
and 2009, and 42 males and 36 females in aviaries at
Flinders University between 2009 and 2011. We also
measured wild finches: 14 males and 17 females caught at
Monarto Zoological Park (35°8'S, 139°8’E) and 10 males

and 6 females at Sandy Creek Conservation Park (34°36'S,
138°51'E) in South Australia between 2004 and 2009.
Thus, the total sample size was 102 males and 92 females.
We measured six morphological traits using a digital
calliper (Mitutoyo, Japan) to the nearest 0.1 mm: (1) bill
length (bill tip to the base of feathers); (2) flattened
wing length; (3) tail length (middle tail feather); (4) tarsus
length; (5) breast band width (measured at rest, with the
bird in an upright position); and (6) left and right lore
width. We also measured the mass (g) with an electronic
scale (EEA digital Scale, T200; Diamond Systems) to the
nearest 0.1 g. All measurements were made by S.K. to
eliminate measurement variation between researchers.
Each bird was individually marked with an Australian Bird
and Bat Banding Scheme alloy identification band and a
unique combination of plastic colour bands.

Bill and plumage colouration

We measured bill and feather colouration from 62 birds (31
males, 31 females) from the Flinders University captive
population in October 2010. We decided to examine sex
differences during the breeding season when they are most
apparent, and when these differences have most commonly
been observed by aviculturists. We measured colour vari-
ables from four body regions: bill (red), rump feathers
(red), and left flank spots and right flank spots (white). We
measured the entire colour range (300-700 nm) using an
Ocean Optic USB4000 spectrometer connected to a bifur-
cated fibre optic probe and an Ocean Optics LS-1 tungsten
halogen light source. All the colour measurements were
done on the same day, in a closed room with artificial
dimmed light, so that the ambient light in the room was
constant through all the measurements. Measurements
were calibrated using a 99 % diffuse white-standard ref-
erence tile (WS-2) subtracting the black current (electro-
magnetic disturbance) from the spectrum using SpectraWin
software (Top Sensor Systems, Eerbeek, Netherlands).
Calibration was performed before each individual. For each
bird, we took three measurements for each of the four
regions, removing the probe between each measurement
and averaging the three scores per area. Readings were
measured with a black reference pad beneath the feathers to
exclude light reflectance from alternate sources; the probe,
including a probe tip to reduce ambient light interference,
was held at 90° and 2 mm above the focal feather. From
the resulting reflectance spectra, we quantified colour using
five main standard indices: (1) hue; (2) brightness; (3)
chroma; (4) red-chroma; and (5) UV-chroma (Montgom-
erie 2006). Mean brightness was calculated as the mean
summed reflectance (R3p9_700 nm)- Hue (Arso) was calcu-
lated as the wavelength halfway between the highest
reflectance point and the lowest reflectance point
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[Ars0 = (ARmax—~ArRmin)/2]. Chroma was calculated as the
difference between the highest and lowest reflectance
divided by the average reflectance [(Rmax—Rmin)/Raveragel-
UV-chroma was calculated as the proportion of the UV
reflectance on total reflectance (R300-400 nm/R300-700 nm)-
Red-chroma was calculated as the percentages of total light
reflected in the range 575-700 nm.

Spot number

Flank spot numbers on the left and the right sides of 161
individuals (84 males, 77 females) were counted at the time
of banding, both from the two captive populations (Flinders
University and Adelaide Zoo) and the wild populations
(Monarto Zoological Park and Sandy Creek Conservation
Park). To assess the possible effect of age on spot number,
we compared spot number in 22 males and 14 females that
were measured in 2009 and 2010 (of these, we also have
measurements of 9 males and 6 females in 2011) at Flin-
ders University.

Molecular sexing

Birds were genetically sexed. A blood sample of 0.01 ml
was collected from each bird by jugular venipuncture using
a 0.5-ml syringe (29 G'%%”, 0.33 x 12.7 mm) (Campbell
1995). The blood sample was stored on FTA paper
(Whatman International, Cambridge, UK) and the sex was
identified using molecular markers (DNA Solutions Lab-
oratory, Melbourne) (Griffiths et al. 1998).

PHA response in captivity

The phytohaemmaglutin (PHA) response was used to
estimate the T cell-mediated immune response (Salvante
2006; Tella et al. 2008). This test is commonly used in
captive and wild birds (Kennedy and Nager 2006; Ardia
and Schat 2008). Nevertheless, we are aware that the use of
the PHA test as a measure of the activation of the cellular
immune system has been questioned for many years, and
some studies suggest that the reaction caused by the
injection could just be a non-specific inflammatory
response without T cell involvement (Martin et al. 2006;
Sarv and Horak 2009; Vinkler et al. 2012). Aware of these
reservations, but in line with many studies that use the PHA
response and make a case for the validity of the test in
avian research, we use the PHA test as a measure of
immune response; we refer to the response as the PHA
response rather than the immune response. The PHA test
was undertaken at Flinders University on 28 captive birds
(15 males, 13 females) at the onset of the breeding season
(October 2010), and on a different group of 48 captive
birds (25 males, 23 females) during the non-breeding
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season (April 2011). Each bird was injected in the left wing
web with a 0.04-ml sample of a 5-mg solution of PHA in
1 ml physiological saline solution (PBS), equivalent to
0.2 mg PHA. If there is a response to the injected PHA, the
skin will swell locally. We measured this swelling with a
pressure sensitive spessimeter (accurate to 0.01 mm;
Mitotoyo, Kawasaki, Kanagawa, Japan) before the injection
and 24 h later, using the average of three measurements in
each case. The difference between the initial and final wing
web thickness was used as an index of the PHA response
(Smits et al. 1999). We counted spot number and measured
bill and feather colouration 1 day after the PHA test during
both breeding and non-breeding seasons, and used the
respective spot number and colours indices in the correla-
tion analysis. To test for an association between plumage
or bill colouration and the PHA response, we entered the
different colour indices (chroma, red-chroma, UV-chroma,
hue and brightness) into a principal components analysis to
identify the indices that best explained the variation in each
sex and season separately.

