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In many animal species, females choose males on the basis of secondary sexual traits that seem 22	  
maladaptive, such as bright colors, but these traits may convey important information about the 23	  
fitness of the male. We examined the degree to which red plumage may contain reliable 24	  
information about the health and condition of males during molt in red-backed fairy-wrens 25	  
(RBFW), Malurus melanocephalus. To do this, we captured adult male RBFWs south of Darwin, 26	  
Australia, and objectively measured individual plumage reflectance of bright back feathers using 27	  
a spectrometer. We quantified both ectoparasitic load, body condition and molt data at time of 28	  
capture. We found that bright males had fewer ectoparasites than dull males and the redness of 29	  
bright plumage as well as the time of molt correlated to the body condition of males. Our 30	  
findings provide insight to the relationship between red plumage, body condition and parasitic 31	  
infection and detail the potential for red plumage to act as a signaling agent for these factors. 32	  
 33	  
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 It is generally thought that secondary sexual characteristics of males have evolved in part 36	  
to act as cues for females in mate choice (Andersson & Iwasa 1996, Candolin 2007, Darwin 37	  
1871, Kempenaers 2007). Sexual ornaments such as elaborate sex organs or plumage color can 38	  
signal a male’s quality, such that females who mate with more ornamented males will produce 39	  
higher quality young, ultimately improving the female’s own reproductive success (Hamilton & 40	  
Zuk 1982). These signals can be considered honest if they accurately convey information about 41	  
the quality of the individual, such as when a male’s health positively correlates to the quality of 42	  
his plumage signals. Honesty is preserved within the system by the cost of maintaining or 43	  
producing the signal, particularly if those signals are more costly to lower quality individuals 44	  
(Zahavi 1975). Parasites are one factor that might influence signaling systems, since parasites 45	  
strongly influence various fitness components of the host (Fitze 2002). For example, parasites 46	  
have been shown to reduce the redness of plumage in male house finches (Carpodacus 47	  
mexicanus) and these individuals are less preferred as mates by females (Hill 1990). Likewise, in 48	  
male sticklebacks (Gastrosteus aculeatus) endoparasites have been shown to reduce the intensity 49	  
of carotenoid-based red signals in males, and females select mates using these traits (Milinski 50	  
1990). 51	  
 52	  
 Birds are susceptible to various types of parasites, one of which being avian malaria 53	  
(genera Haemoproteus and Plasmodium) (Bensch 2000), which is known to induce hemolytic 54	  
anemia, a lower metabolic rate, poor thermoregulation, and reduced survival and fecundity 55	  
(Richner 1995). The Hamilton and Zuk hypothesis (1982) proposes that males with brighter 56	  
plumage signal a higher heritable genetic resistance to generalized parasites and thus, a reduced 57	  
chance of becoming infected themselves (Read 1987). This has been shown in the great tit 58	  
(Parus major), where evidence suggests that males honestly signal their low parasite level and 59	  
indirectly their quality through the hue of their breast plumage, and so females are more likely to 60	  
mate with them (Hõrak 2000). On the other hand, others have found that the modeled probability 61	  
of blood parasite infection increased monotonically with male brightness score between species, 62	  
which contradicts the predictions of Hamilton and Zuk (Underhill 1995). In a separate study 63	  
performed on great tits, carotenoid-based plumage color was not affected by parasites in either 64	  
males or females (Fitze 2002). Thus, the relationship between plumage brightness and parasitic 65	  
infestation is not well understood and more studies are needed to better understand the 66	  
relationship between parasites and plumage signals. 67	  
 68	  
 In birds, the extent of carotenoid pigmentation in feathers can indicate the physiological 69	  
condition of males (McGraw 2000). Males with a redder hue have been thought to be of higher 70	  
quality or health status compared to males with a less red hue due to the potential high energy 71	  
costs associated with red color production such as the metabolic expense of carotenoid 72	  
conversion and complications in access to carotenoids in diet (Hill 1996). The red-backed fairy 73	  
wren (Malurus melanocephalus, from here after written as RBFW) is well suited for 74	  
investigating the relationship between plumage brightness and parasitic infection because males 75	  
possess red, carotenoid-based ornamental feathers on their back, and this plumage color appears 76	  
to be used as a signal involved in female mate choice (Karubian 2002, Karubian et. al 2008, 77	  
Webster et. al 2010). Males are capable of breeding in either red-black or brown plumage, where 78	  
red-black males invest more heavily in traits associated with mating efforts and brown males 79	  
have a higher level of paternal effort (Karubian 2002). It has been shown that males in bright 80	  
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plumage are more attractive to females than dull males and therefore obtain higher quality mates 81	  
