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Plumage Coloration in Belted Kingfishers (Megaceryle alcyon) at a
Mercury-contaminated River

ARIeL E. WHITE AND DANIEL A. CRISTOL"

Institute for Integrative Bird Behavior Studies, Department of Biology, The College of William & Mary,
Williamsburg, VA, 23187, USA

“Corresponding author; E-mail: dacris@wm.edu

Abstract.—Because Belted Kingfishers (Megaceryle alcyon) eat a diet comprised primarily of fish they are a useful
indicator species for aquatic contaminants such as mercury. Monitoring efforts generally compare nesting success
or tissue contaminant concentrations from contaminated sites with reference sites. In contrast, this study exam-
ined subtler potential effects of mercury accumulation by quantifying plumage coloration (structural and melanin
based) of nesting adult Belted Kingfishers and relating it to individual mercury concentrations. Mercury exposure
was associated with increased brightness of plumage color consistent with the hypothesis that mercury slows the
production of melanin. Clear sex differences in the chroma and hue of blue body feathers identified during this
study suggest that Belted Kingfishers possesses cryptic dimorphism beyond the rufous “belt,” and thus mercury-
induced alterations in blue plumage could reduce fitness. Received 11 May 2012, accepted 23 January 2014.
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Ornamental traits such as plumage col-
oration have been associated with health
in numerous species and are an important
component of reproductive effort (Sieffer-
man and Hill 2005). Relative to less costly
traits, ornamental traits are at a greater risk
of perturbation by adverse environmental
conditions (Hill 1995). In this study, we ex-
amined the relationship between exposure
to mercury, an environmental pollutant
known to affect avian health, and plumage
coloration in male and female Belted King-
fishers (Megaceryle alcyon).

Belted Kingfishers have been recognized
as an important target species for monitor-
ing aquatic pollution because they feed at
the top of lengthy aquatic food chains, and
thus can accumulate high concentrations of
biomagnifying contaminants such as mer-
cury (Baron et al. 1997; Zamani-Ahmadmah-
moodi et al. 2009). The male and female
plumages are ostensibly similar in Belted
Kingfishers; both possess blue back feath-
ers, white chest feathers, and a ventral band
of blue. Females have an additional ventral
“belt” of rufous feathers that has given rise
to the species’ common name and is a classic
example of reverse sexual plumage dimor-
phism.

Mercury has the potential to affect plum-
age coloration in birds in several ways. At
high levels of exposure, mercury impacts

many aspects of physiology, including the
immune system (Scheuhammer et al. 2007;
Lewis et al. 2013). If a molting bird is ex-
pending extra energy on immune defense,
it may have less to invest in plumage struc-
ture and coloration. Mercury could also af-
fect feather color indirectly by disruption of
the endocrine system. For example, mercury
contamination has been correlated with al-
tered estradiol and testosterone concentra-
tions in wading birds, as well as reduced
reproductive effort and altered pairing be-
havior (Jayasena ef al. 2011). Analogous situ-
ations occur with polychlorinated biphenyl
(PCB) contaminants, which are well-known
endocrine disruptors. When exposed to
PCBs, sub-adult female Tree Swallows (7achy-
cineta bicolor) prematurely developed adult
coloration (McCarty and Secord 2000) and
American Kestrels (Falco sparverius) pro-
duced duller carotenoid-based ceres and lo-
res (Bortolotti et al. 2003).

Alternately, mercury might affect feather
coloration by directly disrupting the bio-
chemical processes through which color is
produced. Tyrosinase is a catalytic enzyme
essential for melanin production (McGraw
2006). In vitro studies suggest that mercury
inhibits tyrosinase availability by binding to
tyrosinase in place of the catalytic cofactor
copper (Lerner 1952). Because of this prop-
erty, mercury has long been used as an active
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ingredient in human skin-lightening creams
(Al-Saleh et al. 2004). Thus, mercury could
alter the concentration of melanin in grow-
ing feathers. Additionally, mercury binds
to keratin molecules within the structure
of feathers and could, in theory, alter the
microstructure that produces coloration in
some feathers (Appelquist et al. 1984).