Body condition and feather lice in the field

If colour traits are honest signals of individual quality, then
we predict a correlation between spot number and fitness
parameters such as body condition and the prevalence of
ectoparasites. Such differences in individual quality are
likely to be more pronounced in wild finches because,
unlike the captive birds, they are not supplied with
ad libitum food and water, and they are more likely to
encounter ectoparasites. Between 2004 and 2006, 28 wild
individuals (12 females and 16 males) were sampled at
Sandy Creek Conservation Park. We took standard mor-
phological measurements (bill length feather, flattened
wing length, tail length, tarsus length, mass), manually
counted the flank spot number and recorded the presence or
absence of ectoparasitic feather lice.

Ethical note

All procedures followed the Guidelines for the Use of
Animals in Research (Flinders University), the legal
requirements of Australia, and were approved by the Ani-
mal Welfare Committee of Flinders University (permit
E235). The PHA injections were given 48 h after the birds
were moved from the common aviaries to single cages to
limit possible stress caused by capture; it has been shown
that stress hormones can lead to suppressed PHA response
(Ewenson et al. 2003). The PHA test did not have any
measurable adverse effects on the birds, as they fed within
30 min after treatment. Birds remained in single aviaries
for 24 h after the PHA treatment to reduce possible stress
from social interactions in the common aviary.
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Statistics

SPSS 18.0 for Windows was used for statistical tests with
summary statistics presented as means == SE. We used
MANOVA to compare morphological variables in relation
to sex and to compare colour indices from bill, spots and
rump feathers between males and females. We used for-
ward stepwise multiple regression analyses to separately
test the relationship between the variation in PHA response
(dependent variable) and the traits showing sexual dimor-
phism (tail length, lore width, spot number) and the rela-
tionship between PHA response and colour variables for
each season. We took three measurements per trait; we
have previously shown high repeatability of both colour
measurements and the PHA response per bird (Stirnemann
et al. 2009).

Results
Morphological measurements

We compared all morphology variables between the
sexes using MANOVA, and found significant differences
(Fo,126 = 3.569, P < 0.001; Wilks” Lamba = 0.745; par-
tial eta square = 0.25). Specifically, males had longer tails
and wider lores than females (Table 1).

Bill and plumage colouration

We compared all colour indices between the sexes using
MANOVA, and found significant differences (Fi344 =
6.114, P < 0.001; Wilks’ Lamba = 0.356; partial eta
square = (0.64). Males had higher values of bill hue, bill
chroma, rump hue, rump chroma, and rump red-chroma;

only the bill spectrum was bimodal, with peaks in the UV
(300400 nm) and red (575-700 nm). Flank spot feathers
showed similar spectra between the sexes (Table 2). Also,
spot number did not differ significantly between the right
and left flank in either sex (Table 2).

Spot number

Spot number differed significantly between the sexes
(Table 1). Females had more spots than males, but there
was overlap between the sexes (Fig. 1). We tested for a
correlation between spot number and body condition (the
residuals of mass against tarsus length) and found no sig-
nificant correlation in either sex (Pearson correlation:
males, r = —0.01, P = 0.957, n = 68; females, r = 0.23,
P = 0.060, n = 67). There was no significant difference in
spot number between captive or wild populations. To test
this, we compared the total spot number between the
combined population of captive finches held at Adelaide
Zoo and Flinders University and the combined wild pop-
ulations at Monarto Zoological Park and Sandy Creek
Conservation Park (ANOVA: F 159 = 0.17, P = 0.678).

Spot number did not change significantly across years
(2009 and 2010) in males (paired ¢ test: Year 1: 56.68 +
2.53; Year 2: 59.59 & 2.034; t,; = —1.97, P = 0.061) or
females (paired ¢ test: Year 1: 63.21 & 2.67; Year 2:
65.29 £+ 1.94; t;3 = —0.75, P = 0.47). For a subsample of
15 individuals, we could test the difference in spot number
over three consecutive years (2009, 2010, and 2011) and
again, found no significant difference in males (n = 9) or
females (n = 6) (Friedman Test: males, y> = 0.76, P =
0.682; females, 12 = 3.00, P = 0.220). There was no sig-
nificant difference in the residuals of the regression
between spot number in Year 1 and Year 2 for either sex
(P > 0.6).

Table 1 Morphology and spot number in male and female Diamond Firetails (Stagonopleura guttata)

Trait Male Female F daf P
Range Mean + SE Range Mean + SE

Bill length 8.7-13.9 11.15 +£ 0.10 8.7-12.8 10.92 £+ 0.09 1.02 133 0.314
Wing length 61-71 66.23 + 1.16 61-70 659 £+ 1.83 1.62 133 0.205
Tail length 3043 39.61 £0.23 34-46 38.72 £ 0.23 5.17 133 0.025
Tarsus 15.4-19.0 17.17 £ 0.73 13.9-19.8 16.88 £ 0.09 3.50 133 0.063
Mass 14-28 18.33 £ 0.20 16-24 18.39 + 0.21 0.003 133 0.955
Breast band 7-23 13.31 £ 0.39 6.7-20.2 12.78 + 0.40 0.25 133 0.618
Lore width 3.75-5.90 4.82 + 047 3.65-5.63 4.61 + 0.05 9.26 133 0.003
N. Spot (left) 1644 27.82 £ 0.74 17-44 32.36 £+ 0.69 16.25 133 <0.001
N. Spot (right) 11-51 27.90 + 0.77 1845 32.68 £+ 0.66 21.25 133 <0.001
N. Spot (total) 33-93 55.63 + 1.40 36-83 65.04 + 1.26 21.48 133 <0.001