earlier in the breeding season (Karubian 2002). 82	  
 83	  
 In the superb fairy wren (Malurus cyaneus), it has been shown that the best predictor of 84	  
mate choice by a female is the amount of time prior to breeding season that he molted into 85	  
nuptial plumage (Cockburn 2008). Maintaining breeding plumage for extended periods of time is 86	  
potentially costly for the males since they need to not only maintain their plumage but also 87	  
engage a mate through courtship behaviors for extended periods of time during the winter 88	  
months when conditions are not ideal for survival. The acquisition and maintenance of nuptial 89	  
plumage in fairy-wrens is dependent on elevated testosterone levels which can compromise their 90	  
immunocompetence (Lindsey et al. 2009, Peters 2000). This in turn could make the male more 91	  
susceptible to parasitic infections. 92	  
 93	  
 In this study, we examine the degree to which red plumage may contain reliable 94	  
information about the health and condition of males during molt in RBFW. In accordance with 95	  
the Hamilton and Zuk hypothesis, we predict that presence of bright plumage in male RBFWs 96	  
during the non-breeding season signals a higher level of health and a lower parasitic load. Also, 97	  
we predict that males who molt a higher percentage of their plumage in the non-breeding season 98	  
will have a lower health score and higher parasitic load than males who molt a lower percentage 99	  
of their plumage in the non-breeding season or do not molt at all. Also, males with the reddest 100	  
plumage should have the fewest parasites when compared to other bright males. These analyses 101	  
will provide greater insight in to the general effects of parasites on health, plumage and molt date 102	  
in the RBFW. 103	  
 104	  
Methods 105	  
 106	  
Research site, study species, and basic methods: 107	  
 108	  
We studied a color-banded population of RBFWs at “Coomalie Farm” located approximately 87 109	  
km south of Darwin, Northern Territory, Australia (13.0667° S, 131.0167° E) during the non-110	  
breeding season of 2013 from May-August. During this time, we captured individuals and then 111	  
marked all birds with individualized combinations of three colored leg bands and an Australian 112	  
Bird and Bat Banding Scheme (ABBBS) aluminum band with identification number. At the time 113	  
of capture, we measured body mass to the nearest 0.1g and tarsus length to the nearest 0.1cm. 114	  
We calculated a health score to represent body condition for each individual by estimating the 115	  
residual from a linear regression of body mass on tarsus length. We also assayed ectoparasite 116	  
loads for all captured birds. To do this, we scored birds on a scale of 0-3 based on a visual 117	  
assessment of lice eggs found on the primary and secondary feathers of the right wing for all 118	  
captured birds. We took photographs of the wing and used ImageJ for image analysis to gain a 119	  
more accurate egg count. This egg count was used as each individual’s ectoparasitic load. We 120	  
also performed a visual assessment of fat score on a scale from 0-3 based on the fat deposits 121	  
found within the furcular hollow and visually scored plumage color and molt. 122	  

 123	  
 We scored plumage coloration for all captured birds using the methods described in 124	  
Karubian (2002). This method analyzes the amount of plumage in bright molt (red/black 125	  
coloration) versus brown. Briefly, each bird was visually divided into five parts (head, belly, 126	  
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back, tail, and chest), which were then independently scored on a scale of 1-10 for the percentage 127	  
of that area that was in bright (crimson red or jet black) as opposed to dull (brown) plumage. 128	  
These scores were then added together and multiplied by 2 to produce a total brightness score 129	  
ranging from 0 (completely dull) to 100 (completely bright). Males were placed into plumage 130	  
classes as described in Webster (2008). Males with a brightness score of less than 33 were 131	  
classified as dull males, from 33 to 66 as intermediate males, and those greater than 66 as bright 132	  
males. Due to the fact that males were molting when caught and often their changing brightness 133	  
score caused them to fluctuate between the intermediate and dull classes, males with a brightness 134	  
score of less than 50 were classified as dull males and those greater than 50 as bright males. 135	  
 136	  
 Males were also categorized based on the percentage of their feathers that were molting 137	  
when caught. They were given a score as described in Lindsey et al. (2009). Briefly, the body 138	  
was divided into 6 parts (head, back, belly, chest, wing, and tail) and then assigned a score from 139	  
0-3 for the percentage of each section that was molting at the time where 0 is no molt, 1 is 1-140	  
33%, 2 is 34-66%, and 3 is 67-100%. These were then added together to get a molt score total for 141	  
each individual where individuals scoring a total of 0-1 were classified as not molting and 2-18 142	  
as molting. By comparing the change in brightness score to the change in molt total, individuals 143	  
were placed into 4 categories: “finished”-those who had already finished molting into bright 144	  
plumage at the start of the dry season; “early”- individuals who finished molting into bright 145	  