To evaluate the relationship between
mercury and plumage coloration, both were
measured in feathers from Belted Kingfish-
ers living in an area with high level of mercu-
ry contamination (Cristol et al. 2008; Jackson
et al. 2011). Our objective was to determine
whether feather mercury concentration is
associated with altered plumage coloration
in Belted Kingfishers.

METHODS

Study Area and Tissue Sampling

The South, Middle and North Rivers are the main
tributaries forming the South Fork of the Shenandoah
River. Between 1929 and 1950, a textile manufacturing
facility in Waynesboro, Virginia (38.06° N, 78.88° W)
deposited mercuric sulfate into the South River (Carter
1977), while the other two tributaries have remained
free of significant mercury pollution. The South River
was heavily contaminated and a fish consumption advi-
sory remains in effect on it, as well as downstream on
the South Fork of the Shenandoah River (Virginia De-
partment of Environmental Quality 2014). Feathers and
blood from Belted Kingfishers breeding on the heavily
contaminated South River were compared to samples
from Belted Kingfishers nesting on the moderately con-
taminated South Fork of the Shenandoah River as well
as the two “reference” tributaries, which have no history
of mercury contamination (Middle and North Rivers).

Belted Kingfisher nests were located by surveying
all riverbanks using canoes early in the breeding season
(April-May). Birds were caught from 23 May to 18 June
2005 and 22 April to 6 June 2006, either by placing a mist
net in front of the nest or by excavating the nest from the
back during brooding and then repairing the excavation.
Blood and feathers were collected from both males (n =
23) and females (n = 32). Of the 55 adults banded, 27
were captured at 19 nests on the two reference rivers, 21
were captured at 13 nests on the heavily contaminated
South River, and nine were captured at seven nests down-
stream on the moderately contaminated South Fork of
the Shenandoah River. Two individuals were captured in
both years, at different sites, and treated as independent
samples because mercury concentrations had changed
and plumage had molted.

Blood was sampled from the brachial vein using
a 25-gauge needle. Blood samples were immediately
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placed on ice and then frozen at -25 °C within 8 hr
of collection. From each individual, we sampled nine
feathers from the blue back, nine from the blue chest
band, nine from the white area immediately dorsoven-
tral to the blue chest band, and, in females, nine from
the rufous “belt” across the abdomen. Age of adult Belt-
ed Kingfishers (second year or after second year) was
determined by inspecting the blue chest band for the
presence of juvenile rufous feathers (Bent 1940; Pyle
1997; Kelly et al. 2009).

Color Quantification

Each of the nine feathers of similar type were placed
directly on top of each other, corresponding to the way
they lay on a bird, and taped to a sheet of black con-
struction paper (Siefferman and Hill 2003). An Ocean
Optics USB 2000 UV-VIS spectrometer (Range = 250-
880 nm) with a PX-2 light source was used to measure
the color of the feathers. Feathers were measured with
a probe that both sent and received light signals at a
90° angle to the feathers. The probe was set so thata 3
mm diameter region of feather surface was illuminated,
the level at which the maximum pixel count occurred
for a white standard (WS-1). Color measurements were
recorded using the software OOIllrrad (Ocean Optics
2006). An individual measurement was composed of the
mean of 20 reflectance curves taken at 100 millisecond
intervals. Five repeated measurements were performed
on each sample of feathers from a single individual, and
this was repeated for blue back, blue chest, and white
chest plumage, and rufous feathers for females. To en-
sure independent measurements, between each mea-
surement the probe was removed and replaced, aiming
for the same location on the feathers.

Overall variation in color was evaluated using
three commonly used colorimetric variables for each
type of feather: brightness or reflectance across the
entire spectrum, hue or dominant color, and chroma
or the proportion of reflectance concentrated around
the peak. To reduce the effects of variation in the data,
cach curve was first smoothed by calculating the me-
dian value of reflectance for every 81 readings. Hue
was analyzed for colors that peaked within the visible
range of birds (blue and white) by taking the mean
value of the wavelength where the percent reflectance
was at its maximum. For colors such as browns and
reds, which have a much greater reflectance at the
high end of the avian visual range and peak beyond
700 nm, a different measurement of hue was calcu-
lated as the wavelength at the point on the spectrum
where the slope of the reflectance curve was the great-
est (Siefferman and Hill 2003). Chroma was calculated
for blue feathers as the proportion of total reflectance
occurring from 300-500 nm and for rufous feathers
as the proportion of total reflectance occurring from
500-700 nm. In white feathers, which had the most
variation in the ultraviolet range, chroma was calcu-
lated as the proportion of total reflectance occurring
from 300-400 nm. For all feather types, brightness was
the mean reflectance over the visible range (300-700
nm) (Montgomerie 2006).
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Mercury Analysis

