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Abstract. Feathers tend to be darkly colored in hab-
itats where relative humidity is high and pale where it
islow. We suggest that this correlation, known as Glo-
ger'srule, results, in part, from selection for dark feath-
ers that are more resistant than light feathers to bac-
terial degradation, which is a severe problem in humid
habitats where bacteria thrive and a lesser problem in
arid habitats. In May and June 2000—2002 we sampled
feather-degrading bacteria (Bacillus licheniformis)
from the plumage of Song Sparrows (Melospiza mel-
odia) in southeastern Arizona and northwestern Wash-
ington. Under standardized laboratory conditions,
feather-degrading bacteria from the plumage of spar-
rows in the humid Northwest degraded feathers more
rapidly and more completely than feather-degrading
bacteria from sparrows of the arid Southwest. The dif-
ferences in feather-degrading bacteria and in relative
humidity produce a difference in the intensity of se-
lection, which in turn produces the difference in color
described in Gloger's rule.

Key words: Bacillus licheniformis, color, feather,
melanin, Melospiza melodia, Song Sparrow.

La Regla de Gloger, Bacterias Degradantes de
Plumas y Variacion de Color en Melospiza
melodia

Resumen. Las plumas tienden a ser de tonos obs-
curos en habitats donde la humedad relativa es alta y
maés palidas en habitats donde la humedad relativa es
baja. Esta correlacion, conocida como la regla de Glo-
ger, se aplica a muchas especies de aves a través del
mundo. Sugerimos que la regla de Gloger es, en parte,
un producto evolutivo de la seleccion por plumas obs-
curas, que son mas resistentes a la degradacion bac-
teriana que las plumas claras. La degradacion bacte-
riana es un problema severo en habitats hUmedos don-
de prosperan las bacterias y un problema menor en
habitats aridos. En mayo y junio de 2000 a 2002 to-
mamos muestras de bacterias degradantes de plumas
(Bacillus licheniformis) del Melospiza melodia fallax,
gue tiene plumaje palido y reside en la parte sureste
del estado de Arizona, y comparamos la incidencia y
actividad de estas bacterias con las de aquellas encon-
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tradas en el plumaje obscuro de M. m. morphna, que
reside de los bosques humedos del noroeste del estado
de Washington. Sin embargo, bajo condiciones estan-
darizadas de laboratorio, |as bacterias obtenidas de M.
m. morphna, degradaron las plumas més rapiday com-
pletamente que las bacterias de M. m. fallax. Las di-
ferencias sugieren que las plumas obscuras de M. m.
mor phna del noroeste hiimedo estan sujetas a seleccion
mas intensa para resistir la degradacion bacteriana que
las plumas claras del gorrion del suroeste arido. La
diferencia en humedad relativa produce una diferencia
en laintensidad de seleccion, que a su vez produce la
diferencia en color descrita en la regla de Gloger.

Feather degradation by Bacillus licheniformis (Wil-
liams et a. 1990), its occurrence on the feathers of
wild birds (Burtt and Ichida 1999, Muza et a. 2000),
and the increased resistance of melanic feathersto bac-
terial degradation (Goldstein et a. 2004), raise the pos-
sibility that plumage color may be an evolutionary re-
sponse to the presence of feather-degrading bacteria.
In 1833 Gloger noted that birds in climates with high
relative humidity were darker than conspecifics in cli-
mates with low relative humidity. Zink and Remsen
(1986) found that among birds of the United States and
Canada individuals in 94% of the species were darker
in areas of high relative humidity than in areas of low
relative humidity. Because bacteria thrive in humid
habitats and because dark, melanic feathers resist bac-
terial degradation better than light feathers that lack
melanin, we hypothesized that the geographic corre-
lation of dark coloration with high relative humidity
may be a response to selection for feathers that resist
bacterial degradation.

Our test species was the Song Sparrow (Melospiza
melodia), which is widely distributed and abundant
(Arcese et a. 2002), easily captured, and known to
harbor feather-degrading bacteriain its plumage (Burtt
and Ichida 1999). We sampled individuals from a pale
subspecies of the arid southwestern United States and
from a dark subspecies of the humid northwestern
coast. If feather-degrading bacilli have been afactor in
selection for the observed color difference, then B. li-
cheniformis should occur on a higher proportion of
dark, northwestern Song Sparrows than on their pale
southwestern relatives.
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METHODS
BACTERIAL SAMPLING OF SONG SPARROWS

We quantified color variation and sampled plumage
microorganisms in two populations of Song Sparrows,
pae individuals of the subspecies M. m. fallax of
southeastern Arizona and dark individuals of the sub-
species M. m. morphna of western Washington (Arcese
et al. 2002). In Arizona we captured sparrows in mist
nets set along Sonoita Creek (31°31'N, 110°46'W)
near Patagonia and along the San Pedro River
(31°33'N, 110°08'W) near Sierra Vista. In Washington
we captured sparrows in 3-5-year-old clearcuts near
Forks (48°N, 124°W) and in gardens, fields and wood-
land edges in Clinton (47°59'N, 122°23'W).

