
ORIGINAL ARTICLE

Relationships between plumage coloration, diet diversity,
and winter body condition in the Lesser Goldfinch

Melanie Frincke-Craig • Jessi L. Brown •

Chris W. Briggs • Simon R. Poulson •

Michael W. Collopy • Chris R. Feldman

Received: 9 January 2014 / Revised: 18 July 2014 / Accepted: 16 October 2014 / Published online: 8 November 2014

� Dt. Ornithologen-Gesellschaft e.V. 2014

Abstract Bright and colorful plumage is thought to be an

honest signal of individual quality in birds because con-

suming high-quality forage results in more colorful plum-

age. To gain insight into the ecological and evolutionary

context of the relationship between color, body condition,

and diet, we studied a mostly urban population of Lesser

Goldfinches (Spinus psaltria). We collected body mea-

surements and digital photographs of plumage, as well as

feathers and blood of goldfinches during three winters

(2009–2012) in northern Nevada, USA. We analyzed the

body tissues (feathers and blood) for stable isotope values of

carbon and nitrogen to infer the diets of individual gold-

finches, and quantified CIELAB color space values of

chroma, brightness, and hue of plumage from the digital

images. We then examined the relationships between color

values and body condition, and color and stable isotope

values. We found that the brightness (L* value) of the back

plumage was correlated with both body condition and with

stable isotope values of nitrogen (d15N) in the winter diet.

Furthermore, stable isotope analyses of both feathers and

blood showed temporal differences in diet. However, hue

and chroma, which are color values that are thought to more

directly represent feather carotenoid content, were not

related to body condition or diet. Our results suggest that the

foraging ecology of Lesser Goldfinches changes over time,

and that, in winter, plumage color values that are putatively

indicative of carotenoid content do not seem to be an honest

signal of individual quality as measured by body condition.

Keywords Body condition � Color � Diet � Spinus

psaltria � Stable isotopes � Temporal variation

Zusammenfassung

Beziehungen zwischen Gefiederfärbung, Nahrungsvi-

elfalt und Körperkondition im Winter bei Mexikozeis-

igen Spinus psaltria

Glänzendes und buntes Gefieder bei Vögeln stellt wa-

hrscheinlich ein ehrliches Signal individueller Qualität dar,

da das Verzehren hochwertiger Nahrung in bunterem Ge-

fieder resultiert. Um Einblicke in den ökologischen und

evolutionären Kontext der Beziehung zwischen Farbe,

Körperkondition und Ernährung zu gewinnen, haben wir

eine größtenteils städtische Population des Mexikozeisigs

(Spinus psaltria) untersucht. Über drei Winter (2009–2012)

haben wir im Norden Nevadas (USA) Körpermaße ermit-

telt, Digitalfotos des Gefieders aufgenommen sowie Federn

und Blut von Mexikozeisigen gesammelt. Wir haben die

Körpergewebe (Federn und Blut) hinsichtlich stabiler

Isotopenwerte von Kohlenstoff und Stickstoff analysiert,
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um Rückschlüsse auf die Nahrung individueller Mexi-

kozeisige zu ziehen, und haben anhand der Gefiederfotos

Farbsättigung, Helligkeit und Farbton auf der Basis des

CIELAN-Farbraums quantifiziert. Dann haben wir die

Beziehungen zwischen diesen Farbwerten und der Kör-

perkondition bzw. den stabilen Isotopenwerten untersucht.

Wir fanden, dass die Helligkeit (L*-Wert) des Rückenge-

fieders mit der Köperkondition sowie mit den Werten sta-

biler Stickstoffisotope (15 N) in der Winternahrung

korreliert war. Des Weiteren zeigten die Isotopenanalysen

von Federn sowie Blut zeitliche Unterschiede in der Nah-

rung auf. Farbton und Farbsättigung standen jedoch nicht

in Bezug zur Körperkondition oder Ernährung, obwohl sie

den Carotinoidgehalt von Federn wahrscheinlich unmit-

telbarer anzeigen. Unsere Ergebnisse deuten darauf hin,

dass sich die Nahrungsökologie von Mexikozeisigen über

die Zeit verändert und dass im Winter Gefiederfarbwerte,

die vermeintlich den Carotinoidgehalt anzeigen, offenbar

kein ehrliches Signal individueller Qualität (wie anhand

der Köperkondition gemessen) darstellen.