Mercury was measured in the same feathers that
had been used for colorimetric analysis, but afterward,
because mercury analysis is destructive. In preparation
for mercury analysis, feathers were washed with deion-
ized water and dried in a low-humidity chamber. They
were then homogenized with scissors to pieces of ap-
proximately 1 mm? to permit destructive analysis of to-
tal mercury.

Mercury was measured using the atomic absorp-
tion spectroscopy method in a direct mercury analyzer
(Milestone DMASO). Nearly all of the mercury in feath-
ers is in the form of highly bioavailable methylmercury,
so measuring total mercury, which is less expensive, is
an accurate estimate of methylmercury content (Wada
et al. 2009). After every 20 samples, one duplicate sam-
ple, three method blanks, and two samples of standard
reference materials (DORM-2 and DOLIT-3, homog-
enized fish tissues purchased from the National Re-
search Council of Canada) were run for quality control.
Distributions of feather and blood mercury values were
positively skewed and were therefore log normalized
before analysis. All mean values are reported + SD and
all mercury concentrations are parts per million (ppm)
wet (blood) or fresh (feather) weight of tissue.

Statistical Analyses

Mercury concentrations in blood and feathers
were evaluated separately using ANOVAs with age and
sex as treatment groups. Comparisons between mates
were conducted using paired ttests. Pearson’s prod-
uct-moment correlations were used to determine the
relationship between feather and blood mercury con-
centrations. Each colorimetric variable was analyzed in
an ANCOVA using feather mercury concentration as a
covariate and sex as treatment group to evaluate plum-
age response to mercury concentration and color dif-
ferences between sexes. All analyses were tested using
the statistical program R (R Development Core Team
2010).

REsuLTS

Mercury Loads

Blood mercury concentrations, which re-
flect recent diet, were significantly higher in
Belted Kingfishers breeding along the South
River (3.35 + 0.58, n = 21) than those breed-
ing on the South Fork of the Shenandoah
River (0.56 £ 0.11, n=9) or the reference riv-
ers (0.25+0.03, n=27; I, = 22.99, P<0.01).
At nests where both adult birds were captured,
blood mercury concentrations did not differ
between the sexes (paired .= 0.096, P> 0.05).

Feather mercury concentrations were
strongly correlated among the different
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feather types within individuals (X*> 0.95,
P < 0.05 in all correlations), and therefore
feathers of each individual were averaged
to produce a single feather mercury score.
Feather mercury concentrations from the
South River (26.25 + 7.27, n = 21) tended
to be higher, on average, than those from
the South Fork of the Shenandoah River
(9.44 + 3.18, n =9) and reference (Middle
and North) rivers (11.54 + 5.07, n=25), but
these differences were not significant (F, ;, =
2.06, P> 0.05).

The relationship between blood and
feather mercury concentrations was evalu-
ated using age and sex as cofactors. There
was a significant positive covariance between
blood and feather mercury concentrations
(F1,47 =18.20, P<0.01), as well as a significant
interaction between sex and the covariance
of blood and feather mercury concentra-
tions (FL47 = 5.94, P < 0.05). When further
evaluated, the blood and feather mercury
concentrations in male kingfishers were sig-
nificantly correlated (X*= 0.75, = 0.57, P<
0.01; Fig. 1A), while those of females were
not (X*= 0.24, #= 0.06, P> 0.05; Fig. 1B).
A few males and many females had feather
mercury values that did not match their
blood mercury concentration.

