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Abstract. Microorganisms are known to play an important role in shaping the life histories of animals. Re-
cent studies have proposed that the coloration of birds’ plumage could reflect individual quality through associa-
tions with feather-degrading bacteria. however, few studies have explored such relationships. We studied breeding 
female great Tits (Parus major) during nest building and chick rearing to explore associations between bacteria 
inhabiting their yellow chest feathers and feather coloration. Specifically, we used flow cytometry and ribosomal 
intergenic spacer analysis (RISA), respectively, to study the densities of all free-living and attached bacteria and 
the phylotypic richness of feather-degrading bacterial assemblages. We used chroma (color saturation) as a mea-
sure of feather coloration. During chick rearing but not during nest building, the female’s chroma was negatively 
related to the phylotypic richness of feather-degrading bacteria. Also, a seasonal change in the density of attached 
bacteria associating with individual birds was negatively associated with change in chroma over the same period. 
These findings suggest that conspicuous coloration of female great Tits may reflect the numbers and character of 
bacteria inhabiting feathers.

Key words: carotenoid-based coloration, chroma, feather-degrading bacteria, female coloration, Parus 
major.

Variación en el Ensamble de bacterias de las Plumas con Relación al Color del Plumaje de la  
hembra de Parus major

Resumen. Se sabe que los microorganismos juegan un rol importante en modelar las historias de vida de los 
animales. Estudios recientes han propuesto que la coloración del plumaje de las aves podría reflejar la calidad indi-
vidual indicando la asociación con bacterias que degradan las plumas. Sin embargo, pocos estudios han explorado 
estas relaciones. Estudiamos hembras reproductivas de Parus major durante la construcción del nido y la cría de 
pichones para explorar asociaciones entre bacterias que habitan sus plumas amarillas del pecho y la coloración de 
las plumas. Específicamente, usamos citometría de flujo y análisis ribosomal de espaciadores intergénicos (RISA 
por sus siglas en Inglés), respectivamente, para estudiar las densidades de todas las bacterias libres y ligadas y 
la riqueza filotípica de los ensambles de bacterias que degradan las plumas. Empleamos croma (saturación del 
color) como una medida de coloración de la pluma. Durante la cría de los pichones pero no durante la construc-
ción del nido, la croma de la hembra estuvo negativamente relacionada a la riqueza filotípica de las bacterias que 
degradan las plumas. Además, el cambio estacional en la densidad de las bacterias ligadas asociadas con aves 
individuales estuvo negativamente asociado con los cambios en la croma a lo largo del mismo período. Estos 
resultados sugieren que la coloración conspicua de las hembras de P. major puede reflejar la cantidad y el carácter 
de las bacterias que habitan las plumas.

INTRODUCTION

bird plumage is inhabited by an assemblage of bacterial taxa 
(burtt and Ichida 1999, bisson et al. 2007, gunderson 2008), 
some of which are capable of degrading β-keratin, a protein 
that constitutes more than 90% of feather mass (burtt and 
Ichida 1999, Sangali and brandelli 2000, lucas et al. 2003b). 
Such feather-degrading bacteria may play an important role in 
shaping the life histories of their avian hosts (burtt and Ichida 
1999, 2004, Shawkey et al. 2007, Peele et al. 2009). 

Several authors have suggested that feather-degrading bac-
teria could influence feather-based communication by modifying 
feather coloration. In the Eastern bluebird (Sialia sialis), for ex-
ample, Shawkey et al. (2007) and gunderson et al. (2009) found 
that structural color is affected directly by feather-degrading 
bacteria. Shawkey et al. (2009) have also explored the association 
between carotenoid-based coloration and feather-degrading bac-
teria in male house finches (Carpodacus mexicanus).

Models of sexual selection generally propose that orna-
mental traits of animals signal certain aspects of the male’s 
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quality (reviewed in Andersson 1994). One explanation for 
the evolution of such traits is that their expression is a signal 
of resistance to various parasites (hamilton and Zuk 1982, re-
viewed in Moore and Wilson 2002). however, in many bird 
species, both sexes are conspicuously colored, though the 
coloration is usually expressed to a lesser extent in females 
(Kraaijeveld et al. 2007). Reflecting this, interest in the func-
tion and evolution of female ornaments has recently been in-
creasing (reviewed in Amundsen 2000, Kraaijeveld et al. 
2007, Clutton-brock 2009).