plumage early in the dry season; “late”-individuals who would finish molting into bright 146	  
plumage late in the dry season, and “haven’t started”- individuals who had not yet started 147	  
molting into bright plumage. We classified males as “finished” if they had a brightness score 148	  
greater than 50, indicating that they were already a bright male, and a molt score less than 2, 149	  
indicating they were no longer molting at the first time of capture in May and June. We classified 150	  
males as “early” if they had a brightness score greater than 50, indicating that they were already 151	  
a bright male, and a molt score greater than 2, indicating they were still molting at the time of 152	  
last capture in July and August. We classified males as “late” if they had a brightness score less 153	  
than 50, indicating that they were dull, and a molt score greater than 2, indicating they were still 154	  
molting at the time of last capture in July and August. We classified males as “haven’t started” if 155	  
they had a brightness score less than 50, indicating that they were dull males, and a molt score 156	  
less than 2, indicating that they were not molting. 157	  
 158	  

To quantify the redness of bright male feathers, spectrographic analysis was used to 159	  
quantify the coloration of bright males. We followed the procedure as stated in Rowe et al. 160	  
(2000). Briefly, at the time of capture, we collected six to eight red feathers from the backs of 161	  
bright males and stored the feathers in a dry envelope. We obtained three readings from 300-162	  
700nm for each individual and averaged the three spectra to create one reflectance spectrum for 163	  
each male. Hue, or the redness of the feather, was calculated as the wavelength at which the 164	  
reflectance curve was steepest. 165	  
 166	  
Statistical Analyses 167	  
 168	  
 We used One-Way Analysis of Variance (ANOVA) tests to investigate the relationships 169	  
between brightness class and ectoparasitic load, brightness class and health score, molt 170	  
classifications and ectoparasitic load and health score. Linear regressions were used to test the 171	  
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correlation between hue, ectoparasitic load, and health score. We considered tests with a p-value 172	  
greater than 0.05 statistically significant. All averages were reported with standard error values. 173	  
 174	  
Results 175	  
 176	  
 The prevalence of ectoparasitic infection was 100% in bright males (n=15) and 89% 177	  
among dull males (n=51). Bright males had fewer ectoparasites than dull males (Figure 1). There 178	  
was no statistical significance between the redness of the male’s feathers and the number of 179	  
ectoparasites the individual had (linear regression: F1,11=0.001, P=0.980). There was no 180	  
statistical difference in the average health scores between bright and dull males. Bright males 181	  
had an average health score of 0.320±0.004 and dull males had an average health score of 182	  
0.318±0.002 (ANOVA: F1,97=0.108, P=0.743). Redder males had a higher health score than 183	  
males with less red plumage (linear regression: F1,9=20.88, P=0.013, R2=0.699). There was no 184	  
statistically significant relationship between an individual’s health score and the number of 185	  
ectoparasites that an individual had (linear regression: F1,62=0.043, P=0.837).  186	  
 187	  
 There was no statistical significance between ectoparasitic load and molt class. 188	  
Individuals who had finished molting had an average of 83.5±47.5 ectoparasites, early molters 189	  
had an average of 140.0±18.14, late molters had an average of 205.9±40.72, and individuals who 190	  
had not started molting yet had an average of 143.6±22.84 (ANOVA: F3,58=1.218, P=0.3115). 191	  
There was a statistically significant difference in health score between molt classes (Figure 3). 192	  
Individuals who had finished molting had the lowest health score and early molters had the 193	  
highest health score. 194	  
 195	  
Discussion 196	  
 197	  
 As we have shown, bright male RBFWs have fewer ectoparasites than dull males (Figure 198	  
1) but the redness of their bright plumage is not correlated to the number of ectoparasites that 199	  
they have. This suggests that the presence of bright plumage may act as a general signal of 200	  
ectoparasitic load but may not reflect the degree of infection. Having bright plumage makes the 201	  
male perceptively different than more heavily parasitized dull males, but the brightness of their 202	  
plumage does not give an indication as to how parasitized they are (Endler and Lyles 1989). In a 203	  
study done on male satin bowerbirds, Ptilonorhynchus violaceus, Doucet and Mongomerie 204	  
(2003) found that hue was only a significant predictor of ectoparasitic load in juveniles. This 205	  
suggests that ectoparasitic load varies on a shorter time scale than can be reflected accurately in 206	  
adult plumage hue and that the ectoparasitic count is a more representative indicator of current 207	  
health than hue. 208	  
 209	  
 Brightness classification does not correlate to health score but redder males have a higher 210	  
health score than males with less red plumage. Since red plumage is based off of the amount of 211	  
carotenoids that an individual has consumed prior to molt, Endler (1980) proposed that by 212	  
choosing mates based on a carotenoid-dependent trait, females choose superior mates who show 213	  