Color and Feather Mercury Concentrations

Feathers containing melanin tended to
be brighter at higher mercury concentra-
tions (Table 1). An ANCOVA showed that re-
gardless of sex, Belted Kingfishers with high-
er mercury had brighter blue chest feathers
(Table 1), and a relationship, albeit non-
significant, was also suggested for blue back
and rufous “belt” feathers (Pvalues < 0.1;
Table 1). This is apparent from the signifi-
cant linear relationship between brightness
of the blue chest feathers (structural color
containing melanin pigment) and mercury
concentration of both sexes (Female: ¢, =
2.113, #* = 0.13, P = 0.04; Male: ¢,,=2.477, »
=0.23, P=0.02; Fig. 2i). The linear relation-
ships for blue back feathers and rufous “belt”
feathers (females only, color produced by
melanin) were also positive but did not dif-
fer significantly from the null hypothesis of
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Figure 1. Correlation between blood and feather mercury levels in male (A) and female (B) Belted Kingfishers
(Megaceryle alcyon). Solid line indicates slope and dashed line shows the 1:1 ratio for comparison.

no relationship with mercury concentration
(Female blue back: ¢, = 1.78, »* = 0.10, P =
0.08; Male blue back: ¢, = 0.45, *=0.01, P=
0.66; Fig. 2¢; Female rufous chest: {,, = 1.16,
7 =0.044, P=0.25; Fig. 21).

Blue chroma, or purity (i.e., the pro-
portion of reflected color represented by
blue wavelengths), tended to decrease in
females as mercury increased, but this rela-
tionship was only significant in female blue
back feathers (t,, =-2.24, »* = 0.14, P= 0.03;

Table 1. Fratios among colorimetric scores with log
normalized feather mercury concentrations, and sex,
as factors in Belted Kingfishers (Megaceryle alcyon).
Mercury concentration interactions with sex are not in-
cluded as none were significant. Degrees of freedom
were Fl, 5, in all cases but rufous chest, which was F 130
as only females possess this plumage color. * indicates
significance P < 0.05.

Feather Region  Color Variable Sex  Mercury
Blue Back Hue 1.35 0.46
Brightness 0.12 3.28
Chroma 1.74 1.13
White Chest Hue 2.19 0.04
Brightness 2.21 0.02
Chroma 0.93 4.28%*
Blue Chest Hue 12.25% 0.81
Brightness 0.63 9.50%
Chroma 7.75% 0.35
Rufous Chest Hue — 0.48
Brightness — 3.16
Chroma — 3.01
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Fig. 2b). The linear relationship between
chroma and mercury was also negative in
white feathers of both sexes combined (i,
=-2.08, » = 0.06, P < 0.05; Fig. 2e). An AN-
COVA revealed a significant effect of mer-
cury on white chroma regardless of sex (sig-
nificant Fvalue for mercury concentration;
Table 1), such that Belted Kingfishers with
higher mercury had less purity of white in
their chest feathers. While the rufous feath-
ers of females also showed a negative linear
relationship with increasing mercury con-
centrations, it was not significant (Fig. 2k).
An ANCOVA confirmed the non-significant
effect of mercury on chroma of female ru-
fous chest feathers. No other linear trends
between mercury and brightness or chroma
were suggestive of biological relationships
(Fig. 2f, h). Finally, there was no detectable
relationship between mercury and hue,
which is a measure of the dominant color
(Fig. 2a,d, g, j).

Sex Differences

Significant differences between male and
female colors were found in the blue chest
feathers, where males had significantly lower
hue and higher chroma than females (Table
1). A very similar pattern was present in the
blue back feathers, but differences were not
significant.
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Figure 2. Relationship between feather mercury concentration and colorimetric variables (hue, chroma, and bright-
ness) in male (solid line and filled circles) and female (dashed line and unfilled circles) Belted Kingfishers (Mega-
ceryle alcyon). Four plumage regions were sampled: blue back feathers (a-c), white chest feathers (d-f), blue chest

feathers (g-i), and rufous chest feathers possessed only by females (j-1).
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Discussion

Several aspects of plumage coloration in
Belted Kingfishers appeared to be related to
the concentration of mercury in feathers.
Mercury added a significant or near-signif-
icant component of variation to aspects of
blue coloration on chest and back and the
ventral rufous coloration on females. The
effects we found could be explained by one
of at least three processes: 1) mercury is a
potential endocrine disruptor and could al-
ter the production of color by influencing
sex-specific steroid hormones; 2) mercury
could impact health and reduce the reserves
available for investment in condition-de-
pendent plumage coloration; or 3) mercury
could directly disrupt pigment production
or feather microstructure. Because no data
on hormone concentrations were gathered,
it is not possible to evaluate the role of the
endocrine system in mediating the relation-
ship between mercury and color.