Statistical results are shown for a MANOVA test (male, n = 66; female, n = 69), with P values <0.05 shown in bold
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Table 2 Bill and feather colouration in male and female captive Diamond Firetails

Trait Male Female F df P
Range Mean + SE Range Mean + SE
Bill hue 620.46-648.52 634.50 + 1.33 594.39-641.54 620.38 + 2.05 34.34 56 <0.001
Bill brighteness 10.05-31.47 19.77 £ 0.95 11.70-27.07 18.32 £ 0.73 0.75 56 0.391
Bill chroma 0.66-1.85 1.10 + 0.05 0.49-1.46 0.92 + 0.04 6.32 56 0.015
Bill UV-chroma 0.17-0.23 0.21 + 0.03 0.19-0.24 0.21 £+ 0.02 0.51 56 0.480
Bill red-chroma 0.37-0.49 0.42 £+ 0.01 0.38-0.48 0.42 + 0.01 0.004 56 0.950
Spot hue 326.45-344.77 334.37 £+ 0.88 325.18-347.98 336.16 + 1.05 1.46 56 0.231
Spot brightness 28.29-46.81 36.83 + 0.92 27.012-43.99 34.61 + 0.78 3.51 56 0.066
Spot chroma 0.48-0.95 0.75 £ 0.02 0.51-1.01 0.75 + 0.07 0.09 56 0.763
Spot UV-chroma 0.16-0.22 0.19 + 0.01 0.16-0.21 0.19 + 0.01 0.18 56 0.671
Rump hue 606.69-618.55 611.38 & 0.54 595.55-617.60 607.08 &+ 1.01 8.89 56 0.004
Rump chroma 2.93-4.14 3.72 £ 0.05 2.35-3.94 3.44 £+ 0.07 10.02 56 0.003
Rump red-chroma 0.75-0.93 0.88 + 0.01 0.69-0.093 0.85 + 0.01 7.36 56 0.009
Statistical results are shown for a MANOVA test (male, n = 30; female, n = 28), with P values <0.05 shown in bold
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Fig. 1 Spot number on the right and left flanks of male (open circles)
and female (black circles) Diamond Firetails (Stagonopleura guttata)

PHA response in captivity

For experimental birds used in the PHA test, there was no
significant difference in spot number between the breeding and
non-breeding season (ANOVA: season: F; 7, = 0.003, P =
0.96; sex x season: Fy 7, = 3.47, P = 0.067). However, as
expected, spot number was significantly different between the
sexes for the two experimental groups, with females having
more spots (sex: Fy 7o = 4.97, P = 0.029). The PHA response
was comparable between males and females, and there was no
significant effect of season (ANOVA: sex: Fj7, = 0.16,
P = 0.69; season: F;7, = 0.03, P = 0.863; sex x season:
Fy7, =0.035, P = 0.851).

We compared PHA response in relation to tail length,
lore width, and spot number (dimorphic traits) during the
breeding and non-breeding seasons. During the breeding
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Total spot number

Fig. 2 Relationship between PHA response and total spot number in
males (open circles, solid regression line) and females (black circles,
dashed regression line) during the breeding season. There was a
significant relationship for females (» = 0.69, n = 13, P = 0.009) but
not males (r = —0.06, n = 15, P = 0.821)

season, PHA response in females was predicted by spot
number (£ 1, = 10.01, r = 0.69, P = 0.009), but not by
tail length (r = —0.30, P = 0.336) or lore width (r = 0.20,
P = 0.539). In males, PHA response was not related to tail
length, lore width or spot number during either the
breeding season or the non-breeding season (Fig. 2). Dur-
ing the non-breeding season, PHA response varied with
spot number in females (Fj = 6.52, r =049, P =
0.018; but not tail length: » = —0.11, P = 0.617; or lore
width: r = —0.31, P = 0.166) (Fig. 3).

We used forward stepwise multiple regression to test
PHA response in relation to the PCA-derived colour vari-
ables (factor loadings and cumulative variance shown in
Tables 3 and 4) that were sampled from the bill, flank, spots
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Fig. 3 Relationship between PHA response and total spot number in
males (open circles, solid regression line) and females (black circles,
dashed regression line) during non-breeding season. There was a
significant relationship for females (r = 0.49, n = 23, P = 0.018) but
not males (r = 0.24, n = 25. P = 0.237)

and rump. During the breeding season, male PHA response
was positively correlated with PC1 scores for rump colour
(F113 = 6.60, r =0.58, P = 0.023) (Fig. 4) and female
PHA response was negatively correlated with PC1 scores
for spot colour (Fyi90= 697, r= —0.56, P = 0.025)
(Fig. 5). That is, males with a redder rump (higher hue and
red-chroma values) had a higher PHA response, and
females with higher UV reflectance of the white spots and
lower values of hue and chroma had a higher PHA response.
During the non-breeding season, there was no effect of any
colour variable on PHA response in males (F,g = 0.33,
P = 0.849) or females (F4c = 0.76, P = 0.584).

