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Abstract
The role of melanin ‘badges of status’, in male-male competition has been well-studied, in
contrast, carotenoid based plumage has largely been examined in the context of female mate
choice. Recent work has shown that carotenoid signals can also function in male-male
competition, although the functions of the two types of signals is currently unclear. Here, we
examine the relationships between colouration, dominance and aggression in the crimson
finch (Neochmia phaeton), a species where males have both conspicuous red carotenoid
plumage and a black melanin patch. We examined the importance of carotenoid and melanin
based signals in three contexts: 1) among free-living birds interacting at a feeding station: we
found that neither colour signal influenced the outcome of interactions; 2) in staged dyadic
contest in captivity: we found that coloration from carotenoid pigments was positively related
to the probability of winning a contest, while the size of the melanin plumage patch was not
related to winning; and 3) in staged dyadic contests where male plumage colour had been
masked: we found that the number of interactions required to determine dominance
increased. While the underlying natural plumage colour was still important in these contests,
birds with more intense carotenoid colouration were now more likely to lose. These results
confirm carotenoid-based signalling in male-male contests. However this signal is used in
conjunction with other factors such as self-assessment and body condition. Contrary to
traditional expectations, the black melanin patch was not found to be important in this
context.
Key Words: Crimson finch, aggression, colour signal, dominance, melanin, carotenoids
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Introduction
Conspicuous colouration is often a sexually selected trait used by females to assess male
health, condition, parasite resistance, or resource holding potential (Hamilton and Zuk 1982,
Hill 1990). The status-signalling hypothesis, on the other hand, suggests that colourful
plumage ornamentation evolved to signal dominance status and fighting ability (Rohwer
1975, Rohwer 1982). According to this hypothesis, conspicuous plumage signals allow
individuals to gather information about their opponents’ fighting ability or motivation (e.g.
Bossema and Burgler 1980, Enquist and Leimar 1983, 1994, Senar 1990, Chaine and Lyon
2008), and may give an opponent the opportunity to withdraw before the conflict escalates to
high-cost physical combat (Evans and Hatchwell 1992, Jakobsson et al. 1995). There is
increasing evidence that plumage colouration is used in direct male-male competition, both
within and outside of the breeding season (reviewed in Santos et al 2011). However the role
of colour in settling male-male conflicts remains contentious (Senar 2006), and the relative
importance of different colour signals are currently unclear.

The two pigments commonly associated with status-signalling plumage are carotenoids and
melanins. Traditionally, research on male-male competition has focused on melanin patches.
Melanin is responsible for most brown or black plumage, and patches of melanin plumage are
often referred to as badges of status, with the size of the melanin patch signalling dominance
or status (Dawkins and Krebs 1978). However, because melanin can be synthesised internally
at supposedly little cost to the individual, the honesty of the signal is questionable and its
reliability as a social signal remains contentious (Veiga 1995, Jawor and Breitwisch 2003,
Roulin 2015). On the other hand, a number of studies point to mechanisms that may keep
melanin signals honest (reviewed in Roulin 2015). For example, the development of
extensive melanin patches has been associated with high levels of testosterone and
melanocortins (McGraw 2008, Ducrest et al. 2008). Both hormones can have pleiotropic
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effects; e.g. testosterone is often positively associated with aggression and negatively
associated with immune function (Folstad and Karter 1992, Buchanan et al. 2003), therefore
it may play a role in maintaining the honesty of the signal (Anderson 1994, Buchanan et al.
2010). Melanin signals may also be kept honest through social mediation. For instance, if
poor quality individuals develop large melanin badges, they may be repeatedly tested by
more dominant individuals, and encounter more potentially harmful conflicts (Maynard
Smith and Harper 1988, 2003).