that they are better foragers and are better at avoiding predators since they are more conspicuous 214	  
than their dull counterparts. On the other hand, given that males may be specifically seeking 215	  
carotenoid rich foods, they may not always then be foraging to maximize their rate of nutrient or 216	  
energy intake (Lozano 1994). This suggests that since males may be targeting carotenoid rich 217	  
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foods, bright males would not necessarily have a higher health score than dull males, but very 218	  
red males may be more able to forage for nutrient rich foods as well as carotenoid rich foods.  219	  
 220	  
 Ectoparasitic score and molt classification are not correlated but health score and molt 221	  
classification are (Figure 3). Males that had completed molting into bright plumage at the very 222	  
start of the dry season had the lowest health score out of all four groupings with those molting 223	  
during the dry season having the highest health score. This result is particularly interesting 224	  
because it has been shown in superb fairy wrens (Malurus cyaneus) that males who molted 225	  
earlier had more extra-pair paternities during the breeding season and were found to be higher 226	  
quality mates (Cockburn 2008). Our study shows that in RBFWs, individuals who molted the 227	  
earliest had the lowest health score which suggests that they are not the highest quality mate. 228	  
There are two possible reasons for this contradictory result. The first is that during the dry 229	  
season, having bright plumage causes the individual to have poor health because they are more 230	  
conspicuous and therefore need to exert more energy than their dull counterparts to avoid 231	  
predation. The second is that in the dry season, plumage is a dishonest signal for health 232	  
condition. Poor quality males may then molt early knowing that females will then choose them 233	  
for extra-pair paternity matings in the breeding season. 234	  
 235	  
 Ectoparasite score does not correlate to health score. However, without more knowledge 236	  
about the lice itself, it is difficult to make conclusions about its impact on male health. Endler 237	  
and Lyles (1989) found that the location, time of year, and biology regarding transmission 238	  
influenced the overall impact that parasites have on both health score and plumage in birds. In 239	  
the case of the RBFW, it is likely that the louse infecting this population belongs to the suborder 240	  
Amblycera which commonly infects multiple different species of birds and is known to 241	  
negatively influence the fitness of the host (Clayton 1991). However, if this were the case, we 242	  
would have expected to see higher ectoparasitic loads correlated to a lower health score. This 243	  
discrepancy suggests two possible errors. The first error could be the result of the method of 244	  
determining health score, which may not be representative of the actual health condition of the 245	  
bird. It has been shown that mass/tarsus residuals may not be an accurate measure of body 246	  
condition since assumptions about the data set can lead to Type I and Type II errors in analysis 247	  
(Green 2001, Jakob et al. 1996). Green 2001 recommends the use of nonparametric or model II 248	  
regression to obtain a more accurate measure of body condition. Since body condition was found 249	  
to be related to the redness of bright plumage but not to the ectoparasitic load or the brightness 250	  
class of an individual, the second error is that it is possible that these non-significant results are a 251	  
factor of a low sample size or that our assumptions about the relationships between these 252	  
conditions are incorrect. The analysis between ectoparasitic load and health score holds the 253	  
assumption that the lice infecting our population of RBFWs belong to the suborder Amblycera 254	  
but it is possible that they are infected by a different type of louse that does not impact fitness. 255	  
The analysis between brightness classification and health score had a sample size of 20 bright 256	  
males and 79 dull males. With more data points, trends may be more readily visible.  257	  
 258	  
 Assuming our data accurately represents the trends in relationship between bright/dull 259	  
males and health score and it is not an issue of incorrect scoring of body condition, it is possible 260	  
that bright males are not healthier than dull males in regards to their body condition during the 261	  
dry, non-breeding season, compared to their respective conditions in the wet season. The 262	  
majority of studies performed on RBFWs occurred during the breeding season or wet season and 263	  
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suggest that bright males have bright feathers because they signal to females that they are higher 264	  
quality mates (Hill 1996, Karubian 2002, Webster et. al 2010). The results of our study suggest 265	  
that there are more complex signaling factors at work and that bright plumage may signal 266	  
different messages to females depending on the time of year. 267	  
 268	  
 This study suggests that plumage color in male RBFWs is not signaling information 269	  
regarding their total fitness, but rather provides information regarding their parasitic health. 270	  
Borgia and Collis (1990) found that in the satin bowerbird, bright plumage signals a lower 271	  