Body condition and feather lice in the field

Body condition (calculated as the residual of mass against
tarsus) was significantly related to total spot number

in females (Pearson correlation, r = 0.887, P < 0.001,
n=29), but not males (Pearson correlation, r = 0.368,
P =0.215, n = 12) (Fig. 6). Females with more white
flank spots had higher body condition. Birds were com-
monly infested with feather lice; there was no significant
difference in the prevalence of feather lice in females
(4 infested, 8 uninfested; 33 %) and males (9 infested,
7 uninfested; 56 %) (Friedman Test: }52 = 0317, P = 0.576).
There was also no significant relationship between feather
lice infestation and the total spot number (independent
t test: males, t = —0.51, P = 0.622: females, ¢t = 2.08,
P = 0.071), or body condition (independent ¢ test: males,
t = —0.50, P = 0.631: females, t = 0.87, P = 0.407).

Discussion

Our principal findings were: (1) evidence of sexual dimor-
phism in the apparently monomorphic Diamond Firetail; (2)
in captive females, PHA response was correlated with spot
number and spot colour; in captive males, PHA response was
correlated with rump colour; and (3) in a wild population,
female spot number was positively associated with body
condition. Some of the sex differences in morphological and
colour traits fit the standard expectation for species with
choosy females: namely, males are more ornamented in traits
that could signal quality and that could be used for female
mate choice (Andersson 1994; but see Watson and Simmons
2010). In this study, males had longer tails and wider lores
than females, and on average, males also had higher colour
reflectance (bill, rump, flank spots) and higher Rs, reflec-
tance and chroma (bill, rump). We also found that bills reflect
UV during the breeding season (there was no sex difference).
Notably, the sex differences in bill colour reflectance and bill
chroma corroborate the assessment of aviculturists in their
attempts to sex Diamond Firetails by ocular estimation
(O’Gorman 1980; Higgins et al. 2006).

Table 3 Unrotated factor loadings (component matrix) from principal components analysis (PCA) of the different colour indices of the bill,
flank spots and rump in male (n = 15) and female (n = 13) Diamond Firetails during the breeding season

Males Females

Bill Flank spots Rump Bill Flank spots Rump

PC1 PC2 PC1 PC2 PC1 PC2 PCI PC2 PC1 PC2 PC1 PC2

61 % 252 % 67.8 % 29 % 70.6 % 253 % 61.4 % 22.7 % 58.5 % 71 % 26.1 %
Chroma 0.94 0.90 0.39 0.99 0.96 0.89 0.98
UV-chroma —-0.78 0.35 —-0.97 n.a. n.a. —0.87 —0.98 n.a. n.a.
Red-chroma 0.95 n.a. n.a. 0.97 0.90 n.a. n.a. 0.91 0.37
Hue 0.95 0.92 0.93 0.76 0.71 0.95
Brightness -0.78 0.37 —-0.32 0.93 0.98 0.98 0.91

Percentage values indicate cumulative variance for each component. Loadings below 0.20 are not reported

n.a. not available
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Table 4 Unrotated factor loadings (component matrix) from the principal components analysis (PCA) of the different colour indices of the bill,
flank spots and rump in male (» = 13) and female (n = 12) Diamond Firetails during the non-breeding season

Males Females
Bill Flank spots Rump Bill Flank spots Rump
PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2
63.8 % 46.9 % 42.5 % 74.8 % 59.3 % 20.7 % 70.4 % 81.2 %
Chroma 0.98 —-0.97 0.95 0.90 0.93 0.99
UV-chroma —0.86 0.81 0.54 n.a. n.a. —0.91 —0.72 n.a. n.a.
Red-chroma 0.95 n.a. n.a. 0.81 0.86 n.a. n.a. 0.97
Hue 0.91 0.82 0.57 0.62 0.92 0.73
Brightness —0.64 0.52 —0.76 0.87 —0.50 0.71 —-0.76 0.89
Percentage values indicate cumulative variance for each component. Loadings below 0.20 are not reported
n.a. not available
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Fig. 4 Relationship between PHA response and PC1 rump reflec-
tance scores in males during the breeding season (r = 0.58, n = 15,
P =0.023)
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reflectance of white flank spots) in females during the breeding season
(r=-0.56,n =13, P = 0.027)
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Fig. 6 Relationship between body condition and total spot number in
males (black circles, solid regression line) and females (open circles,
dashed regression line) in a wild population. Body condition was
calculated as the residual of mass against tarsus. There was a
significant relationship for females (r = 0.89, n = 9, P < 0.001) but
not males (r = —0.37, n = 13, P = 0.215)

A previous experimental study—involving carotenoid
depletion—showed that the bill colour of Diamond Fire-
tails in the visible range (400-700 nm) was dependant on
carotenoids, and males with brighter bills had higher PHA
response than duller individuals (Stirnemann et al. 2009).
We were unable to repeat this finding in either the breeding
or non-breeding season, possibly because birds were not
carotenoid depleted; in this study, bill colouration was not
related to PHA response. Carotenoids deposited in the bill
are defined as mobile carotenoids because they can be
easily displaced to activate the immune system and scav-
enge free-radicals to protect tissues from oxidative damage
(Goodwin 1986; McGraw and Ardia 2003; McGraw et al.
2006). Thus, in the 24 h following the injection of PHA,
there may have been a rapid reallocation of carotenoids
from the bill leading to a decrease in carotenoid-based
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colouration (Faivre et al. 2003) and plasma carotenoid
levels (Biard et al. 2009). Carotenoids deposited in the
feathers are fixed and cannot be mobilised or rapidly
changed. We suggest that plumage colouration is a more
reliable signal of the immune function. Indeed, we showed
that males with redder rumps, a carotenoid-based plumage
(McGraw and Schuetz 2004), had a stronger PHA response
during the breeding season, which concurs with the find-
ings in other species that individuals with brighter carot-
enoid-based plumage usually have a higher PHA response
or stronger response to parasite infection (Saks et al. 2003;
Blount et al. 2003; Mougeot et al. 2009).