Plumage coloration can also change between molts (e.g., 
Mcgraw and hill 2004, figuerola and Senar 2005). Several 
mechanisms, including abrasion (burtt 1986, Willoughby et al. 
2002), sun bleaching (Surmacki 2008), presence of preen oil 
(Pérez-Rodríguez et al. 2011), and dirt accumulation (Sur-
macki and Nowakowski 2007) are known to bring about such 
changes. however, only one study (gunderson et al. 2009) 
has explored the association between the activity of feather-
degrading bacteria and seasonal color changes in individual 
birds. It has also been suggested that an association between 
plumage color and the abundance of bacteria in the plumage 
may emerge if both traits are related to some aspect of indi-
vidual quality, such as effort in preening (Shawkey et al. 2009) 

In this study we examined two aspects of the plumage 
of the female great Tit (Parus major): on one hand, plumage 
coloration, on the other, the density of free-living and attached 
bacteria and the phylotypic richness of feather-degrading bac-
teria. In the great Tit, both males and females have conspic-
uous yellow chest plumage, and this carotenoid-based color 
reflects aspects of individual quality in both sexes (hõrak et al. 
2001, Mänd et al. 2005a, Senar et al. 2008, broggi and Senar 
2009). In a natural environment, however, this yellow can also 
be cryptic to predators (Delhey et al. 2010). Thus the degree of 
color expression in great Tits and similar species may be regu-
lated by a combination of sexual and natural selection. 

We investigated whether the plumage chroma (color satu-
ration) of adult female great Tits is correlated with bacterial 
colonization of the plumage and whether there is a corre-
lated seasonal change in these two traits within an individ-
ual. On the basis of earlier findings that higher chroma (Senar 
et al. 2008, broggi and Senar 2009) and lower density of at-
tached bacteria (Saag et al. 2011) signal better individual qual-
ity of female great Tits, we predicted a negative association 
between chroma and bacterial density. 

METhODS

gENERAl fIElD METhODS

Our study area, near Kilingi-Nõmme (58° 7′ N, 25° 5′ E) in 
southwestern Estonia, covers approximately 50 km2 and con-
tains a mosaic of coniferous and deciduous forest (see a map 
of the study area in Mänd et al. 2005b).

great Tits bred in wooden nest boxes with a cavity of 
11 × 11 × 30 cm and an entrance diameter of 3.5–4.0 cm. 

Distances between neighboring nest boxes were 50–60 m. 
Nest boxes were cleaned to remove old nest material be-
fore the beginning of the breeding season. In 2007, we cap-
tured females during nest building, before the start of egg 
laying. All females abandoned their nests after this initial 
capture, but most made another nest in a neighboring box. 
We captured the females again when their nestlings were 
10–14 days old. The mean time between the two captures 
was 40 days (range 33–53 days). The number of days elapsed 
between the two captures was unrelated to either seasonal 
changes in chroma or bacterial traits (Spearman correlation, 
all P > 0.4). both times we trapped the females, we weighed 
them with a Pesola spring balance to a precision of 0.1 g and, 
using digital calipers, measured their tarsi to the nearest 0.1 
mm. In total, we sampled 52 females before laying and 40 
during nestling rearing, among them 12 sampled during both 
periods.

DENSITy Of fREE-lIVINg AND ATTAChED  

bACTERIA ON fEAThERS

We handled each female with a fresh pair of examina-
tion gloves. Within 30 sec after capture, we removed 
approximately five ventral feathers from the center of the 
yellow chest to determine the densities of bacteria and 
another five to determine the phylotypic richness of feather-
degrading bacteria. both samples were placed into dry, 
clean microtubes with forceps sterilized in 96% ethanol, 
immediately stored at 4°C, and transported in a cool box 
to the laboratory, where they were stored at –80° C prior to 
analysis. Two distinguishable ecological types of bacteria in-
habit bird plumage: free-living and attached bacteria (lucas 
et al. 2005). Studies of bacterial communities in soil, water, 
and sediment have demonstrated that free-living bacteria are 
usually more labile, while attachment provides a more stable 
environment and protection against grazing, chemical anti-
biotics, and physical forces (see lucas et al. 2003a, Selje and 
Simon 2003 for references). following lucas et al. (2003a), 
we separated the two types of bacteria in the laboratory and, 
to determine their density, counted free-living and attached 
bacteria directly with a flow-cytometry machine (bD lSR 
II). for tagging we used the DNA-binding dye SybR green 
(for further details see Saag et al. 2011). bacterial densities 
are expressed per feather.