The link between condition and plum-
age coloration has generally been explored
in birds that, unlike Belted Kingfishers,
have carotenoid-based pigments (McGraw
et al. 2005a). In contrast, blue colors are al-
most always derived from the interactions
between melanin and the nanostructure of
the feathers (Prum 2006), and white colors
are generally derived by physical variations
within the feather structure that reflect all
wavelengths of light. The rufous color of
female Belted Kingfishers is likely derived
mostly from phaeomelanin, a form of mela-
nin (McGraw et al. 2005b). Because mercury
has well-documented effects on condition in
birds (Scheuhammer et al. 2007), it is pos-
sible that the body burden of mercury at the
time of moltinfluences the reserves available
for creating the pigments or microstructure
of feathers. However, it was not possible to
rigorously test whether mercury-induced
reduction in condition was a mechanism
underlying the relationship between mer-
cury concentration and coloration because
the study was conducted during the breed-
ing season, approximately 5-10 months after
molt. Condition measures taken at that time
would have had little correlation with those
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at the time the feathers were produced, es-
pecially in light of the observation that these
Belted Kingfishers sometimes dispersed be-
tween contaminated and uncontaminated
sites (White 2007).

The third hypothesized mechanism for
the relationship between mercury and plum-
age coloration is direct disruption of the
color production pathway. In vitro experi-
ments (Lerner 1952) have shown that inor-
ganic mercury could inhibit the production
of melanin by competing with copper for
binding sites on tyrosinase, the enzyme that
catalyzes the initial step in melanin produc-
tion. Tyrosinase requires a copper cofactor
but will bind to other metals including mer-
cury (McGraw 2003). Therefore, while cop-
per facilitates the production of melanin,
mercury slows it down. The presence of high
concentrations of mercury during feather
growth could reduce the amount of mela-
nin available. Consistent with this theory,
regenerated limbs of fiddler crabs exposed
to methylmercury were devoid of melanin
(Weis 1977).

The underlying melanin layer in structur-
al colors increases the purity of a color (or
chroma) by absorbing random scattering of
light caused by the structure of the feathers
(Shawkey and Hill 2006). If mercury inhibits
melanogenesis and causes a decrease in the
amount of melanin in the pigment layer, an
increase in random scattering of white light
may result, causing the feather to appear
brighter. Consistent with this explanation,
there was a tendency for all feather types
containing melanin to become brighter with
increases in mercury content regardless of
sex. Additionally, the blue chest feathers of
female Belted Kingfishers had lower chroma
levels as mercury concentration increased
(less concentrated blue coloration). Gener-
ally female Belted Kingfishers in their first
breeding season have numerous residual
rufous-tinged feathers in their blue chest
band (Kelly et al. 2009). The lower chroma
in birds with higher mercury may have re-
sulted from an increase in the retention of
these juvenile feathers in females in poorer
condition. Rufous feathers in females with
higher mercury concentrations tended to
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have higher brightness and lower chroma
scores and thus probably contained less mel-
anin. The coloration of rufous feathers is not
structurally based like blue feathers, but the
same mechanism could occur because mela-
nin is present in both. The potential role of
mercury as an inhibitor of melanogenesis in
feathers should be explored in controlled
experiments where both mercury consump-
tion and the dietary precursors to tyrosinase
can be manipulated.

As expected, Belted Kingfishers sampled
along a mercury-contaminated river during
the breeding season had elevated mercury
concentrations in blood relative to two un-
contaminated rivers (Cristol et al. 2008).
Feather mercury, which reflects body bur-
den of mercury during the previous molt,
was correlated with blood mercury for males
but not for females. Like many other bird
species, the Belted Kingfisher is a partial and
a differential migrant; not all migrate and
females disperse farther than males during
the winter (Kelly 1998). In addition, it has
been suggested that males, but not females,
care for young after fledging (Davis 1980),
and males are more likely to return to the
same nesting territory than females (Albano
2000). Thus, a male nesting at a given con-
taminated site will be more likely to molt
there and breed again at the same site in a
subsequent year. Our finding that males had
a closer correspondence between feather
and blood mercury concentrations than fe-
males is consistent with this sex difference in
kingfisher life history.