Introduction

Sexual selection is driven by variation in the ability to attract

and secure mates. As originally articulated by Darwin (1859,

1871), variation in sexual selection is considered one of the

most important forces influencing phenotypic evolution. In

many systems, females select males with specific traits,

often promoting the evolution of dimorphic or exaggerated

secondary sexual characteristics. Why females choose mates

with specific traits is often debated (Emlen and Oring 1977;

Greenwood 1980), but a leading hypothesis, the handicap

principle (Zahavi 1977; Hamilton and Zuk 1982), suggests

that secondary sexual characteristics are costly, allowing

females to discern the most viable mates (strongest traits)

from those of lesser quality (weaker traits). Under this sce-

nario, secondary sexual characteristics must be honest sig-

nals, reflecting an individual’s viability, genetic quality, or

even capacity to rear offspring (Järvi et al. 1987; Searcy and

Nowicki 2005; Emlen et al. 2012). If low-quality males are

able to ‘‘cheat’’ and develop attractive sexual signals without

handicap, then the value of such signals becomes unreliable

(Olson and Owens 1998). Thus, major questions in the study

of sexual selection are whether and how secondary sexual

traits convey honest information between the sexes (Searcy

and Nowicki 2005; Emlen et al. 2012).

In many avian mating systems, females choose mates

based on the brightness and color of the males’ plumage.

Vibrant males are thought have an advantage in mate

acquisition over duller males because plumage traits may

convey honest information about a potential male’s

condition or quality (Hill 2000). In particular, yellow,

orange, and red feather colors are mostly derived from

carotenoids—chemical compounds created by plants,

algae, bacteria, and fungi that reflect both a high-quality

diet and a vigorous immune response (Slagsvold and Lif-

jeld 1992; Blount 2004; McGraw et al. 2005). Because

birds cannot create carotenoids, these pigments must be

acquired through their diet (McGraw et al. 2001). Large

amounts of carotenoids must be ingested to obtain a suf-

ficient amount of pigments to dedicate to plumage color-

ation, and allocating dietary nutrients to feather coloration

may directly limit the nutrients available to other physio-

logical functions, especially immune defenses (Blount

2004). Thus, carotenoid acquisition and absorption into the

blood stream is closely coupled with nutritional state and

capacity to obtain high-quality forage (McGraw et al.

2005). Individual birds that can maximize their reproduc-

tive and survival success within the constraints of the trade-

offs will be evolutionarily favored (Blount 2004).

It is important to be able to accurately determine differ-

ences between the diets of individuals in order to understand

how consumed resources affect plumage coloration. One

method of quantifying an individual’s diet is through the use

of stable isotope analyses. Stable isotopes are naturally

occurring elements that can be found in the tissues of both

predators and prey, and the isotopic signatures of consumers

will reflect the signatures of their prey. In the case of stable

isotopes of nitrogen, consumer isotopic signatures typically

shift to heavier values due to trophic enrichment (Boecklen

et al. 2011). However, consumer carbon isotopic values are

often, but not always, similar to prey carbon isotopic values

(DeNiro and Epstein 1978; Podlesak et al. 2005; Caut et al.

2009). The time period over which the dietary information is

integrated depends on the tissue analyzed: in small birds,

stable isotope values from whole blood reflect the bird’s diet

for 24–30 days prior to sample collection, whereas stable

isotopes in the feathers reflect what the bird ate during feather

growth, thus allowing comparisons between diets over dif-

ferent time periods (Inger and Bearhop 2008). After ana-

lyzing tissue stable isotope values, mixing models that

attempt to quantify the proportion of the diet that can be

attributed to each potential prey item are often used to

reconstruct animal diets (Semmens et al. 2009; Ward et al.

2011). However, alternative methods of exploring diet

characteristics include comparing diet variability in multi-

variate diet isotopic space, or linear models that explore

relationships between single isotopes and covariates

(Beaulieu and Sockman 2012; Hsu et al. 2014).

Carotenoid-based plumage color appears to function as

an honest signal of mate quality in the American Goldfinch

(Spinus tristis; McGraw 2004). Its close relative, the Lesser

Goldfinch (Spinus psaltria), is also sexually dimorphic in

plumage, with male birds having bright yellow breasts and
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black caps, whereas females have duller yellow coloration

and lack contrasting caps. Thus, their carotenoid-dependent

plumage coloration may provide honest sexual signals.

However, the two color morphs of Lesser Goldfinch exhibit

strikingly different molt strategies, with the eastern black-

backed form molting twice a year, similar to the American

Goldfinch, whereas the western green-backed form molts

only once a year (Willoughby 2007). We focused on the

potential relationship between plumage coloration and

body condition and diet in Lesser Goldfinch males and

females in northern Nevada, USA. In our study area, the

resident morph is the western green-backed form, and thus

likely molts only once a year in the summer or early

autumn immediately following breeding or soon after

fledging (Willoughby 2007). Thus, the feathers grown in

summer and autumn are kept throughout the winter and

following breeding season.