Carotenoid pigments are responsible for many of the bright red, orange and yellow plumage
displays traditionally linked to female mate choice (Brush 1981, Hill 1991, Møller et al.
2000). However, an increasing number of studies report that carotenoid pigments may also
play a role in male-male competition (e.g. Pryke et al. 2002, Pryke and Andersson 2003,
Hamilton et al. 2013). Unlike melanins, carotenoids can only be extracted from food,
suggesting that carotenoid displays are an intrinsically honest signal of quality (Hill 2006).
Furthermore, carotenoids are vital to many physiological processes and their uptake, as well
as subsequent deposition in plumage, may be inhibited by parasites (Lozano 1994, Owens
and Olson 1998, Møller et al. 2000, Svensson and Wong 2011). The use of carotenoids in
status signalling is primarily linked to the hue, rather than patch size (but see Pryke and
Andersson 2003b). Recent research has shown that experimentally intensifying red and
orange colour patches can increase social dominance (e.g. Evans and Norris 1996, Pryke and
Griffith 2006). Other studies have shown that the colour red may be an innate signal of
aggression, rather than one learned through social reinforcement (Pryke 2009). Despite this,
the role of carotenoids in agonistic encounters is still poorly understood (Senar 2006), and the
relative importance of melanin patches vs carotenoid signals is currently unclear. One
complication is that many species exhibit either carotenoid or melanin signals, not both,
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making it difficult to disentangle the functions of the two pigments based plumage traits (but
see McGraw and Hill 2000, Dongen and Mulder 2007).

In this study we examine the relative role of co-occurring melanin and carotenoid plumage
characteristics in agonistic encounters between male crimson finches (Neochmia phaeton
phaeton). Crimson finches are a sexually dimorphic grass finch found across northern
Australia. Females are largely brown with red plumage on their faces, rumps and to a small
extent on their backs. Males display conspicuous red plumage on their face, chest, back and
rump as well as a black patch extending from the undertail coverts to part way up the chest,
making them a valuable species with which to explore melanin and carotenoid signalling
simultaneously. Crimson finches breed in socially monogamous pairs, within loose colonies
of up to 20 pairs (Higgins et al. 2006). While many group living birds develop stable
dominance hierarchies with their neighbours, crimson finches are well known for their
intensely aggressive behaviour and relentless nature (Forshaw et al. 2012). Although the
majority of conflicts are settled without physical fighting, physical contact is not uncommon
and the potential for injury or even death is high (Forshaw et al. 2012). Since crimson finches
live in stable year-round groups, it is predicted that the males will display one or more
plumage characteristic that signals dominance and/or fighting ability (status-signalling
hypothesis, Rohwer 1975). To examine the role of plumage coloration in aggressive
interactions we: a) documented natural colour variation and interactions in free living/wild
populations of crimson finches and b) performed two captive contest experiments (unmanipulated and manipulated plumage colour).
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Methods
Morphology measurements
For each bird we measured tarsus (± 0.01mm), and mass (± 0.5g) which we used to create an
indicator of body condition, by regressing the residuals of log(mass) on 3log(tarsus length)
(Andersson 1994). All measurements on all birds were taken by the same person.

Colourimetrics
Crimson finches display two main types of plumage, a black melanin based patch and areas
of red carotenoid plumage. In males, red carotenoid plumage is present on the face, chest,
back and rump, while melanin based plumage is present on the birds belly, extending up the
chest (Figure 1). We estimated the area of the melanin patch as patch length (measured from
the top of the patch to the cloaca) multiplied by patch width (all measured with digital
callipers to the nearest 0.01mm). To confirm the presence of carotenoid pigments in the red
plumage we tested feather samples from six birds, as described in McGraw et al. (2005).

The red colour patches (Figure 1: face, chest, rump and back) were quantified using an Ocean
Optics Jaz spectrometer (Ocean Optics, Dunedin USA) with illumination from a xenon
Ocean Optics PX-2 light source (Ocean Optics, Dunedin USA) and a fibreoptic probe. Three
consecutive scans were taken from the centre of each colour patch, and then averaged for
each patch. The probe was fitted with a tip to standardise the distance between the probe and
the feathers. The tip was rested on, but not pushed against the feathers. The probe was lifted
and moved between scans and recalibrated to the white standard at minimum every hour.
Only values between 320 and 700nm were used in the analysis as this corresponds to the
visual range of birds (Bennett and Théry 2007). To assess the colour through an avian visual
system we analysed spectra in the package ‘Pavo’ (Maia et al. 2013) in R 3.2.1 (R
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Development Core Team 2014). Coefficients of variance for melanin and carotenoid
measurements are shown in Table S1.
The visual system of crimson finches has not been analysed, however other closely related
finches fall into the ultra-violet sensitize (UVS) classification (Bowmaker et al. 1996, Hart et
al. 2000). Therefore we used a generalised model of a bird UVS visual system (blue tit) for
analysis. To quantify the contrasts between plumage areas and a neutral background (30%
grey) we applied the Vorobyev-Osorio model (Vorobyev and Osorio 1998, Siddiqi et al.
2004). This model estimates differences between two areas in units of discrimination
threshold or “Just Noticeable Differences” (JND’s, Vorobyev et al. 1998) and constructs a
measure of chromatic and achromatic contrasts, while also taking into account photoreceptor
noise as a limiting factor in visual discrimination (Vorobyev and Osorio 1998, Osorio and
Vorobyev 2008). In this way we are able to quantify colours as they would be seen by other
birds. For further details on colour analysis see supplementary material. We used a principle
components analysis (PCA), to condense the correlated spectral scores of the red plumage
areas; face, back, rump and chest.