Contradicting the convention of more ornamented
males, female Diamond Firetails had more flank spots than
males. This finding concurs with previous research show-
ing that female birds are generally more spotted than males
(Roulin 2003; Swaddle and Witter 1995). Significantly, we
found that spot number did not vary with age, which rejects
the explanation that sex-related annual mortality explains
the finding of sex differences in spot number. But there
were sex differences in PHA response: females with more
flank spots had a higher PHA response, whereas males did
not. Perhaps spot number is a reliable cue for the individual
quality of females, as found in other studies. For example,
in Common Starlings (Sturnus vulgaris), females with
more spots on their breasts during the breeding season had
earlier ovarian development and thus laid clutches earlier
in the season (Swaddle and Witter 1995). Similarly, female
Barn Owls (Tyto alba) with more black spots had higher
parasite resistance (Roulin et al. 2001) and their offspring
had increased humoral immuno-competence (Roulin
2004). Our finding of a significant relationship between
spot number and PHA response in captive Diamond Fire-
tails is potentially confounded by the abundant food
resources and lack of predators and parasites in captivity.
Yet, we found that wild Diamond Firetails also showed a
positive and strong correlation between female spot num-
ber and body condition, supporting the idea that spot
number signals individual quality. Finally, we have previ-
ously shown, in experimental feeding trials, that female
Diamond Firetails with many spots win food contests in
social dominance trials, whereas male spot number was not
related to feeding dominance (Crowhurst et al. 2012).

We address the colour characteristics of the white spots
to gain more insight into their possible signalling function.
Previous research tended to view white spots as structural
achromatic plumage that is cheap to produce and maintain
(Torok et al. 2003; Prum 2006). But we show here that
birds with white spots, that had high UV reflectance, low
chroma and low hue, had a higher PHA response. This
association between white plumage and individual quality
has been found in few other species. Female Common
Eiders (Somateria mollissima) with fewer white feathers

did not respond to a diphtheria toxoid immune challenge
(Hanssen et al. 2006). Similarly, in the South Polar Skua
(Catharacta maccormicki), the whiteness of the male wing
patch was positively related to the response against tetanus
(Hanssen et al. 2009). However, these studies only con-
sidered brightness, chroma and hue, while here we also
showed that females with a higher UV reflectance during
the breeding season had a higher PHA response. To our
knowledge, this is the first evidence that white UV-chroma
correlates with the PHA response, and therefore possibly
individual quality in females.

Perhaps the expression of white spots is under genetic
control and is not a condition-dependent trait. A genetic
mechanism for black spot number has been shown in Barn
Owls (Roulin et al. 1998, 2000). Such a genetic mechanism
for the expression of white spots could have pleiotropic
effects on immunocompetence and other aspects of condi-
tion. If white spot number is genetically determined, then
what maintains variation in spot number in the population?
Why is there not extreme directional selection for males and
females with many spots? One hypothesis to explain the
observed variation in spot number (between individuals and
sexes) is that birds with low or high spot number, for
example, pursue different behavioural strategies during
foraging or social contexts, and that a mix of strategies
confers higher individual fitness payoffs (Roulin 2004;
Mckinnon and Pierotti 2010). Our measurements showed no
difference across years in adult birds. But spot number
could nonetheless be a condition-dependent trait if the
variation results from stress during growth and develop-
ment—which needs to be experimentally tested between the
nestling to yearling phase. Finally, it is also possible that
spot number is highly heritable whereas UV-reflectance is
strongly condition-dependent (Badayaev et al. 2001; John-
sen et al. 2003). These ideas also require future testing.

In conclusion, we have shown that both the number and
reflectance of white flank spots correlate positively with
female PHA response during the breeding season. Both
cues could be signals of female quality. Further research
should test the “dual utility hypothesis” of white spots as
armament and ornament (Berglund et al. 1996; Griggio
et al. 2007). White flank spots can also be used in a
multiple signal system (Johnstone 1996; Badayaev et al.
2001), where number (size) and reflectance could indicate
different aspects of female quality. Variation in female
white spots could function in male mate choice as well
as in intrasexual feeding contests and social dominance
(Andersson et al. 2002; Doucet and Montgomerie 2003;
Wilson et al. 2010; Crowhurst et al. 2012). Finally, the
findings add support for a growing body of evidence that
white plumage ornaments can be a reliable cue of indi-
vidual quality (Morales et al. 2007; Hanssen et al. 2009;
Lehikoinen et al. 2010).

@ Springer



1242

J Ornithol (2012) 153:1233-1244

Acknowledgments We thank the Australian Research Council,
Adelaide Zoological Society, South Australian Department for
Environment and Heritage, and Conservation Council of South
Australia for funding. We thank the Adelaide Zoo for allowing us to
measure their captive birds. We thank David Paton for stimulating
discussion and assistance with observing and banding Diamond
Firetails at Monarto Zoological Park. We thank Wesley M.
Hochachka and two anonymous referees for their constructive and
helpful comments on a previous version of the manuscript. All pro-
cedures complied with the current laws of the country in which they
were performed and followed the Guidelines for the Use of Animals
in Research (Flinders University) and were approved by the Animal
Welfare Committee of Flinders University (permit E190 and E281).