ectoparasitic infection in order to promote parasite avoidance by the female. They found that 272	  
females could not gauge the infection based on plumage brightness and were not choosing 273	  
parasite free males in order to sire resistant offspring. Our findings suggest that bright plumage 274	  
signals to females that the male has a low level of ectoparasitic infection but does not provide 275	  
any information regarding how low the parasitic level is. Since females must assess the 276	  
relationship between parasites and fitness reduction and not merely the parasite intensity, an 277	  
ideal indicator trait would reflect both criteria (Endler and Lyles 1989). This suggests that these 278	  
ectoparasites do not influence the fitness of the individual since there is no apparent scaling 279	  
factor in our system, just a presence factor. 280	  
 281	  
 Females would want to avoid individuals with particularly large ectoparasitic loads to 282	  
avoid transmission of the parasites to themselves during the process of copulation or 283	  
allopreening. Also, a female would not want to choose a mate who could potentially transmit 284	  
parasites to their offspring. It is hypothesized that female RBFWs choose whom they will mate 285	  
with in the breeding season based on the individuals that they socialize with in the dry season. 286	  
Based on this assumption, if a male molts into bright breeding plumage in the dry season, he 287	  
could be signaling to females he socializes with that he has fewer ectoparasites and thus has a 288	  
lower chance of causing a heavy infection among her or her young. However, this raises an 289	  
interesting question then why females choose to mate primarily with bright males but keep dull 290	  
males as helpers at the nest. Given that bright males are bright because they are signaling a lower 291	  
ectoparasitic load so that females will spend more time with them, why do females spend so 292	  
much time around dull males? Further information regarding this interaction is needed to fully 293	  
understand the signaling systems at work in RBFW social dynamics. 294	  
 295	  
 It is worth mentioning that there is a tendency for parasites to be concentrated among 296	  
hosts in a population (Anderson and Gordon 1982, Crofton 1971). This means that the sample 297	  
size needs to be large enough to have an adequate sampling of the heavily infected individuals. 298	  
This study only had one individual with over 100 eggs more than the next closest male. With a 299	  
larger sample size, perhaps more heavily infected individuals would be observed, providing 300	  
better insight to the relationship between parasites and plumage/body condition. Further studies 301	  
are needed to fully understand the effects that parasites have on the RBFW and how they 302	  
influence the birds’ signaling system. Information on endoparasites could provide valuable 303	  
insight to the effects of blood borne parasites and how they may influence individuals differently 304	  
than ectoparasites. Also, studies that consider the social dynamics of male RBFWs could further 305	  
determine how parasites are transmitted from one individual to another as well as if parasitic 306	  
loads differ between social groups. Ectoparasites are highly mobile so they could transmit/jump 307	  
easily from one individual to another when in close contact (Clayton 1991), perhaps during the 308	  
process of allopreening. Habitat choice may also influence the parasitic load, with individuals in 309	  
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habitats that are less suitable for sustaining RBFW populations having higher parasitic loads. 310	  
Including age data in future studies would aid in plumage analysis since it was found to be a 311	  
major factor in studies on satin bowerbirds. Lastly, studies that examine the differences in 312	  
parasites between the wet and dry season could provide information regarding the signaling 313	  
system within the RBFW and potential differences there. All in all, this study has shown that red 314	  
plumage does contain reliable information about the health and condition of males during the 315	  
dry, non-breeding season and brightness class contains information regarding ectoparasitic load, 316	  
but the degree of which is still unknown. 317	  
 318	  
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Figure legends 452	  

Figure 1. Bar graph illustrating the variation in ectoparasitic intensities in bright (n=15) and dull 453	  
(n=51) male red-backed fairy-wrens. On average, bright males had 82.69±9.24 ectoparasites and 454	  
dull males had 159.0±15.48 (ANOVA: F1,61=6.111, P=0.016). Standard error bars are shown by 455	  
the solid black line in each group. 456	  
 457	  
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Figure 3. Bar graph illustrating average health score for finished (n=2), early (n=20), late (n=11), 481	  
and individuals who had not started molting yet (n=29). On average, finished males had an 482	  
average health score of 0.3097±0.001, early molters had an average of 0.3261±0.004, late 483	  
molters had an average of 0.3249±0.005, and individuals who had not started molting yet had a 484	  
score of 0.3123±0.003 (ANOVA: F3,58=3.338, P=0.025). Standard error bars are shown by the 485	  
solid black line in each group. 486	  
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