Behavioural observations of free-living populations
Fieldwork was conducted between January and September 2013 in areas near Wyndham in
the East Kimberley region of Western Australia (15_340S, 128_090E). Crimson finch habitat
in this region is characterised by areas of pandanas (Pandanus spiralis) close to permanent
water sources. Birds were banded with a numbered metal band from the Australian Bird and
Bat Banding Scheme and a unique combination of three colour bands for individual
recognition. In each of five known feeding areas, two to three feed trays were erected,
approximately 100m apart. The trays (20x40cm) were positioned 1 to 1.5m off the ground
and were refilled with seed (standard finch mix) every two to three days until the birds
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became familiar with the food source. Behavioural interactions were recorded in August and
September 2013 between 5am and 11am, either by direct observations or from video
recordings. This time of year corresponds to the non-breeding season and birds generally
move in feeding flocks (Higgins et al. 2006, Milenkaya et al. 2011). The video camera or
observer was positioned within 5-10 metres of the feeding tray. For each observation an adult
banded male was selected as the focal individual and all interactions he was involved in were
recorded until he left the feeding tray. Subsequently, another focal male was selected from
the individuals still on the feeding tray. An interaction was logged when there was a passive
displacement (e.g. supplanting another individual) or an active attack (often resulting in
physical contact). The outcome of each interaction was denoted as won or lost by the focal
male: individuals were said to have lost if they were displaced from their position or forced to
leave the tray as a result of the interaction. Each individual was observed over multiple
sessions for a minimum total of 7 minutes (mean=12.54mins +/-3.7), the date of the
observation was also recorded.

Experiments on captive birds
All birds were sourced from a wild-type aviculturist in Eastern Australia, the birds are of
known pedigree and are free from plumage mutations that are present in some captive
populations. Each bird was banded with an individually numbered band, and measured for
condition and colourimetrics using the methods described above. Captive male crimson
finches (n=17) were housed individually in wire cages (90x90x70cm), visually isolated from
other birds, in climate-controlled aviaries at the Australian National University, Australia.

Two types of captive contests were staged in January 2014: dyads with un-manipulated
plumage colours (n = 37); and dyads with chest plumage colour experimentally manipulated
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(n = 44). All males competed in both types of contests, but always against unfamiliar
opponents. Trials lasted 20 minutes and were conducted in wire cages (90x90x70cm) that
represented neutral territory and were visually isolated from other birds. Opponents competed
over a single food source in the form of a familiar feeder setup so only one bird could feed at
a time. To standardise motivation all food was removed from the males’ cages the evening
before the contests as detailed in similar studies (Lemel and Wallin 1993, McGraw and Hill
2000, Pryke et al. 2002). Prior to release into the test cage, males were temporarily assigned a
random colour band (green, blue, white or yellow) for identification on the video recording.
Competing males were then released simultaneously into the testing cage. All contests were
conducted within 2.5 hours of sunrise (approximately between 6 and 8:30am) after which
time birds were returned to their original cages and their food replaced. Each trial was filmed
(Sony HDR-CX220 Handycam) and all interactions were scored from the video. The winner
was said to be the individual who won the majority of interactions (>70%). Trials that
resulted in no interactions were considered draws (n = 17 of 81) and were excluded from
analysis (Pryke et al. 2001, Pryke and Anderson 2003a).