PhylOTyPIC RIChNESS Of fEAThER-DEgRADINg 

bACTERIA 

To determine the phylotypic richness of feather-degrading 
bacteria, we covered sampled feathers with buffer solution 
(1.5 ml of phosphate-buffered saline) then incubated them 
in this buffer for 30 days at 26°C in the dark without using a 
shaker (following lucas et al. 2005). As feathers were the only 
source of carbon in the enrichment medium, presumably only 
bacteria capable of degrading keratin were promoted. There 
remains the possibility that certain non-keratin-degrading 
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species occurred at extremely high densities before enrich-
ment of samples or still managed to procreate during incuba-
tion and that the DNA of these species could have been picked 
up in the analysis even after the enrichment procedures. how-
ever, taking into account the low mean number of phylotypes 
per bird (see Saag et al. 2011), we expect the probability of 
such species present in the later analyses to be low in com-
parison with that of feather-degrading species. To analyze the 
structure of feather-degrading bacterial assemblages obtained 
in the enrichment cultures we used the ribosomal intergenic 
spacer analysis (RISA) method (Ranjard et al. 2000a,b). Each 
RISA band is assumed to correspond to one bacterial species; 
following Muyzer et al. (1993) and Stach et al. 2003), we refer 
to such species as phylotypes. Thus the number of bands cor-
responds to the richness of the bacterial assemblage (Ranjard 
et al. 2000b). We separated amplified products by electropho-
resis on a 3% agarose gel for 1 hr at 140 V. band profiles were 
photographed and aligned by eye (in Adobe Photoshop). In 
each sample we recorded the bands present and estimated bac-
terial richness as the total number of phylotypes (for details 
see Saag et al. 2011).

COlOR MEASUREMENTS

for color measurements we plucked three additional feath-
ers from the center of the yellow breast of each individ-
ual. To characterize breast color we measured the values of 
chroma with a spectrophotometer (Ocean Optics USb2000 
with Ocean Optics Dh2000 lamp). Chroma corresponds to 
color purity with higher values representing more pure color 
(Endler 1990). The chroma of the yellow breast feathers of fe-
male great Tits is related to nest size (broggi and Senar 2009) 
and body condition (Senar et al. 2008). We measured chroma 
in the visible range of 400–700 nm (Senar et al. 2008, broggi 
and Senar 2009), placing the three feathers on top of each 
other. We measured each sample three times and used the 
mean in analyses. The within-individual repeatability of the 
three chroma measurements was high (r = 0.86, F44, 90 = 20.1, 
P < 0.001; calculated according to lessells and boag 1987). 

STATISTICAl ANAlySES

for statistical analyses we used Statistica 10.0 (StatSoft). To 
analyze the effects of bacterial traits on chroma we used a 
general linear model (glM). To calculate the seasonal change 
in chroma and bacterial traits, we subtracted the values mea-
sured before egg laying from those measured during chick 
rearing. because of the relatively small sample sizes, we used 
nonparametric (Spearman) correlation to analyze the associa-
tions between seasonal changes in chroma and bacterial traits. 
for the glM, the density of attached bacteria was square root 
transformed and the density of free-living bacteria was ln 
transformed before analyses to achieve normality. We used a 
standardized regression coefficient (β) to describe the size of 
the effect of continuous predictor variables in the prediction of 
the dependent variable. When analyzing the effect of number 

of nestlings on chroma, we excluded deserted or depredated 
nests from the analyses. 