We disinfected our hands with quaternary disinfec-
tant and allowed them to air dry before removing a
bird from the net. Each bird’s back was rubbed with a
sterile, Dacron-tipped applicator (Puritan, St. Louis,
Missouri) wetted with sterile saline (0.85% NaCl). Af-
ter the sample was collected the applicator was re-
placed in its sterile envelope. The tail and venter were
sampled with the same procedure. The plumage of the
back, tail, and venter was then pressed lightly on three
separate trypticase soy agar (TSA; Acumedia, Troy,
Michigan) plates. TSA is a rich medium on which
many different microorganisms grow readily. Exposed
applicators, in their sterile envelopes, and exposed
plates wrapped in clean plastic sandwich bags were
placed in a Styrofoam cooler with ice packs, where
they remained until we returned to the laboratory 4-6
hr later. After the microbial samples were collected the
birds were banded with a U.S. Fish and Wildlife Ser-
vice band and released. Individuals caught more than
once on the same day were sampled on the initial cap-
ture only.

In the laboratory we removed the applicators from
their envelopes, placed each in an individually labeled,
sterile tube of modified (pH 7.5, 7.5% NaCl) nutrient
broth (BBL, Cockeysville, Maryland), and incubated
the tubes for 7 days at 50°C. B. licheniformis forms
spores under adverse conditions, such as occurred on
the Dacron-tipped applicators, but emerges as a veg-
etative cell when conditions improve, such as occurred
in the broth (Black 1996).

The dlightly basic, moderately saline broth and high
temperature favor the growth of B. licheniformis and
inhibit the growth of most other microorganisms (Burtt
and Ichida 1999). If the broth remained clear, the sam-
ple lacked B. licheniformis and was discarded. If the
broth became cloudy, the bacilli were cultured by
streaking a loopful of the medium across a sterile TSA
plate and incubating at 36°C. After 48 hr we checked
the plate to be sure that it contained only B. licheni-
formis, which forms wrinkled, cone-shaped colonies.
If the culture was pure, we removed a representative
colony and transferred it to a TSA slant. The slant was
incubated for 48 hr at 36°C, then was removed and
stored at 4°C until further testing. The combination of
selective media, high incubation temperature, and vi-
sual identification of isolated colonies grown from two
sequentia transfers of bacteria from the media has
been shown to successfully isolate B. licheniformis
(Burtt and Ichida 1999).

Field samples on TSA plates were incubated at
36°C. After 48 hr al plates were removed from the
incubators and B. licheniformis colonies were identi-
fied and counted. We used a sterile loop to transfer
colonies of B. licheniformis to individually labeled,
sterile tubes of modified nutrient broth and processed
them as described above for the applicators. The pro-
cedure screened out strains of B. licheniformis that
were neither thermophilic nor tolerant of moderately
saline and mildly akaline conditions. Such strains do
not degrade feathers (Burtt and Ichida 1999).

All isolates were labeled to indicate not only the
bird and area of the bird from which they were col-
lected, but also the applicator or plate on which they
were initialy cultured.

MEASURING INTRASPECIFIC COLOR VARIATION

Before release the colors of each Song Sparrow were
matched by eye to color samples in Kornerup and
Wanscher (1989). Matching was done under clear sky
at least 1 hr after dawn and no later than 1 hr before
sunset. All color matching was done by EHB, who
matched the dark stripes and background color of the
greater wing coverts near the “wrist” of the wing,
which could be held open against color swatches in
the handbook. Then the bird was held on its back and
the brown stripes of the venter and their background
color were matched to the color swatches. Each spar-
row was released after its colors were matched. Fifty-
three individuals of M. m. fallax and 98 individuals of
M. m. morphna were measured.

Luminance is a measure of the amount of light that
is reflected back to the observer from the colored
patch. White reflects the most light and black the least.
We assigned luminance scores to markings by record-
ing the column of the matching color swatch in Kor-
nerup and Wanscher (1989; white = 1, dark gray =
6). Stripes that were blacker than dark gray were as-
signed a score of 7. Thus the luminance of the stripe
or its background varied between 1 and 7.