In the second contest type, both individuals in the dyad had their chest plumage
experimentally manipulated. For each contest trial, we darkened the red chest colour of one
male using a non-toxic marker, effectively blocking the carotenoid colouration (Black100
Copic Too Marker Products, Toyko). This treatment had the added effect of extending the
melanin patch. To control for the effect of marking, the other male in the dyad had his chest
coloured with a red marker (R2 Copic Too Marker Products, Toyko) that closely matched the
natural red plumage colour (see figure 1). This control also standardised the red chest
colouration of the males. Chest colour was chosen for manipulation because of its
prominence on the bird there was no chance of the manipulation not being seen by the other
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contestants. Additionally, chest colouration has been used to investigate signal in other
species (e.g. Wolfenbarger 1999) and was chosen in preference to the face to avoid the
sensitive area around the eyes. Each bird competed as both darkened and a control, but
always against an unfamiliar opponent. Plumage colour was measured using a spectrometer
and analysed using the bird visual model as described above.

Analyses and statistics
To evaluate factors influencing contest success, a generalized linear mixed model (GLMM)
with binomial (win/loss) link function was used. Principle components analysis was
conducted in JMP 11.0 while all other analysis was run in R 3.1.2 (R Development Core
Team 2014) using the packages ‘lme4’ (Bates et al. 2014), ‘arm’ (Gelman and Su 2014),
‘MuMIn’ (Barton 2014) and ‘AICcmodavg’ (Mazerolle 2013). To determine which variables
were important in shaping contest outcome, initial models included all combinations of
condition, colourimetrics and melanin patch size. In free-living populations each observed
interaction was treated as a separate data point and analysed using measurements from the
focal bird only, as the ID of the opponent was not always know. The duration of observations
(minutes) was included as a fixed effect and individual ID fitted as random factor. We used
the same approach in captive dyads except instead of individual interactions, we used overall
trial outcome and fitted trial order as a factor. For each contest, we calculated the differences
in morphological and colour measurements between the two competitors as each winner
cannot be considered independent of the loser. Prior to analysis we standardised variables
using the package ‘arm’ (Gelman and Su 2014).

We used model averaging techniques (Burnham and Anderson 2002) to evaluate the relative
importance of colour variablesand condition on contest success. When models were too large
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to converge we followed the suggestion of Bolker et al. (2009) and removed variables that
had the least impact based on Akaike information criterion, corrected for small sample size
(AICc; Grueber et al. 2011, Symonds and Moussalli 2011). Using the model averaging
approach a set of all possible combinations of models is created from a global model. These
models are then ranked according to goodness-of-fit to the data, based on AICc scores. We
calculated the differences in AICc (ΔAICc) between the best model (i.e. with the lowest
AICc) and every other model and considered only models with a ΔAICc < 3. Using these top
models, we then estimated the relative importance of each variable by summing the weights
of all models containing that variable. The relative importance reflects how each variable
improves the model fit and estimates the probability that it is part of the best model (Symonds
and Moussalli 2011). All models were also run as regressions however the top models were
found to be the same.

To evaluate the effect of treatment (control or darkened) on the number of interactions per
contest we used a GLM with Poisson link function, with the number of interactions as the
dependant variable. A second GLM with binomial link was used to test the effect of treatment
on contest outcome. In this case we used treatment to predict contest outcome.

RESULTS
Principle Components
We conducted PCA’s on spectral data after putting it through the avian visual system, to
create an indicator of overall colour or ‘redness’. To do this we used both chromatic and
achromatic measures of red plumage areas, face, back, rump and chest. All principle
components (PC’s) with an eigenvalue of greater than one were retained for further analysis.
In free living populations PC1 and PC2 explained a total of 65% variance (table 1). The

‘This article is protected by copyright. All rights reserved.’

Accepted Ar tic le

coefficients in PC1 were all positively weighed and of similar magnitude. In the captive
population the first three PC’s accounted for 80% of the variation in the colour (table 1). PC1
explained 42% with all the top coefficients loading positively (chest achromatic, back
achromatic, back chromatic). Additionally, the presence of carotenoid pigments was
confirmed for all feather samples tested.