In a highly site-faithful species, one
would expect close correspondence be-
tween feather and blood mercury, as found
for Tree Swallows (7achycineta bicolor) at this
site (Brasso and Cristol 2008). In Belted
Kingfishers, on the other hand, some indi-
viduals appear to have molted on a contami-
nated site after one breeding season, and
then moved to a reference site for the next,
or vice versa. Such transient individuals are
the outliers to the dashed line in Fig. 1 (e.g.,
male 159382368 bred on a contaminated
site in 2005 and a reference site in 2006 and
its blood mercury dropped from 10.7 to 0.4

ppm).
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We documented a previously unreport-
ed sex difference in Belted Kingfisher col-
oration, suggesting that sexual selection
may be at work in this species. Male and
female chest bands are different colors of
blue, with females having more reflectance
at higher wavelengths, and males hav-
ing higher purity of blue at the dominant
wavelengths. Due to the high reflectivity
of white feathers and the low reflectivity of
rufous feathers, the namesake rufous “belt”
of female Belted Kingfishers decreases the
reflectivity of the female’s chest relative to
the male. Typically, the female Belted King-
fisher is described as being a case of reverse
sexual plumage dimorphism. The Belted
Kingfisher is a sister species to the larger
Ringed Kingfisher (M. torquata), which is
similar in coloration to the Belted King-
fisher (Moyle 2006). In that species, both
the males and females have a rufous chest,
raising the possibility that the ancestral
condition was rufous-chested and that male
Belted Kingfishers evolved a white chest
patch as a sexually-selected elaboration of
plumage.

Belted Kingfishers breeding on a mer-
cury-contaminated river exhibited altered
plumage coloration, consistent with inter-
ference by mercury in the melanin-pro-
duction pathway. Mercury concentrations
in blood and feathers were not tightly
correlated, suggesting that some birds,
especially females, switched between con-
taminated and reference sites, thereby ac-
cumulating feather mercury at one site and
blood mercury at another. The effects of
altered plumage coloration in this species
are unknown, but the finding that male
and female blue plumage is more dimor-
phic than previously believed suggests that
blue color could play a role in mate choice
and altered plumage could have behavior-
al signaling and fitness consequences. The
effects of mercury on Belted Kingfishers
at this one contaminated river system are
relevant nationwide; for example Belted
Kingfishers living along approximately
half the river miles on the Missouri, Ohio
and Mississippi Rivers are at risk of adverse
effects from mercury (Walters et al. 2010).



BELTED KINGFISHER PLUMAGE AND MERCURY

ACKNOWLEDGMENTS

Funding was provided by E. I. DuPont de Nemours,
The National Science Foundation UBM 0436318, and
the Office of the Vice Provost for Research at The Col-
lege of William & Mary and research was completed with
oversight from the South River Science Team, which is
a collaboration of state and federal agencies, academic
institutions, and environmental interests. Research with
vertebrate animals was conducted under USGS Bird
Banding Lab permit 22792, Virginia Department of
Game and Inland Fisheries Scientific Collecting Permit
02193 and College of William & Mary Institutional Ani-
mal Care and Use Committee protocol 20051115-3. We
thank Rebecka Brasso, Anne Condon, Rachel Fovargue,
Scott Friedman, Kelly Hallinger, Ravi Jefferson George,
Sean Koebley, Maryse Leandre, and Adrian Monroe for
assistance in the field. We are also indebted to the co-
operative landowners of the Shenandoah Valley, gradu-
ate committee members Randy Chambers and George
Gilchrist, and patient mercury guru Robert Taylor, who
oversaw mercury analysis, at the Trace Elements Re-
search Laboratory at Texas A&M University.

LiTERATURE CITED

Albano, D. J. 2000. A behavioral ecology of the Belted
Kingfisher (Ceryle alcyon). Ph.D. Dissertation, Uni-
versity of Massachusetts, Amherst.

Al-Saleh, 1., N. Shinwari, 1. El-Doush, G. Billedo and
M. Al-Amodi. 2004. Comparison of mercury levels
in various tissues of albino and pigmented mice
treated with two different brands of mercury skin-
lightening creams. Biometals 17: 167-175.