RESUlTS

before laying there were no associations between chroma and 
bacterial traits (Table 1). During the nestling-feeding period, 
feather chroma was negatively correlated with the phylotypic 
richness of feather-degrading bacteria (β = –0.38; Table 1, 
fig. 1). This result did not change if nonsignificant factors 
were removed from the model. Chroma was not related to the 
densities of either attached or free-living bacteria (Table 1). 
These results did not change if the female’s body mass, body 
condition (body mass corrected for tarsus length), number 
of nestlings, forest type, or capture date were included in the 
models; however, these factors were always nonsignificant 
and were therefore removed from the final models.

Change in feather chroma between the pre-laying and 
chick-rearing periods was negatively correlated with change 
in density of attached bacteria during the same period (Spear-
man correlation, rs = –0.82, P = 0.001, n = 12; fig. 2). Ac-
cordingly, in individuals whose densities of attached bacteria 
increased over time, feather chroma decreased, and vice versa. 
Seasonal changes in feather chroma were not associated with 
changes in the density of free-living bacteria or phylotypic 
richness of feather-degrading bacteria (all P > 0.5). Seasonal 
changes in chroma or bacterial traits were not correlated with 
seasonal changes in body mass (all P > 0.5).

DISCUSSION

We found that feather chroma was negatively related to the 
phylotypic richness of feather-degrading bacteria in females’ 
plumages during the chick-rearing but not the pre-laying pe-
riod. At the same time, we found no associations between 
chroma and bacterial densities during either of the sampling 

TAblE 1. The effects of plumage bacteria (densities of free-living 
and attached bacteria and phylotypic richness of feather-degrading 
bacteria) on the chroma of the yellow ventral feathers of female 
great Tits. The results of a multiple regression (glM) are shown.

breeding phase and predictor variable df F P

Pre-laying period
Density attached 1 0.0 0.97
Density free-living 1 0.38 0.54
Phylotypic richness 1 1.72 0.19
Error 48

brood-rearing period
Density attached 1 1.05 0.31
Density free-living 1 0.93 0.34
Phylotypic richness 1 6.19 0.018
Error 36
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periods. however, seasonal change in densities of attached 
bacteria was correlated with change in feather chroma, so that 
an increase in this density was accompanied by a decrease in 
chroma and, conversely, a decrease in bacterial density was 
accompanied an increase in chroma. 

This is the first study to have explored associations be-
tween carotenoid-based coloration and plumage bacteria in fe-
male birds. The only previous study examining the associations 
between carotenoid-based plumage coloration and plumage 
bacteria found that male house finches with redder plumage 
had lower loads of feather-degrading bacteria (Shawkey et al. 
2009). from our results, we suggest that the chroma of the yel-
low chest of female great Tits may indeed signal some aspect 
of individual quality (see also Senar et al. 2008, broggi and 
Senar 2009). Previous studies have found that feather chroma is 
more sensitive to developmental perturbations and body condi-
tion than is feather hue (Shawkey et al. 2003, Senar et al. 2008). 
Senar et al. (2008) also found feather chroma of the great Tit to 
be unrelated to the carotenoid content of the feather, indicating 
that other mechanisms may also be responsible for variations in 
this trait (but see Isaksson et al. 2008). 

because of the correlative nature of our results, it remains 
to be clarified whether plumage bacteria affected plumage 
color directly or if both were in fact correlated with a third 
factor. The mechanisms by which feather-degrading bacte-
ria influence carotenoid-based color are currently the sub-
ject of debate. In the Eastern bluebird, feather-degrading 
bacteria can affect structural plumage coloration directly 
(Shawkey et al. 2007, gunderson et al. 2009). It is thus pos-
sible that feather-degrading bacteria affect the microstructure 
that is also involved in producing carotenoid-based color-
ation (Shawkey and hill 2005). It is also possible that feather-
degrading bacteria could damage carotenoid structure (as 