SOIL SAMPLES

We collected soil samples at each site. We used a ster-
ile tablespoon to dig a sample of soil and place it in a
sterile plastic bag, which was then sealed. The bags
were kept on ice until returned to the laboratory where
a sterile, Dacron-tipped applicator was rolled in the
soil, the excess particles shaken off, and the applicator
placed in an individually labeled, sterile tube of mod-
ified (pH 7.5, 7.5% NaCl) nutrient broth. We incubated
tubes for 7 days at 50°C. If present, B. licheniformis
was identified and isolated as described above.

MEASURING BACTERIAL ACTIVITY

Plumage may be darker in response to the probability
of colonization by feather-degrading bacilli. Alterna-
tively the plumage of Song Sparrows may be darker
in the humid Northwest in response to bacteria that
degrade feathers more rapidly or more completely than
bacilli that occur in the arid Southwest. To test this
possibility we inoculated test tubes of feather medium
(Williams et al. 1990) with each of the B. licheniformis
isolates from Arizona and Washington sparrows and
assessed feather condition (Table 1) daily for 10 days.
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TABLE 1. Quadlitative scale used to estimate the condition of chicken feathers exposed to feather-degrading

Bacillus licheniformis.

Condition

of feather Description

6 (best) Barbs attached to rachis and one another, at most only slight, mostly distal separa-
tions

5 Numerous separations among some or al barbs, none detached from rachis, solu-

tion clear, or with some small particles suspended
Numerous separations among barbs, small pieces in solution, <10% detached from
rachis, solution slightly cloudy

from rachis, many large and small pieces in solution

4
3 Barbs separated from each other, 10-49% of barbs detached wholly or partially
2

50-100% of barbs detached wholly or partially from rachis, solution cloudy with

pieces of barbs

1 Large pieces of barbs or rachis or both present in solution, only rachis identifiable

0 (worst)

Only minute pieces of rachis or barbs visible in solution

We used secondary remiges from single comb white
leghorn chickens (Gallus domesticus) to test bacterial
isolates for feather-degrading activity. We removed
and discarded the distal 1 cm from the feather; the next
4 cm were removed, cut in half across the rachis, and
the two halves placed in a test tube. We added 10 mL
of feather medium (Williams et a. 1990) to each tube.
All tubes were sterilized at 121°C and 7.7 kg pressure
for 15 min. We removed the bacterial isolates from
storage at 4°C and inoculated fresh TSA cultures with
the isolate to be tested. After 24 hr aloopful of bacteria
was removed and suspended in sterile saline. The tur-
bidity of the saline-bacterial suspension was adjusted
to 0.5 MacFarland standard, which corresponds to
~150 000 cells mL-1. Two drops of this suspension
(~0.1 mL) were placed in atest tube of medium con-
taining the two 2-cm pieces of feather. A replicate was
prepared from the same suspension. Tubes were placed
in arack in a shaker incubator at 50°C and rotated at
125 rpm.

We checked al tubes daily for degradation of the
feather pieces. Racks were removed from the incubator
one at a time. Each test tube was removed from the
rack and held against a vortexer until a whirlpool ex-
tended from the surface of the solution to the bottom
of the test tube. This ensured that all materials were
thoroughly mixed and that each sample achieved the
same level of mixing every day. The contents were
evaluated visually using the criteriain Table 1.

All feathers were condition 6 when placed in the
medium, but after sterilization in the autoclave, many
of the feathers were rated condition 5. Occasionally a
feather was rated condition 4 after sterilization and be-
fore inoculation with B. licheniformis, but none were
rated lower than 4. Therefore we considered the feather
to be degraded when both pieces in the test tube
reached condition 3 or lower (Table 1).

STATISTICAL ANALYSES

Most of our data were not normally distributed; there-
fore most of our analyses were nonparametric (Minitab
2000). We used the Mann-Whitney U-test and its nor-
mal approximation (Zar 1999) to compare the lumi-
nance values of the stripe and background colors of

the back and venter of Song Sparrows in southern Ar-
izona to those of Song Sparrows in northwestern
Washington. We used the Mann-Whitney U-test again
to compare the condition of feathers (Table 1) exposed
to different isolates of B. licheniformis. We used chi-
sguare with a continuity correction (Zar 1999) to test
for independence of the proportion of Song Sparrows
with B. licheniformis in their plumage in Arizona and
Washington. We also used the chi-square, again with
the continuity correction, to compare the proportion of
feathers stripped of barbs by bacilli isolated from Song
Sparrows in Arizona and Washington. We used the t-
test to compare the number of days required to degrade
feathers by B. licheniformis isolated from Song Spar-
rows in Arizona and Washington. Luminance and
feather condition values are given as modes. Days to
degrade are given as means = SE.