References

Amundsen T, Parn H (2006) Female coloration: review of functional
and non-functional hypotheses. In: Hill GE, McGraw KIJ (eds)
Bird coloration, vol 2: function and evolution. Harvard Univer-
sity Press, Cambridge, pp 280-345

Andersson M (1994) Sexual selection. Princeton University Press,
Princeton

Andersson S, Pryke SF, Omborg J, Lawes MJ, Andersson M (2002)
Multiple receivers, multiple ornaments, and a trade-off between
agonistic and epigamic signalling in a widowbird. Am Nat
160:683-691

Ardia DR, Schat KA (2008) Ecoimmunology. In: Davison F, Kaspers
B, Schat KA (eds) Avian immunology. Academic, London,
pp 421-441

Badayaev AV, Hill GE, Dunn PO, Glenn JC (2001) Plumage color as
a composite trait: developmental and functional integration of
sexual ornamentation. Am Nat 158:221-235

Berglund A, Bisazza A, Pilastro A (1996) Armaments and ornaments:
an evolutionary explanation of traits of dual utility. Biol J Linn
Soc 58:385-399

Biard C, Hardy C, Motreuil S, Moreau J (2009) Dynamics of PHA-
induced immune response and plasma carotenoids in birds:
should we have a closer look? J Exp Biol 212:1336-1343

Blount JD, Metcalfe NB, Birkhead TR, Surai PF (2003) Carotenoid
modulation of immune function and sexual attractiveness in
zebra finch. Science 300:125-127

Bortolotti G, Blas J, Negro J, Tella J (2006) A complex plumage
pattern as an honest social signal. Anim Behav 72:423-430

Butcher GS, Rohwer S (1989) The evolution of conspicuous and
distinctive coloration for communication in birds. In: Power DM
(ed) Current Ornithology, vol 7, Plenum, New York, pp 51-108

Campbell TF (1995) Avian haematology and cytology, 2nd edn. Iowa
State University Press, lowa

Clutton-Brock T (2007) Sexual selection in males and females.
Science 318:1882-1885

Clutton-Brock T (2009) Sexual selection in females. Anim Behav
75:3-11

Cronin H (1991) The ant and the peacock. Cambridge University
Press, Cambridge

Crowhurst CJ, Zanollo V, Griggio M, Robertson J, Kleindorfer S
(2012) White flank spots signal feeding dominance in female
diamond firetails, Stagonopleura guttata. Ethology 118:63-75

Cuthill IC, Partridge JC, Bennet ATD (2000) Ultraviolet vision in
birds. Adv Stud Behav 29:159-214

Doucet SM (2002) Structural plumage coloration, male body size, and
condition in the blue-back grassquit. Condor 104:30-38

Doucet MD, Montgomerie R (2003) Multiple sexual ornaments in
satin bowerbirds: ultraviolet plumage and bowers signal different
aspects of male quality. Behav Ecol 14:503-509

@ Springer

Dunbar A (2008) Flank spot displays in the diamond firetail
(Stagonopleura guttata): evidence for signal function in social
contests? Honour’s thesis, Flinders University, Adelaide

Eaton MD (2005) Human vision fails to distinguish widespread
sexual dichromatism among sexually “monochromatic” birds.
Proc Natl Acad Sci USA 102:10942-10946

Evans MR, Goldsmith AR, Norris SRA (2000) The effects of
testosterone on antibody production and plumage coloration in
male house sparrows Passer domesticus. Behav Ecol Sociobiol
47:156-163

Ewenson E, Zann R, Flannery G (2003) PHA immune response assay
in captive zebra finches is modulated by activity prior to testing.
Anim Behav 66:797-800

Faivre B, Gregoire A, Preault M, Cezilly F, Sorci G (2003) Immune
activation rapidly mirrored in secondary sexual traits. Science
300:103

Ford H, Barrett G, Saunders D, Recher H (2001) Why have birds in
the woodlands of Southern Australia declined? Biol Conserv
97:71-88

Garnett S, Crowley G (2000) The action plan for Australian birds
2000. Environment Australia, Canberra

Garnett S, Szabo J, Dutson G (2011) The action plan for Australian
birds 2010. CSIRO Publishing, Melbourne

Goodwin TW (1986) Metabolism, nutrition, and function of carote-
noids. Annu Rev Nutr 6:273-297

Griffith SC, Pryke SR (2006) Benefits to females of assessing color
displays. In: Hill GE, McGraw KJ (eds) Bird coloration, vol 2,
function and evolution. Harvard University Press, Cambridge,
pp 233-279

Griffiths R, Double M, Orr K, Dawson R (1998) A DNA test to sex
most birds. Mol Ecol 7:1071-1075

Griggio M, Hoi H (2010) Only females in poor condition display a
clear preference and prefer males with an average badge. BMC
Evol Biol 10:261

Griggio M, Serra L, Licheri D, Monti A, Pilastro A (2007)
Armaments and ornaments in the rock sparrow: a possible dual
utility of a carotenoid-based feather signal. Behav Ecol Sociobiol
61:423-433

Griggio M, Devigili A, Hoi H, Pilastro A (2009a) Female ornamen-
tation and directional male mate preference in the rock sparrow.
Behav Ecol 20:1072-1078

Griggio M, Serra L, Licheri D, Campomori C, Pilastro A (2009b)
Moult speed affects structural feather ornaments in the blue tit.
J Evol Biol 22:782-792

Griggio M, Zanollo V, Hoi H (2010) UV plumage color is an honest
signal of quality in male budgerigars. Ecol Res 25:77-82

Griggio M, Valera F, Casas-Crivilleé A, Hoi H, Barbosa A (2011)
White tail markings as indicator of quality and affect mate
preference in rock sparrow. Behav Ecol Sociobiol 65:655-664