suggested by Mcgraw and hill 2004). however, burtt and 
Ichida (1999) have also suggested that molt may decrease bac-
terial load on feathers (but see giraudeau et al. 2010). At the 
same time, the chroma of new feathers may differ from that 
of old feathers, reflecting nutritional conditions during the 
molt (e.g., hill 2000). As great Tits start molting at the end 
of the breeding season, this process can sometimes overlap 
with the rearing of late broods (e.g., Orell and Ojanen 1980). 
We captured females before they laid, and this resulted in de-
sertion of nests and presumably also in delayed egg laying in 
the new nests built by females. Therefore we cannot exclude 
the possibility that the negative association between bacterial 
traits and plumage color was caused by some breeding indi-
viduals starting to molt earlier than others and thus affecting 
both traits simultaneously. Second, the coloration of many 
species’ plumage changes between molts as a result of bleach-
ing, dirt accumulation, presence of preen oil, and abrasion 
(see Introduction). for example, in the bohemian Waxwing 
(Bombycilla garrulus) both addition of preen oil and removal 
of soil increased the chroma of the yellow tips of the tail feath-
ers (Pérez-Rodríguez et al. 2011). Such changes can also vary 
on an individual basis, so that, during the same time period, 
values for hue and chroma increase in some birds but decrease 
or remain constant in others (Mcgraw and hill 2004). It is 
thus possible that some individuals are better able than others 
to care for their plumage, thus affecting both plumage color-
ation and the communities of feather-inhabiting bacteria.

In contrast to the pattern described above, we did not find any 
association between plumage chroma and bacterial traits during 
the pre-laying period. Previously we have found marked seasonal 
changes in bacterial densities in the plumage of the great Tit (Saag 
et al. 2011). The present study suggests that the association be-
tween plumage color and feather bacteria also varies seasonally. 

fIgURE 2. Association between seasonal changes in the density 
of attached bacteria and the chroma of yellow ventral feathers of fe-
male great Tits. for both traits positive values indicate a seasonal 
increase, negative values a seasonal decrease.

fIgURE 1. Association between chroma and feather-degrading 
bacterial phylotypic richness in the yellow ventral feathers of female 
great Tits during the chick-rearing period.
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In conclusion, we have shown that yellow chest coloration 
of brood-rearing female great Tits is negatively associated 
with the phylotypic richness of feather-degrading bacteria and 
that there are parallel seasonal changes in color and density 
of attached bacteria. These findings suggest that conspicuous 
coloration of female great Tits may signal the numbers and 
character of bacteria inhabiting feathers. however, experi-
mental studies are needed to test these associations’ causality 
and potential linkage with individuals’ quality. 

ACKNOWlEDgMENTS

We are grateful to Veljo Kisand and his co-workers from the 
Molecular Microbiology group of the Institute of Technology, Uni-
versity of Tartu, for valuable advice and laboratory assistance, Peeter 
hõrak and Marju Männiste for their help in measuring plumage 
coloration, and to Elo Rasmann for her assistance with fieldwork. 
We thank John Davison, Edward h. burtt Jr., and an anonymous 
reviewer who made useful comments on the manuscript. The study 
was supported financially by the Estonian Science foundation 
(grant number ETf8566 to RM), the Estonian Ministry of Educa-
tion and Science (target-financing project number 0180004s09), and 
the European Union through the European Regional Development 
fund (Center of Excellence fIbIR). The study complies with the 
current laws of Estonia.

lITERATURE CITED

aMundsen, t. 2000. Why are female birds ornamented? Trends in 
Ecology and Evolution 15:149–155.

andersson, M. 1994. Sexual selection. Princeton University Press, 
Princeton, NJ.

bisson, i-a., P. P. Marra, e. H. burtt Jr., M. siKaroodi, and  
P. M. gilleVet. 2007. A molecular comparison of plumage and 
soil bacteria across biogeographic, ecological, and taxonomic 
scales. Microbial Ecology 54:65–81.

broggi, J., and J. C. senar. 2009. brighter great Tit parents build 
bigger nests. Ibis 151:588–591.

burtt, e. H. Jr. 1986. An analysis of physical, physiological, and 
optical aspects of avian coloration with emphasis on wood-
warblers. Ornithological Monographs 38:1–126.

burtt, e. H. Jr., and J. M. iCHida. 1999. Occurrence of feather-
degrading bacilli in the plumage of birds. Auk 116:364–372.

burtt, e. H. Jr., and J. M. iCHida. 2004. gloger’s rule, feather-
degrading bacteria, and color variation among Song Sparrows. 
Condor 106:681–686. 