Free-living populations
In total 731 interactions were recorded for the 17 focal males observed on the feeding trays.
Of the 14 models with ΔAICc <3, the null hypothesis was the best model (AICc 397.6), while
the second best model included just condition (AICc 397.9; for a full list of models see
supplementary S2). The length of each observation was fitted as a fixed effect and so has a
relative importance score of 1 (i.e. it appears in all the models), while condition shows a
lower score of 0.37 and a negative estimate (table 2); i.e. birds in worse condition were more
likely to win an interaction. There were no significant correlations between the variables in
all models (‘redness’, melanin patch size, condition) and interaction terms were not included
in the models.

Captive population
Dyads with un-manipulated plumage colour.
In captive dyads with un-manipulated plumage colour (n = 37), the only predictor of contest
outcome was redness PC1 (table 3). Birds with ‘redness’ score higher than their opponent
were more likely to win contests. The top model contained redness PC1 and PC2 while the
second contained just PC1, the difference in AICc values was 0.3 (full list of models in
supplementary S3). Patch length appeared in just one and condition in two of the top five
models with ΔAICc <3. The PCA1 score for redness had a relative importance of 1.0 as it
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appeared in all the top models (table S3). The second highest relative importance was PCA2
(0.42). Approximately 20% of contests resulted in a draw, either because the birds did not
interact or because there was no clear winner.

Dyads with manipulated plumage colour
In colour manipulated dyads (n=44), model averaging showed the PC1 value of natural
‘redness’ and condition to be the best predictors of contest outcome, both with high relative
importance values (table 3). In this case ‘redness’ had a negative effect, while condition had a
positive effect on contest outcome. The top model (AICc 38.92) contained PC1, and
condition and was 2.58 AICc’s above the second top model (AICc 41.5), which contained
PC1, PC2 and condition (table S4). Again, roughly 20% of contests were considered a draw,
i.e. the birds did not interact or there was no clear winner.

Effects of manipulated color
There was no effect of treatment/manipulation; control individuals won 56% of contests
(n=36, GLM p=0.51, figure 3a). However there were significantly more interactions in colour
manipulated dyads than in un-manipulated dyads (n = 44, GLM p=<0.001, mean interactions
per contest; un-manipulated plumage 9.05, manipulated plumage 17.11, figure 3b). in total
>99% of contests were won by the bird that initiated it.

Discussion
We examined the role of carotenoid and melanin based plumage in male-male contests by
testing the relationships between contest outcomes, colour and condition. In the group living
crimson finch, we found that morphology and colour were not good predictors of contest
outcome when birds competed for a food resource in the wild. However, in captive dyads
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between unfamiliar individuals, carotenoid plumage was the most important predictor of
contest outcome. Hence, it may act as a signal of fighting ability and aggressive disposition
between unfamiliar birds. In contrast, melanin patch size was unrelated to contest outcome.
Manipulation of the most prominent carotenoid patch, the chest, did not predict contest
outcome, although it significantly increased the number of interactions per contest.
Despite the manipulation, the individuals underlying natural colour was still important, but in
the opposite direction. Together these results suggest that carotenoid, and not melanin
plumage, is an important social signal in crimson finches.

Aggression in free-living populations
In free-living birds, we found no relationship between contest outcome and any of the
potential predictors of fighting ability including redness, melanin patch size, and body
condition. In fact, condition was shown to be the most important variable with individuals in
poorer condition having a slightly better chance of winning an interaction. This scenario is
often called the ‘desperado effect’ or ‘divisive asymmetry’ (Grafen 1987, Morrell et. al.
2005) and has previously been shown in many bird species (e.g. yellowhammers, Emberiza
citronella, Sundberg 1995, Griffon vultures, Gyps fulvus, Bose and Sarrazin 2007, red
bishops, Euplectes orix, Edler and Friedl 2010). Such patterns are expected when the reward
is greater than the cost of fighting, when motivational factors such as hunger differ between
individuals, or the level of competition is low (Senar 2006). However, because the relative
importance of condition was low (0.50, table 3), its effect on interaction outcome should be
considered weak at best, and should be interpreted with caution.