Hanssen SA, Folstad I, Erikstad KE (2006) White plumage reflects
individual quality in female eiders. Anim Behav 71:337-343

Hanssen SA, Bustnes JO, Tveraa T, Hasselquist D, Varpe @, Henden
JA (2009) Individual quality and reproductive effort mirrored in
white wing plumage in both sexes of south polar skuas. Behav
Ecol 20:961-966

Heinsohn R, Legge S, Endler JA (2005) Extreme reversed sexual
dichromatism in a bird without sex role reversal. Science
309:617-619

Higgins P, Peter J, Cowling S (eds) (2006) Handbook of Australian,
New Zealand and Antarctic Birds. Vol 7, Boatbill to starlings,
part B: Dunnock to starlings. Oxford University Press, Melbourne

Hill GE (2002) A red bird in a brown bag: the function and evolution
of colourful plumage in the house finch. Oxford University
Press, New York

Hill GE (2006) Environmental regulation of ornamental coloration in
bird coloration: mechanics and measurements. In: Hill GE,



J Omnithol (2012) 153:1233-1244

1243

McGraw KJ (eds) Bird coloration, vol 1, mechanisms and
measurements. Harvard University Press, Cambridge, MA,
pp 507-560

Hill GE, Montgomerie R (1994) Plumage colour signals nutritional
condition in the house finch. Proc R Soc Lond B 258:47-52

Hoglund J, Lundberg A (1987) Sexual selection in a monomorphic
lek-breeding bird: correlates of male mating success in the great
snipe Gallinago media. Behav Ecol Sociobiol 21:211-216

Jacquin L, Lenouvel P, Haussy C, Ducatez S, Gasparini J (2011)
Melanin-based coloration is related to parasite intensity and
cellular immune response in an urban free living bird: the feral
pigeon Columba livia. J Avian Biol 42:11-15

Jawor J, Breitwisch R (2003) Melanin ornaments, honesty and sexual
selection. Auk 120:249-265

Johnsen A, Delhey K, Andersson S, Kempenaers B (2003) Plumage
colour in nestling blue tits: sexual dichromatism, condition
dependence and genetic effects. Proc R Soc Lond B 270:
1263-1270

Johnstone RA (1996) Multiple displays in animal communication:
‘backup signals’ and ‘multiple messages’. Philos Trans R Soc
Lond B 351:329-338

Kennedy MW, Nager RG (2006) The perils and prospects of using
phytohaemagglutinin in evolutionary ecology. Trends Ecol Evol
21:653-655

Kilpimaa J, Alatalo RV, Siitari H (2004) Trade-offs between sexual
advertisement and immune function in the pied flycatcher
(Ficedula Hypoleuca). Proc R Soc Lond B 271:245-250

Kose M, Mgller AP (1999) Sexual selection, feather breakage, and par-
asites: the importance of white spots in the tail of the barn swallow
(Hirundo rustica). Behav Ecol Sociobiol 45:430-436

Lehikoinen A, Jaatinen K, Ost M (2010) Do female ornaments
indicate quality in eider ducks? Biol Lett 6:225-228

Linvelle S, Breitwisch R (1997) Carotenoid availability and plumage
coloration in a wild population of northern cardinals. Auk
114:796-800

Lonzano GA (1994) Carotenoids, parasites, and sexual selection.
Oikos 70:309-311

Martin LB, Han P, Lewittes J, Kuhlman JR, Klasting KC, Wikelski M
(2006) Phytohemagglutin-induced skin swelling in birds: histo-
logical support for a classic immunoecological technique. Funct
Ecol 20:290-299

McGlothlin JW, Joel W, Duffy DL, Henry-Freeman JL, Ketterson ED
(2007) Diet quality affects an attractive white plumage pattern in
dark-eyed juncos (Junco hyemalis). Behav Ecol Sociobiol
61:1391-1399

McGraw KJ (2006) Mechanics of melanin-based coloration. In: Hill
GE, McGraw KIJ (eds) Bird coloration. Vol 1, mechanism
and measurements. Harvard University Press, Cambridge,
pp 243-294

McGraw KJ, Ardia D (2003) Carotenoids, immunocompetence, and
the information content of sexual colors: an experimental test.
Am Nat 162:704-712

McGraw K1, Hill GE (2000) Differential effects of endoparasitism on
the expression of carotenoid-and melanin-based ornamental
coloration. Proc R Soc Lond B 267:1525-1531

McGraw KJ, Schuetz JG (2004) The evolution of carotenoid
coloration in estrilid finches: a biochemical analysis. Comp
Biochem Phys B 139:45-51

McGraw KJ, Crino O, Medina-Jerez W, Nolan P (2006) Effect of
dietary carotenoid supplementation on food intake and immune
function in songbird with no carotenoid coloration. Ethology
112:1209-1216

McGuire A, Kleindorfer S (2007) Nesting success and apparent nest-
adornment in diamond firetails (Stagonopleura guttata). Emu
107:44-51

Mckinnon JS, Pierotti MER (2010) Colour polymorphism and
correlated characters: genetic mechanisms and evolution. Mol
Ecol 19:5101-5125

Montgomerie R (2006) Cosmetic and adventitious colors. In:
Hill GE, McGraw K1 (eds) Bird coloration. Vol 1, mechanisms
and measurements. Harvard University Press, Cambridge,
pp 399-427

Morales J, Moreno J, Merino S, Sanz JJ, Tomas G, Arriero E, Lobato
E, Martinez-De La Puente J (2007) Female ornaments in the pied
flycatcher Ficedula hypoleuca: associations with age, health and
reproductive success. Ibis 149:245-254