RESULTS
INTRASPECIFIC COLOR VARIATION

The luminance values of the stripes and background
colors of Song Sparrows clustered tightly about modal
values characteristic of that marking for that subspe-
cies. The venter of M. m. fallax was white (luminance
1) in al 53 sparrows measured, whereas the venter of
M. m. morphna was significantly grayer (luminance 2,
range 1-5; U = 2406, P < 0.001; Fig. 1). The breast
stripes were dark in M. m. fallax (luminance 5, range
4-6), but significantly darker in M. m. morphna (lu-
minance 6, range 5-6; U = 2634, P < 0.001; Fig. 1).
The dorsal background color as measured on the great-
er wing coverts was brown (luminance 5, range 2-5)
in M. m. fallax, but significantly darker (luminance 6,
range 5-6; U = 1578, P < 0.001; Fig. 1) in M. m.
morphna. Finally, the dorsal stripes of M. m. fallax had
a modal luminance of 6 (range 5-6), but those of M.
m. morphna were still darker, amost black (luminance
7, range 6-7; U = 1762, P < 0.001; Fig. 1).

SOIL SAMPLES

Soils at all of our sites contained feather-degrading B.
licheniformis. The bacilli were active, vegetative cells
under humid to damp conditions (Ichida et al. 2001),
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FIGURE 1. Comparison of the modal luminance of the dorsal and ventral stripes and backgrounds of Song
Sparrows in arid Arizona (Melospiza melodia fallax; n = 53) and humid Washington (M. m. morphna; n = 98).
Luminance ranges from 1 (white) to 7 (almost black). For each marking the difference between the subspecies
was significant at P < 0.001, with fallax always lighter than morphna.

and formed inactive endospores under arid conditions
(Black 1996).

OCCURRENCE OF FEATHER-DEGRADING BACILLI IN
SONG SPARROWS

Feather-degrading bacilli occurred on 33 of 142 (23%)
Song Sparrows (M. m. morphna) from the humid
Northwest and 14 of 77 (18%) from the arid Southwest
(M. m. fallax), a nonsignificant difference (x3, = 0.6,
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FIGURE 2. Proportion of bacilli isolated from the
plumage of Song Sparrows in arid Arizona (M. m. fa-
llax; n = 18) and humid Washington (M. m. morphna;
n = 47) that stripped al barbs from the rachis of chick-
en feathers within 10 days of inoculation.

P = 0.48). Despite the small difference, individuals of
M. m. morphna were more likely to have feather-de-
grading bacilli in their plumage than individuals of M.
m. fallax in all 3 years studied. The difference may be
small, but our limited data suggest that it may be con-
Sistent.

BACTERIAL ACTIVITY

Among white chicken feathers that degraded, those ex-
posed to bacilli from the plumage of Washington Song
Sparrows degraded more rapidly (5.1 = 0.4 days) than
those exposed to bacilli from the plumage of Arizona
Song Sparrows (6.8 + 0.6 days; t;;, = 2.5, P = 0.02).
At the end of the 10-day experiment, the modal con-
dition of feathers degraded by bacilli from dark spar-
rows was 1 (range 0-3), whereas the modal condition
of feathers degraded by bacilli from pale sparrows was
2 (range 0-3). The difference was significant (U =
742, P = 0.02). Significantly more bacilli from dark
sparrows (x?, = 5.2, P = 0.03; Fig. 2) reduced white
chicken feathers to condition 1 or 2 (Table 1) than
bacilli isolated from pale sparrows.

DISCUSSION

We confirmed quantitatively that al markings of Song
Sparrows from the humid coastal forests of north-
western Washington are darker than the comparable
markings of Song Sparrows from the arid Southwest,
a pattern described previously by Zink and Remsen
(1986), Aldrich and James (1991), James (1991), and
Arcese et al. (2002). We found feather-degrading B.
licheniformis in soils and on Song Sparrows of both
regions, but feather-degrading bacilli isolated from the
plumage of dark Song Sparrows degraded feathers



more quickly and more completely than feather-de-
grading bacilli from the plumage of pale Song Spar-
rows. This result suggests that feathers of Song Spar-
rows in the humid Northwest are subjected to strong
selection pressure to develop resistance to bacterial
feather degradation.