Why did we not detect effective predictors of contest outcome? One reason may be that our
study focused on adult males. In red bishops (Edler and Friedl 2010), the age based
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dominance hierarchy was so high that it masked any other signals of dominance. Such strong
age related dominance structures, in which older individuals dominate, appear common in
birds (e.g. Balph et al. 1979, Rohwer et al. 1981, Enoksson 1988). Additionally, our
observations did not include individuals that did not come to the feed tray. If there was a nonrandom bias regarding which birds did and did not visit the tray (e.g. low vs. high ranking
individuals) this may have biased the interactions we were able to observe. Furthermore, we
could not account for more subtle displays, e.g. exhibition flights, which may discourage
lower quality individuals from engaging in a contest (Alonso-Alvarez et al. 2004). This is
likely to be especially important as crimson finches are year-round residents and form
relatively stable groups. Finally, familiar birds are likely to have already established
dominance hierarchies that do not require physical interactions. Plumage signals may
therefore be more important when interacting with unfamiliar birds, which would most likely
occur during dispersal.

Captive dyads: un-manipulated plumage
In staged trials where birds were unfamiliar with each other, we found that the redness score
was overwhelmingly the best predictor of contest outcome. This further supports the
possibility that familiarity of birds in natural flocks may have masked the effect of
carotenoids in predicting contest outcome in the wild. Under sexual selection both carotenoid
and melanin based signals are important for social signalling, however they are generally
thought of as functioning in disparate contexts (Senar 2006). Here we add to the growing
number of studies demonstrating that carotenoids can also function as signals in male-male
competition (e.g. Evans and Hatchwell 1992, Pryke et al. 2001, Pryke and Andersson 2003a).
Furthermore, the traditional dominance signal, the size of the melanin patch, was not
important in contest outcome.
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Captive dyads: manipulated plumage
When we manipulated the prominent chest signal, outwards/visible plumage colour no longer
predicted contest outcome: a similar number of darkened and control birds won contests
(figure 3a). However, the underlying natural plumage colour was still an effective predictor
of contest outcome, although in this case redness had a negative effect on contest outcome.
Other studies have also found that after colour manipulation, naturally redder birds remained
dominant (e.g. Pryke and Griffith 2006), while others found that the strength of the signal
changed or disappeared (Wolfenbarger 1999, Edler and Frield 2010). Wolfenbarger (1999)
suggested this indicates that while carotenoid colour is an important signal in male-male
dominance, it is not the only factor influencing contest outcome. In support of this we found
that in manipulated colour contests, condition had an important influence on contest outcome,
birds in better condition were more likely to win contests. These results also add support for
the hypothesis that melanin is not an important signal in crimson finches. In addition to
blocking the red plumage on the chest, our experimental darkening also greatly enlarged the
melanin patch. Despite this increase, treatment (darkened or control) was unrelated to contest
outcome in manipulated plumage contests. Additionally melanin patch size was unrelated to
contest outcome in both manipulated and un-manipulated contests. However, the melanin
patch may still play a role in signalling: Endler (2012) suggests that conspicuousness is
dependent on contrasts between adjacent colour patches. In the crimson finch, the melanin
patch contrasts strongly with the red chest, and may strengthen the red signal.

The clearest result of this study is that masking the natural red plumage colour led to an
increase in the number of male-male interactions per contest. This suggests that when colour
signals were altered, individuals found it more difficult to make a visual assessment of the
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unfamiliar opponent’s status or fighting ability. As a consequence, competing males spent
more time and energy establishing dominance. More time spent in aggressive interactions not
only increases the chance of injury, but also reduces the time available to invest in other
activities such as foraging, feeding chicks and/or mate guarding (Senar 2006), as well as
increasing predation risk (Jakobsson et al. 1995). Given that crimson finches live in small
stable groups, and their propensity towards aggressive behaviour, a plumage signal which
reduces the time spent engaging in potentially dangerous interactions may be very valuable.