Appelquist, H., S. Asbirk and I. Drabaek. 1984. Mercury
monitoring: mercury stability in bird feathers. Ma-
rine Pollution Bulletin 15: 22-24.

Baron, L. A., T. L. Ashwood, B. E. Sample and C. Welsh.
1997. Monitoring bioaccumulation of contaminants
in the Belted Kingfisher (Ceryle alcyon). Environ-
mental Monitoring and Assessment 47: 153-165.

Bent, A. C. 1940. Life histories of North American birds.
U.S. National Museum Bulletin No. 176: 111-130.

Bortolotti, G. R., K. J. Fernie and J. E. Smits. 2003. Ca-
rotenoid concentration and coloration of American
Kestrels (Falco sparverius) disrupted by experimental
exposure to PCBs. Functional Ecology 17: 651-657.

Brasso, R. L. and D. A. Cristol. 2008. Effects of mer-
cury exposure on the reproductive success of Tree
Swallows (Tachycineta bicolor). Ecotoxicology 17:
133-141.

Carter, L. J. 1977. Chemical plants leave unexpected
legacy for two Virginia rivers. Science 198: 1015-
1020.

Cristol, D. A., R. L. Brasso, A. M. Condon, R. E. Fovargue,
S. L. Friedman, K. K. Hallinger, A. P. Monroe and A.
E. White. 2008. The movement of aquatic mercury
through terrestrial food webs. Science 320: 335.

Davis, W. 1980. The Belted Kingfisher (Megaceryle alcy-
on): its ecology and territoriality. M.S. Thesis, Uni-
versity of Cincinnati, Cincinnati, Ohio.

Downloaded From: https://bioone.org/journals/Waterbirds on 06 Mar 2019
Terms of Use: https://bioone.org/terms-of-use

151

Hill, G. E. 1995. Ornamental traits as indicators of envi-
ronmental health. Bioscience 45: 25-28.

Jackson, A. K., D. C. Evers, S. B. Folsom, J. Diener, L. F.
Goodrick, A. J. McGann, A. M. Condon, J. Schmer-
feld and D. A. Cristol. 2011. Mercury exposure in
terrestrial birds far downstream of an historical
point source. Environmental Pollution 159: 3302-
3308.

Jayasena, N., P. C. Frederick and L. V. Larkin. 2011.
Endocrine disruption in White Ibises (Eudocimus
albus) caused by exposure to environmentally rel-
evant levels of methylmercury. Aquatic Toxicology
105: 321-327.

Kelly, J. F. 1998. Latitudinal variation in sex ratios of
Belted Kingfishers. Journal of Field Ornithology 69:
386-390.

Kelly, J. F., E. S. Bridge and M. J. Hamas. 2009. Belted
Kingfisher (Megaceryle alcyon) revised. No. 84 in The
Birds of North America Online (A. Poole, Ed.). Cor-
nell Lab of Ornithology, Ithaca, New York. http://
bna.birds.cornell.edu/bna/species/084/, accessed
6 August 2013.

Lerner, A. B. 1952. Effects of ions on melanin forma-
tion. Journal of Investigative Dermatology 18: 47-52.

Lewis, C. A., D. A. Cristol, J. P. Swaddle and P. Zwollo.
2013. Reduced immune response in zebra finches
exposed to sublethal doses of mercury. Archives of
Environmental Contamination and Toxicology 64:
327-336.

McCarty, J. P. and A. L. Secord. 2000. Possible effects of
PCB contamination of female plumage color and re-
productive success in Hudson River Tree Swallows.
Auk 117: 987-995.

McGraw, K. J. 2003. Melanins, metals, and mate quality.
Oikos 102: 402-406.

McGraw, K. J. 2006. Mechanics of melanin-based col-
oration. Pages 243-294 in Bird Coloration: Mecha-
nisms and Measurements, vol. 2. (G. E. Hill and K.
J. McGraw, Eds.). Harvard University Press, Cam-
bridge, Massachusetts.

McGraw, K. J., G. E. Hill and R. S. Parker. 2005a. The
physiological costs of being colourful: nutritional
control of carotenoid utilization in the American
goldfinch, Carduelis tristis. Animal Behavior 69: 653-
660.

McGraw, K. J., R. J. Safran and K. Wakamatsu. 2005b.
How feather colour reflects its melanin content.
Functional Ecology 19: 816-821.