The darker color indicates more melanin in the
feathers of morphna, which inhabits the humid forests
of the Northwest coast, than in the feathers of fallax,
which inhabits the arid Southwest. The presence of
melanin increases the abrasion resistance and thickness
of feather keratin (Burtt 1979, 1986, Voitkevich 1966).
The inclusion of granular melanin also increases the
hardness of keratin (Bonser 1995, Bonser and Witter
1993), which increases its resistance to abrasion, in-
dependent of thickness. Recent evidence (Goldstein et
al. 2004) indicates that melanin also increases the re-
sistance of feather keratin to bacterial degradation. Re-
gardless of whether the increased resistance is due to
thicker or harder keratin, we would expect Song Spar-
rows in a climate with high relative humidity to evolve
melanic plumage as a defense against bacterial deg-
radation of their feathers. Thus selection would favor
dark plumage in environments with high relative hu-
midity, which is the pattern observed by Gloger
(1833). That this is a dynamic, evolutionary relation-
ship was shown by Johnston and Selander (1971), who
documented the darkening of House Sparrows (Passer
domesticus) as they spread into regions of the United
States and Canada with high relative humidity during
the last 150 years.

The plumage of birds hosts an entire ecosystem of
microorganisms, among which are other feather-de-
grading species, for example the bacterium Strepto-
myces pactum (Bockle et a. 1995) and the fungi
Chrysosporium spp. (Pugh and Evans 1970) and Fu-
sarium sporotrichioides (H. M. Costello, pers. comm.).
The combined action of severa feather-degrading spe-
ciesmay have a greater effect on feathers than we have
demonstrated by focusing on B. licheniformis. How-
ever, the combined action may be subtle due to com-
petition among microorganisms that are able to chem-
ically inhibit or kill each other (Burtt 1999). Addition-
aly, the bird may be able to limit feather degradion
directly by exposing feathers to ultraviolet irradiance
or heat (Moyer and Wagenbach 1995) during sunning,
or indirectly by preening, dust bathing, or other main-
tenance behavior that could encourage the growth of
microbes that excrete antibacterial chemicas (e.g.,
Pencillium spp.).

Gloger’s rule describes color variation in 94% of the
North American species that encounter substantial cli-
matological differences in relative humidity (Zink and
Remsen 1986). This is a far more robust relationship
than that described by Bergmann’'s or Allen’s rules
(Zink and Remsen 1986). We suggest that the strength
of the relationship may be the product of severa im-
portant selection pressures (Table 2), all of which favor
dark color in a humid environment. None of the pres-
sures listed in Table 2 are mutually exclusive, and re-
sistance to bacterial degradation is simply another
pressure that selects for dark feathers. We believe the
strength of the relationship between relative humidity
and color rests on the number of selection pressures
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TABLE 2. Selection pressures that may contribute to
the evolution of dark coloration among species of birds
living in climates with high relative humidity.

Selection pressure Source
Background matching Zink and Remsen 1986
Enhanced drying Burtt 1981
Environmental plasticity James 1991
Physiological constraints Buxton 1923
Resistance to bacterial This study

degradation
Thermoregulation Walsberg 1983

that act in concert to favor the evolution of dark plum-
age in habitats with high relative humidity.
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MELANIN BASIS OF ORNAMENTAL FEATHER COLORS IN MALE ZEBRA FINCHES
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Abstract. The carotenoid-pigmented bill of Zebra
Finches (Taeniopygia guttata) has received much re-
cent attention as a sexually selected signa of quality,
but these birds also display several sexualy dichro-
matic plumage traits, including rust-colored cheek
patches, a black breast band, and brown flanks. Black,
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brown, and earth-toned features in animals are thought
to be produced by melanin pigments, but few studies
have identified the melanin content of such colors in
bird feathers. We used a series of biochemical tech-
niques to investigate the pigmentary basis of these
plumage colors in male Zebra Finches. All three feath-
er traits contained melanin pigments, but varied in the
amounts of the two basic forms of melanin (eumelanin
and phaeomelanin). Black breast feathers contained
predominantly eumelanin, whereas cheek and flank
feathers contained extraordinarily high concentrations
of phaeomelanin. Conventional methods of carotenoid
analysis detected no carotenoids in either the cheek or
flank feathers.
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Coloracion Basada en Melaninas en las Plumas
Ornamentales de los Machos de Taeniopygia
guttata