Conclusion
Our results suggest that, in crimson finches, red carotenoid based plumage, rather than the
black melanin based plumage, is used as a signal of aggression and competitive ability in
agonistic contests. When plumage colour is manipulated (darkened), it becomes an unreliable
signal and males spend more time determining dominance. Individual condition also becomes
important for determining contest outcome/dominance in the manipulated contests. This
study supports previous findings that red signals are important in dominance interactions (e.g
Bakker and Sevenster 1983, Evans and Norris 1996, Pryke et al. 2001, Crowley and Magrath
2004, Pryke et al. 2009), and shows that carotenoids are important in a broader context than
previously predicted. The use of red plumage signals in male-male competition does not rule
out the possibility of the red plumage also being used in mate choice. Future studies should
consider the interaction between mate choice and male-male competition and how it can
affect the evolution of plumage signals.
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Table Legends
Table 1: Results from principal components analysis for colour measures, including eigen
value and percentage of variance each PC explains. Bold numbers indicate the most
important variables (>0.4) for each PC.
Free-living

Captive

PC1

PC2

PC1

PC2

PC3

chromatic

0.27

0.55

-0.32

0.06

0.63

achromatic

0.34

0.52

-0.14

0.59

0.47

0.37

-0.21

0.44

-0.23

0.09

0.46

-0.01

0.47

0.09

0.02

0.32

-0.38

-0.14

0.52

-0.51

0.27

0.13

0.35

0.51

-0.03

0.28

-0.47

0.32

-0.14

0.30

0.46

-0.05

0.47

0.22

0.13

Eigenvalue

3.24

1.94

3.37

1.58

1.40

% of variance

40.5

24.0

42.0

20.0

18.0

Face

Back chromatic
achromatic

Rump chromatic
achromatic

Chest chromatic
achromatic

explained
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Table 2: Summary of model averaging for the predictors of interaction outcome, in freeliving crimson finches. Length of observations was fitted as a fixed factor. High relative
importance indicates that the variable is more likely to be in the best model.
Adjusted Confidence Relative
Variable

Estimate SE

Interval

Importance

Intercept

2.92

0.35

2.24, 3.61

-

Length of observations

0.81

0.69

-0.54, 2.17

1.00

Condition

-1.00

0.69

-2.35, 0.35

0.50

Redness PC2

-0.63

0.57

-1.74, 0.48

0.42

Redness PC1

-0.67

0.66

-1.97, 0.63

0.38

Patch area

-0.41

0.62

-1.63, 0.82

0.31
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Table 3: Summary of model averaging for potential predictors of contest outcomes in captive
dyads. Bold variables indicate those with an importance over 0.5 and a confidence interval
that does not cross 0. High relative importance indicates that the variable is more likely to be
in the best model. Red PC scores relate to the natural or underlying colour of the bird and are
independent of colour treatment.
Variable

Estimate Adjusted

Confidence

Relative

SE

interval

Importance

Un-

Intercept

-16.90

13.64

-43.64, 9.84

-

manipulated

Red PC1

82.51

35.15

13.61, 151.41

1.00

plumage

Red PC2

-17.06

14.96

-46.39, 12.27

0.42

colour

Condition

20.60

9.83

1.33, 39.86

0.28

Patch area

-35.13

16.28

-67.04, -3.23

0.10

Manipulated

Intercept

-0.36

1.86

-4.00, 3.29

-

plumage

Red PC1

-8.84

9.24

-26.95, 9.26

0.77

colour

Condition

7.76

6.52

-5.01, 20.54

0.77

Red PC2

-0.98

2.72

-6.32, 4.35

0.14

Patch area

-0.22

3.11

-6.32, 5.88

0.13
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Figure Legends
Figure 1: Left: Male crimson finch in adult plumage, indicating the colour patches used in
analysis. Spectrometry measures taken from carotenoid based red areas: Face (1), Chest, (2),
Back (3), Rump (4), as well as the black melanin based patch (5). Top right: Photographs of
the treatments a) Un-manipulated (natural) b) Control c) Darkened. Bottom right: Reflectance
curves for average un-manipulated and manipulated plumage colourations (control and
darkened).
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Figure 2: Results for model averaging of captive dyads, illustrating the influence of red
carotenoid plumage in manipulated and un-manipulated contests, and the influence of
condition in the manipulated contests only. The line indicates the values predicted from the
model averaging while the size of the data point indicates how many data points it represents.
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Figure 3: Effect of plumage manipulations on dyadic contests a) the number of contests won
by control vs manipulated birds. b) The average number of interactions per contest in
manipulated vs un-manipulated trials.
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