Montgomerie, R. 2006. Analyzing colors. Pages 90-147
in Bird Coloration: Mechanisms and Measurements,
vol. 2 (G. E. Hill and K. J. McGraw, Eds.). Harvard
University Press, Cambridge, Massachusetts.

Moyle, R. G. 2006. A molecular phylogeny of kingfishers
(Alcedinidae) with insights in early biogeographic
history. Auk 123: 487-499.

Ocean Optics. 2006. OOIIrrad software v. 2.05.00 RR
25, Ocean Optics, Dunedin, Florida. http://www.
oceanoptics.com/Products/software.asp,
15 November 2007.

Prum, R. O. 2006. Anatomy, physics, and evolution of
structural colors. Pages 295-353 in Bird Coloration:

accessed



152

Mechanisms and Measurements, vol. 2 (G. E. Hill
and K. J. McGraw, Eds.). Harvard University Press,
Cambridge, Massachusetts.

Pyle, P. 1997. Identification guide to North American
birds, part I: Columbidae to Ploceidae. Slate Creek
Press, Bolinas, California.

R Development Core Team. 2010. R: a language and en-
vironment for statistical computing v. 2.12.1. R Foun-
dation for Statistical Computing, Vienna, Austria.
http//www.r-project.org/, accessed 8 August 2011.

Scheuhammer, A. M., M. W. Meyer, M. B. Sandheinrich
and M. W. Murray. 2007. Effects of environmental
methylmercury on the health of wild birds, mam-
mals, and fish. Ambio 36: 12-18.

Shawkey, M. D. and G. E. Hill. 2006. Significance of a
basal melanin layer to production of non-iridescent
structural plumage color: evidence from an amela-
notic Steller’s Jay (Cyanocitta stelleri). Journal of Ex-
perimental Biology 209: 1245-1250.

Siefferman, L. and G. E. Hill. 2003. Structural and mel-
anin coloration indicate parental effort and repro-
ductive success in male Eastern Bluebirds. Behavio-
rial Ecology 14: 855-861.

Siefferman, L. and G. E. Hill. 2005. Evidence for sexual
selection on structural plumage coloration in fe-
male Eastern Bluebirds (Sialia sialis). Evolution 59:
1819-1828.

Virginia Department of Environmental Quality. 2014.
South River/South Fork Shenandoah Mercury

Downloaded From: https://bioone.org/journals/Waterbirds on 06 Mar 2019
Terms of Use: https://bioone.org/terms-of-use

‘WATERBIRDS

Information. http://www.deq.virginia.gov/Pro-
grams/Water/WaterQualityInformationTMDLs/
WaterQualityMonitoring/FishTissueMonitoring/
ShenandoahMercury.aspx, accessed 19 January
2014.

Wada, H., D. A. Cristol, F. M. A. McNabb and W. A.
Hopkins. 2009. Suppressed adrenocortical re-
sponses and triiodothyronine levels in birds near
a mercury-contaminated river. Environmental Sci-
ence and Technology 43: 6031-6038.

Walters, D. M., K. A. Blocksom, J. M. Lazorchak, T. Ji-
cha, T. B. Angradi and D. W. Bolgrien. 2010. Mer-
cury contamination in fish in mid-continent great
rivers of the United States: importance of species
traits and environmental factors. Environmental
Science and Technology 44: 2947-2953.

Weis, J. S. 1977. Limb regeneration in fiddler crabs:
species differences and effects of methylmercury.
Biological Bulletin 152: 263-274.

White, A. E. 2007. Effects of mercury on condition
and coloration in Belted Kingfishers. M.S. Thesis,
The College of William and Mary, Williamsburg,
Virginia.

Zamani-Ahmadmahmoodi, R., A. Esmaili-Sari, S. M.
Ghasempouri and M. Savabieasfahani. 2009. Mer-
cury levels in selected tissues of three kingfisher
species; Ceryle rudis, Alcedo atthis, and Halcyon
smyrnensi, from Shadegan Marshes of Iran. Eco-
toxicology 8: 319-324.



	Effects of mercury and sex on plumage in belted kingfishers
	Recommended Citation

	tmp.1551991544.pdf.FGhP3