Resumen.  El pico pigmentado con carotenoides de
Taeniopygia guttata ha sido destacado recientemente
como una sefial de calidad seleccionada sexual mente,
pero estas aves también presentan varios caracteres de
plumaje sexual mente dicrométicos, incluyendo parches
en las mejillas de color dxido, una faja pectoral negra
y flancos de color café. Se cree que las tonalidades
negras, cafés y color tierra son producidas por mela-
ninas en los animales, pero existen pocos estudios que
hayan identificado el contenido de melanina de dichos
colores en las plumas de |as aves. En este estudio em-
pleamos una serie de técnicas bioguimicas para inves-
tigar la base pigmentaria de estos colores del plumaje
en machos de T. guttata. Los tres caracteres de las
plumas contaron con pigmentos melanicos, pero varia-
ron en las cantidades de las dos formas béasicas de
melanina (eumelanina y feomelanina). Las plumas ne-
gras del pecho presentaron principal mente eumelanina,
mientras que las de las mejillas y los flancos presen-
taron concentraciones extraordinariamente altas de
feomelanina. Los métodos tradicionales de andlisis de
carotenoides no detectaron este tipo de pigmentos en
las plumas de las mejillas y los flancos.

Color ornaments are some of the best-studied sexually
selected traits in animals, and several recent reviews
have emphasized the signaling function of ornamental
colors in bird feathers (Olson and Owens 1998, Hill
1999, Senar 1999, Mdller et al. 2000, Jawor and Breit-
wisch 2003). Birds produce colors in two ways, using
pigments or microstructure. Pigments come in a vari-
ety of forms, but the two main classes found in orna-
mental bird feathers are carotenoids (red, orange, and
yellow) and melanins (brown and black; Fox and Ve-
vers 1960). An emerging thrust of this research on avi-
an sexual colors is that we can gain important insights
about the information content and functiona signifi-
cance of plumage colors by understanding the proxi-
mate mechanisms that control their expression (Mc-
Graw and Hill 2000). Thus, we must first characterize
the types of pigments that confer color on feather
patches and later investigate how certain environmen-
tal, physiological, and genetic factors mediate color
production.

Biochemical techniques that identify carotenoid pig-
ments in bird feathers have existed for decades (re-
viewed in Hudon and Brush 1992). Recently, they
have been improved through advances in chromato-
graphic procedures (e.g., high-performance liquid
chromatography, or HPLC; Stradi et al. 1995). Meth-
ods for studying melanins in bird feathers, however,
have lagged behind. Only within the last few decades
have biochemical procedures been employed to char-
acterize melanins in animal tissues (Ito and Fujita
1985). Two general classes of melanin pigments exist:
the yellow or rufous phaeomelanins and the black,

SHORT COMMUNICATIONS 687

gray, or brown eumelanins (Prota 1992). These classes
exist in varying proportions in the three species in
which the melanin content of colorful plumage has
been investigated: domestic pigeons (Columba livia;
Haase et a. 1992), Mallards (Anas platyrhynchos;
Haase et al. 1995), and Japanese Quail (Coturnix ja-
ponica; Shigjiri et a. 1999).

We studied the pigmentary basis of colorful plum-
age ornaments in the Zebra Finch (Taeniopygia gut-
tata). This Australian passerine has been the subject of
several recent tests of sexual-selection and honest-sig-
naling theory, specifically focused on the carotenoid-
based coloration of the beak in males (Blount, Met-
calfe, Birkhead, and Surai 2003, Blount, Metcalfe, Ar-
nold et al. 2003, McGraw and Ardia 2003, McGraw
et a. 2003). Mae finches aso display a series of sex-
ually dichromatic plumage features, however; they ex-
hibit patches of rust-colored cheek feathers, black
breast feathers, and brown flank feathers that are all
absent in females. We presumed that all feather patches
were colored by melanins, and followed previously
published biochemical procedures (Haase et a. 1992)
to assay both phaeomelanin and eumelanin content in
these feathers. We also performed conventional meth-
ods of carotenoid analysis (Hudon and Brush 1992,
McGraw, Hill et al. 2002) to determine whether ca-
rotenoid pigments were present in rusty or brown
feathers.

METHODS
FEATHER COLLECTION

We plucked feathers from six male Zebra Finches in
wild-type plumage. The birds came from two captive
populations: one at Cornell University (n = 3; Mc-
Graw, Adkins-Regan, and Parker 2002) and one at the
University of Caifornia-Davis (n = 3; Millam et al.
2001). Because cheek feathers are much smaller than
breast and flank feathers, we plucked 20 rust-colored
cheek feathers, 8 black breast feathers, and 8 brown
flank feathers from each bird. Feathers from each re-
gion were split into two equal portions and were im-
mediately placed into 1.5-mL Eppendorf tubes and
stored in an envelope at room temperature until feath-
ers were analyzed biochemically.