Mougeot F, Redpath S, Leckie F (2005) Ultra-violet reflectance of
male and female red grouse, Lagopus lagopus scoticus: sexual
ornaments reflect nematode parasite intensity. J Avian Biol
36:203-209

Mougeot F, Pérez-Rodriguez L, Sumozas N, Terraube J (2009)
Parasites, condition, immune responsiveness and carotenoid-
based ornamentation in male red-legged partridge Alectoris rufa.
J Avian Biol 40:67-74

O’Gorman B (1980) A breeding study of the diamond firetail. Aust
Avic 34:13-19

O’Gorman B (1981) A prolonged field study of the diamond firetail.
Aust Avic 35:14-27

Part T, Qvarnstrom A (1997) Badge size in Collared Flycatchers
predicts outcome of male competition over territories. Anim
Behav 54:893-899

Potti J, Merino S (1996) Decreased levels of blood trypanosome
infection correlate with female expression of a male secondary
sexual trait: implications for sexual selection. Proc R Soc Lond B
263:1199-1204

Prum RO (2006) Anatomy, physic and evolution of structural colors.
In: Hill GE, McGraw KJ (eds) Bird coloration. Vol 1,
mechanism and measurements. Harvard University Press, Cam-
bridge, pp 295-353

Read J (1994) The diet of three species of firetail finches in temperate
South Australia. Emu 94:1-8

Roulin A (2003) Geographic variation in sexually selected traits: a
role for direct selection or genetic correlation? J Avian Biol
34:251-258

Roulin A (2004) Proximate basis of the covariation between a
melanin-based female ornament and offspring quality. Oecologia
140:668-675

Roulin A, Richner H, Ducrest AL (1998) Genetic, environmental, and
condition-dependent ejects on female and male ornamentation in
the barn owl Tyto alba. Evolution 52:1451-1460

Roulin A, Jungi TW, P¢ster H, Dijkstra C (2000) Female barn owls
(Tyto alba) advertise good genes. Proc R Soc Lond B 267:
937-941

Roulin A, Riols C, Dijkstra C, Ducrest A (2001) Female plumage
spottiness signals parasite resistance in the barn owl (Tyto alba).
Behav Ecol 12:103-110

Saks L, Ots I, Horak P (2003) Carotenoid-based plumage coloration
of male greenfinches reflects health and immunocompetence.
Oecologia 134:301-307

Salvante KG (2006) Techniques for studying integrated immune
function in birds. Auk 123(2):575-586

Sarv T, Horak P (2009) Phytohaemagglutinin injection has a long-
lasting effect on immune cells. J Avian Biol 40:569-571

Senar JC (2006) Color displays as intrasexual signals of aggression
and dominance. In: Hill GE, McGraw KJ (eds) Bird coloration.
Vol 2, function and evolution. Harvard University Press,
Cambridge, pp 87-137

Siefferman L, Hill GE (2005) Evidence for sexual selection on
structural plumage coloration in female eastern bluebirds (Sialia
sialis). Evolution 59:1819-1828

@ Springer



1244

J Ornithol (2012) 153:1233-1244

Smits JE, Bortolotti GR, Tella JL (1999) Simplifying the phytohae-
magglutin skin-testing technique in studies of avian immuno-
competence. Funct Ecol 13:567-572

Stirnemann I, Johnston G, Robertson J, Kleindorfer S (2009)
Phytohaemagglutin (PHA) response and bill-hue wavelength
increase with carotenoid supplementation in diamond firetails
(Stagonopleura guttata). Emu 109:344-351

Swaddle J, Witter M (1995) Chest plumage, dominance and
fluctuating asymmetry in female starlings. Proc R Soc Lond B
260:219-223

Tella JL, Lemus JA, Carrete M, Blanco G (2008) The PHA test
reflects acquired T-cell mediated immunocompetence in birds.
PloS One 3:e3295

Torok J, Hegyi G, Garamszegi LZ (2003) Depigmented wing patch
size is a condition dependent indicator of viability in male
collared flycatchers. Behav Ecol 14:382-388

@ Springer

Velando A, Lessells CM, Marquez JC (2001) The function of female
and male ornaments in the Inca tern: evidence for links between
ornament expression and both adult condition and reproductive
performance. J Avian Biol 32:311-318

Vinkler M, Schnitzer J, Munclinger P, Albrecht T (2012) Phytohae-
magglutinin skin-swelling test in scarlet rose finch males: low-
quality birds respond more strongly. Anim Behav 83:17-23

Watson NL, Simmons LW (2010) Mate choice in the dung beetle
Onthophagus sagittarius: are female horns ornaments? Behav
Ecol 21:424-430

Wilson RS, Condon CH, David G, FitzGibbon S, Niehaus AC, Pratt K
(2010) Females prefer athletes, males fear the disadvantaged:
different signals used in female choice and male competition
have varied consequences. Proc R Soc Lond B 277:1923-1928

Zuk M, Thornhill R, Ligon JD, Johnson K (1990) Parasites and mate
choice in red jungle fowl. Am Zool 30:235-244



	The number and coloration of white flank spots predict the strength of a cutaneous immune response in female Diamond Firetails, Stagonopleura guttata
	Abstract
	Zusammenfassung
	Introduction
	Methods
	Study species
	Morphological measurements
	Bill and plumage colouration
	Spot number
	Molecular sexing
	PHA response in captivity
	Body condition and feather lice in the field
	Ethical note
	Statistics

	Results
	Morphological measurements
	Bill and plumage colouration
	Spot number
	PHA response in captivity
	Body condition and feather lice in the field

	Discussion
	Acknowledgments
	References