Clutton-broCK, t. 2009. Sexual selection in females. Animal 
behaviour 77:3–11.

delHey, K., M. l. roberts, and a. Peters. 2010. The carotenoid-
continuum: carotenoid-based plumage ranges from conspicuous 
to cryptic and back again. bMC Ecology 10:13.

endler, J. a. 1990. On the measurement and classification of colour 
in studies of animal colour patterns. biological Journal of the 
linnean Society 41:315–352.

Figuerola, J., and J. C. senar. 2005. Seasonal changes in carot-
enoid- and melanin-based plumage coloration in the great Tit 
Parus major. Ibis 147:797–802.

giraudeau, M., g. Á. gzirJÁK, C. duVal, C. guiterrez, V. 
bretagnolle, and P. Heeb. 2010. No detected effect of moult 
on feather bacterial loads in Mallards Anas platyrhynchos. 
Journal of Avian biology 41:678–680. 

gunderson, a. r. 2008. feather-degrading bacteria: a new frontier 
in avian and host–parasite research? Auk 125:972–979.

gunderson, a. r., M. H. ForsytH, and J. P. swaddle. 2009. Evi-
dence that plumage bacteria influence feather coloration and 
body condition of Eastern bluebirds Sialia sialis. Journal of 
Avian biology 40:440–447.

HaMilton, w. d., and M. zuK. 1982. heritable true fitness and 
bright birds: a role for parasites? Science 218:384–387.

Hill, g. e. 2000. Energetic constraints on expression of carotenoid-
based plumage coloration. Journal of Avian biology 31:559–566.

HõraK, P., i. ots, H. Vellau, C. sPottiswoode, and a. P. Møller. 2001. 
Carotenoid-based plumage coloration reflects hemoparasite infection 
and local survival in breeding great Tits. Oecologia 126:166–173.

isaKsson, C., J. ornborg, M. Prager, and s. andersson. 2008. 
Sex and age differences in reflectance and biochemistry of 
carotenoid-based colour variation in the great Tit Parus major. 
biological Journal of the linnean Society 95:758–765.

KraaiJeVeld, K., F. J. l. KraaiJeVeld-sMit, and J. KoMdeur. 
2007. The evolution of mutual ornamentation. Animal behav-
iour 74:657–677.

lessells, C. M., and P. t. boag. 1987. Unrepeatable repeatabilities: 
a common mistake. Auk 104:116–121.

luCas, F. s., g. bertru, and M. g. HöFle. 2003a.Characterization 
of free-living and attached bacteria in sediments colonized by 
Hediste diversicolor. Aquatic Microbial Ecology 32:165–174.

luCas, F. s., o. broenniMann, i. Febbraro, and P. Heeb. 2003b. 
high diversity among feather-degrading bacteria from a dry 
meadow soil. Microbial Ecology 45:282–290.

luCas, F. s., b. Moureau, V. Jourdie, and P. Heeb. 2005. brood 
size modifications affect plumage bacterial assemblages of Euro-
pean Starlings. Molecular Ecology 14:639–646.

Mänd, r., V. tilgar, and a. P. Møller. 2005a. Negative relationship 
between plumage colour and breeding output in female great Tits, 
Parus major. Evolutionary Ecology Research 7:1013–1023.

Mänd, r., V. tilgar, a. lõHMus, and a. leiVits. 2005b. Providing 
nest boxes for hole-nesting birds—does habitat matter? biodi-
versity and Conservation 14:1823–1840.

MCgraw, K. J., and g. e. Hill. 2004. Plumage color as a dynamic 
trait: carotenoid pigmentation of male house finches (Carpo-
dacus mexicanus) fades during the breeding season. Canadian 
Journal of Zoology 82:734–738.

Moore, s. l., and K. wilson. 2002. Parasites as a viability cost of 
sexual selection in natural populations of mammals. Science 
297:2015–2018.