CAROTENOID ANALY SES

We trimmed 3-5 mg of rusty and brown barbules from
feathers, washed them sequentially in ethanol and hex-
ane (solvent washes yielded no carotenoids), and blot-
ted them dry. We added 1 mL acidified pyridine to the
barbules in a 9-mL glass tube, filled the headspace of
the tube with argon (to prevent pigment oxidation),
and held the tube at 95°C for 4 hr. After this time, we
cooled the tube to room temperature, added 1 mL wa-
ter, inverted the tube a few times, and then added 3
mL hexane:tert-butyl methyl ether (1:1, v:v; to recover
both polar and nonpolar lipids). We shook the tube
vigorously for 2 min, centrifuged for 5 min at 3000
RPM, transferred the supernatant to a fresh tube, and
evaporated the solvent to dryness under a stream of
nitrogen. We ran a positive control (yellow, caroten-
oid-pigmented contour feathers from American Gold-
finches [Carduelis tristis]; McGraw et a. 2001) along
with our samples.



688 SHORT COMMUNICATIONS

Residues were redissolved in 200 wL HPLC mobile
phase, and 50 pL was injected into a Waters™ 717plus
Autosampler HPLC (Millipore Corp., Bedford, Mas-
sachusetts) fitted with a Develosil RPAqueous RP-30
column (250 X 4.6 mm; Nomura Chemical Co. Ltd.,
Aichi, Japan) and a column heater (Eppendorf TC-50,
Hamburg, Germany) set at 27°C. We used two differ-
ent isocratic systems (Hewlett-Packard 1050 Series
Isocratic Pump), both at a constant flow rate of 1.2 mL
per min, to analyze xanthophylls and carotenes sepa-
rately, if they were present. For xanthophylls, we used
acetonitrile:methanol:chloroform (46:46:48, v:v:v) as
the mobile phase. For carotenes, we used methanol:
dichloromethane (50:50, v:v) as the mobile phase.
Data were collected from 250—-600 nm using a Wa-
ters™ 996 photodiode array detector (Waters Corpo-
ration, Milford, Massachusetts). The minimum detec-
tion limit of our PDA detector was 0.0001 AU (ab-
sorbance units), which amounts to approximately 1 ng
of carotenoid per 50 pL injection or 0.005 mg of ca-
rotenoid per gram of pigmented feather portion.

MELANIN ANALY SES

To determine eumelanin concentration, 3-5 mg of rus-
ty, black, or brown barbules were trimmed and ho-
mogenized in water (1:100, w:v). 400 pL of the feath-
er—water homogenate were added to 800 pL 1M
H,S0O,, oxidized with 3% KMnO,. The resulting oxi-
dation product (pyrrole-2,3,5-tricarboxylic acid;
PTCA) was analyzed via HPLC (Ito and Fujita 1985,
Ito and Wakamatsu 1994). Phaeomelanins were ex-
amined by hydrolyzing 200 pL feather homogenate
with 500 pL 57% hydriodic acid at 130°C in the pres-
ence of H;PO, for 24 hr, and subsequently analyzing
the product (4-amino-3-hydroxyphenyalanine; 4-AHP)
using HPLC with electrochemical detection (Waka-
matsu et a. 2002). Amounts (mg per g of feather) of
eumelanin and phaeomelanin were obtained by multi-
plying the amount of PTCA and 4-AHP by conversion
factors of 50 and 9, respectively (Ito and Fujita 1985,
Wakamatsu and Ito 2002).

RESULTS
CAROTENOID ANALY SES

Using our thermochemical extraction procedure, we
found that none of the orange or brown feathers in
male Zebra Finches contained any carotenoid pig-
ments. Similar analyses using a more mild, mechanical
extraction method a so failed to detect any carotenoids
in cheek feathers (R. Stradi, unpubl. data).

MELANIN ANALY SES

All three feather types analyzed contained high con-
centrations of melanin pigments. As expected for a
black color, breast feathers contained predominantly
(92%) eumelanin (mean + SE = 13.6 = 2.8 mg eu-
melanin per g feather and 1.1 + 0.3 mg phaeomelanin
per g feather; Fig. 1). Cheek and flank patches, in con-
trast, contained predominantly phaeomelanin (99.2%
and 92.3% of total, respectively) and at extraordinarily
high concentrations (Fig. 1). Cheek feathers contained
an average of 46.8 = 8.3 mg phaeomelanin per g feath-
er and 0.3 £ 0.05 mg eumelanin per g feather, whereas
flank patches contained even higher concentrations
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FIGURE 1. Mean (+ SE) concentrations of phaeo-
melanins and eumelanins found in feathers from male
Zebra Finches: cheek (rusty), breast (black), and flank
(brown).
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(55.3 = 10.6 mg phaeomelanin per g feather, 3.8 +
1.2 mg eumelanin per g feather). Cheek feathers thus
appear more orange and less brown than flank feathers
because of their lower overall melanin concentration
and a slightly higher relative amount of phaeomelanin.