Muyzer, g., e. C. de waal, and a. g. uitterlinden. 1993. Profil-
ing of complex microbial populations by denaturing gradient gel 
electrophoresis analysis of polymerase chain reaction-amplified 
genes coding for 16S rRNA. Applied and Environmental Micro-
biology 59:695–700. 

orell, M., and M. oJanen. 1980. Overlap between breeding and 
moulting in the great Tit Parus major and Willow Tit P. monta-
nus in northern finland. Ornis Scandinavica 11:43–49.

Peele, a. M., e. H. burtt Jr., M. r. sCHroeder, and r. s. green-
berg. 2009. Dark color of the Coastal Plain Swamp Sparrow 
(Melospiza georgiana nigrescens) may be an evolutionary 
response to occurrence and abundance of salt-tolerant feather-
degrading bacilli in its plumage. Auk 126:531–535.

Pérez-rodríguez, l., F. Mougeot, and g. r. bortolotti. 2011. 
The effects of preen oils and soiling on the UV-visible reflec-
tance of carotenoid-pigmented feathers. behavioral Ecology and 
Sociobiology 65:1425–1435.

ranJard, l., e. brotHier, and s. nazaret. 2000a. Sequencing 
bands of ribosomal intergenic spacer analysis fingerprints for 



fEAThER bACTERIA AND PlUMAgE COlOR IN ThE gREAT TIT  611

characterization and microscale distribution of soil bacterium 
populations responding to mercury spiking. Applied and Envi-
ronmental Microbiology 66:5334–5339. 

ranJard, l., F. Poly, and s. nazaret. 2000b. Monitoring com-
plex bacterial communities using culture-independent molecular 
techniques: application to soil environment. Research in Micro-
biology 151:167–177.

saag, P., V. tilgar, r. Mänd, P. Kilgas, and M. Mägi. 2011. Plum-
age bacterial assemblages in a breeding wild passerine: rela-
tionships with ecological factors and body condition. Microbial 
Ecology 61:740–749.

sangali, s., and a. brandelli. 2000. Isolation and characteriza-
tion of a novel feather-degrading bacterial strain. Applied bio-
chemistry and biotechnology A 87:17–24.

selJe, n., and M. siMon. 2003. Composition and dynamics of parti-
cle-associated and free-living bacterial communities in the Weser 
estuary, germany. Aquatic Microbial Ecology 30:221–237.

senar, J. C., J. J. negro, J. Quesada, i. ruiz, and J. garrido. 2008. 
Two pieces of information in a single trait? The yellow breast of 
the great Tit (Parus major) reflects both pigment acquisition and 
body condition. behaviour 145:1195–1210.

sHawKey, M. d., and g. e. Hill. 2005. Carotenoids need structural 
colours to shine. biology letters 1: 121–124.

sHawKey, M. d., s. r. Pillai, and g. e. Hill. 2009. Do feather-
degrading bacteria affect sexually selected plumage color? 
Naturwissenschaften 96:123–128.

sHawKey, M. d., a. M. estes, l. M. sieFFerMan, and g. e. 
Hill. 2003. Nanostructure predicts intraspecific variation in 
ultraviolet-blue plumage colour. Proceedings of the Royal Soci-
ety of london b 270: 1455–1460.

sHawKey, M. d., s. r. Pillai, g. e. Hill, l. M. sieFFerMan, and  
s. r. roberts. 2007. bacteria as an agent for change in structural 
plumage color: correlational and experimental evidence. Ameri-
can Naturalist 169:S112–S121.

staCH, J. e. M., l. a. Maldonaldo, d. g. Masson, a. C. ward, 
M. goodFellow, and a. t. bull. 2003. Statistical approaches 
for estimating actinobacterial diversity in marine sediments. 
Applied and Environmental Microbiology 69:6189–6200.

surMaCKi, a. 2008. Preen waxes do not protect carotenoid plumage 
from bleaching by sunlight. Ibis 150:335–341.

surMaCKi, a., and J. K. nowaKowsKi. 2007. Soil and preen waxes 
influence the expression of carotenoid-based plumage coloration. 
Naturwissenschaften 94:829–835.

willougHby, e. J., M. MurPHy, and H. l. gorton. 2002. Molt, 
plumage abrasion, and color change in lawrence’s goldfinch. 
Wilson bulletin 114: 380–392.