DISCUSSION

Chestnut and rufous feathers reportedly harbor carot-
enoid pigments in certain species (e.g., Barn Swallows
[Hirundo rustica]; Stradi 1998, Saino et a. 1999), but
we found no evidence that feathers of a similar color
in male Zebra Finches contained any carotenoids. In-
stead, melanins bestow the rust, brown, (and black)
colors on these feathers.

As anticipated, the black breast patch of males was
mostly eumelanic and exhibited a similar concentra-
tion (ca. 15 mg total melanins per g feather) and eu-
melanin:phaeomelanin ratio (92:8) to black feather
pigments in Japanese Quail (Shiojiri et a. 1999). How-
ever, the cheek and flank feathers were quite unusual,
having unparalleled concentrations of total melanins
and high proportions of phaeomelanin. Even the rich-
est reddish-brown feathers in pigeons contain just over
40 mg melanin per g of feather and no more than 93%
of this is phaecomelanin (Haase et al. 1992). For com-
parison, red hair in humans also contains ca. 94%
phaecomelanin, but a total melanin concentration of
only 3.5 mg per g (Ito and Fujita 1985). In fact, the
melanin profile of cheek feathers in Zebra Finches is
most similar to the yellow hair of a certain strain of
lab mice (i.e.,, C57BL, Av/a), which is 99.1% phaeo-
melanin but still contains only ca. 26.5 mg melanin
per g of hair (Ito and Wakamatsu 2003).

Melanins may occur at such high concentrations in
Zebra Finch feathers due to the large amounts needed
to confer rich ornamental colors. Carotenoids that col-
or bird feathers, for example, have extremely high ex-
tinction coefficients (a measure of the light-reflecting
properties of molecules; Bauernfeind 1981) and occur
in the sexually selected plumage of male American
Goldfinches and House Finches (Carpodacus mexica-
nus) at concentrations of no more than 2 mg per g



(Inouye et a. 2001, McGraw, Hill et a. 2002). In con-
trast, the extinction coefficients for phaeomelanins and
eumelanins are more than an order of magnitude lower
than carotenoids (Sarna and Swartz 1988), which
means that more pigment is required to generate an
equally rich color.

The differences in phaeomelanin and eumelanin
concentrations in Zebra Finch feather areas underscore
the remarkably flexible and selective capacities that
animals have to synthesize and incorporate these mel-
anins in tissues. Some mammals (e.g., mice, 1to and
Fujita 1985; cats, Anderson et a. 2002) and birds (e.g.,
quail, Shiojiri et a. 1999) even produce individua
hairs or feathers that are striped or barred, with differ-
ent levels of phaeomelanin and eumelanin in each re-
gion. These studies and ours suggest that feather fol-
licles (like hair follicles) exert very fine, local control
over the rates of melanin deposition into different tis-
sues.

The reasons why the two types of melanin appear
in different amounts in bird feathers, however, are
poorly understood. Synthetic pathways toward phaeo-
and eumelanogenesis are thought to differ, most nota-
bly in the role of the amino acid cysteine, which acts
in phaeomelanin synthesis only (Land and Riley
2000). Amino-acid availability in the diet affects mel-
anin distribution and coat color in cats (Anderson et
al. 2002), but no comparable study is yet available in
birds. We do know that factors like circulating sex-
hormone levels in Mallards affect feather-melanin
composition, where phaeomelanin content in certain
body regions is elevated in birds having higher testos-
terone titers (Haase et a. 1995). Whether local hor-
mone production or circulation can explain why Zebra
Finch breast feathers become primarily eumelanic and
flank and cheek feathers phacomelanic should be an
interesting topic to pursue.

Likewise, the social and sexual significance of these
melanic ornamental colors in Zebra Finches require
additional study. Female Zebra Finches are known to
preferentially mate with males having the most sym-
metrical patch of black breast feathers (Swaddle and
Cuthill 1994), but no studies have sought to identify a
signaling function of the cheek or flank ornaments.
Since different types of pigmentary and structural col-
ors often communicate different sets of information
about the overal quality of males (McGraw and Hill
2000, Senar et a. 2003), Zebra Finches should serve
as an ideal model to test whether different types of
melanin-based features serve equally different rolesin
visual communication.
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