Our first goal was to better understand the relationship

between color and body condition, to assess whether

plumage traits may provide honest signals in this species.

Our second goal was to assess how plumage coloration

may be related to diet during two different seasons, as a

potential causal mechanism of reliable signal production in

these birds. We expected plumage traits to vary with both

body condition and diet, providing females with an honest

indication of male quality, as seen in the American Gold-

finch (McGraw et al. 2002, 2005). Further, because of the

annual production of feathers in later summer or early fall,

we expected a robust relationship between plumage traits

and summer diet.

Methods

Sample collection

We captured 433 Lesser Goldfinches using mist-nets and

cage traps at 16 sites around Reno/Sparks and Carson City

in northern Nevada, USA (center of study area,

39�25.7310N, 119�44.8880W; Fig. 1) over three winter

seasons (October–February 2009–2012). After capture, we

banded birds with unique combinations of three color

bands and one aluminum USGS band. We measured the

length of the bird’s exposed culmen, tarsus, wing chord,

extent of wing white patch, tail, and mass, and determined

age and sex from plumage (Pyle 1997). We took digital

photographs of each bird’s breast and back with a Canon

30D SLR, including an IT8 color reference card in each

image for future color calibration (example images in

Online Supplement 1 of the Electronic supplementary

material, ESM). We plucked 2–3 feathers from the breast

of each bird and stored the feathers in paper envelopes. At

a subset of five sites during the winter of 2011–2012, we

took blood samples (200 ll) from the brachial vein with a

28-gauge needle and capillary tube and immediately placed

blood samples in tin cups which were then allowed to air

dry for ca. 6 weeks until the sample mass stabilized.

Color quantification

Plumage color values, and hence the carotenoid content of

feathers, may be measured by spectrophotometers, but the

equipment can be difficult to use under field conditions

(Saks et al. 2003; Lopez-Rull et al. 2010). Alternatively,

color values may be quantified from digital images that

have been rigorously calibrated (Stevens et al. 2007). One

standard for color quantification is the CIE (International

Commission on Illumination) 1976 L*a*b color space, or

CIELAB. CIELAB is a derivation of the color plane where

L* corresponds to brightness, a* to green to magenta, and

b* to blue to yellow. These values can then be used to

calculate chroma and hue, which can be thought of as the

purity or saturation of the color and the particular portion of

the color spectrum, respectively, both of which have been

linked to carotenoid content in feathers (Saks et al. 2003).

We calibrated digital images of adequate quality (both

the bird and color reference card were visible and neither

Fig. 1 Locations of banding and sampling sites of Lesser Gold-

finches in northern Nevada (near Reno/Sparks and Carson City),

USA. Sites where samples were collected for stable isotope analyses

are indicated by triangles
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under- nor overexposed) of 225 goldfinches to better

indicate true color regardless of the light conditions at the

time of photography. We generated a custom color profile

(ICC, or International Color Consortium, profile) for the

digital camera and lens with the IT8 reference color card

and the open-source ICC profiling software ArgyllCMS

v1.3.4 (accessed from http://www.argyllcms.com/). This

custom ICC profile was then used to decode our raw format

images into the CIE 1976 L*a*b color space using the

program RawTherapee (accessed from http://rawtherapee.

com). We then sampled the color three times in the

brightest regions of the breast and back for each bird, and

averaged the values of L*, a*, and b* for our final color

values. Chroma (C*) and hue (h*) were calculated by the

equations C� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ða�2 þ b�2Þ
p

and h* = atan2(b*, a*),

respectively.

Diet quantification by stable isotope analysis

We analyzed feather and whole-blood samples for stable

isotope values collected in the winter of 2011–2012 from

41 goldfinches captured in five sites (6–9 birds per site).

The feather samples were washed using a two-step pro-

cess to remove surface contaminants from the feathers

(Paritte and Kelly 2009). We first washed the feathers in a

30:1 detergent/water solution then rinsed them three times

in deionized water and left them to dry in a fume hood

for 24 h. Next we washed the feathers in a 2:1 chloro-

form/methanol solution for 30 s and dried them overnight

(24 h) at room temperature in a fume hood. After wash-

ing, the feathers were packed into tin cups, and tissues

(blood and feathers) were analyzed for stable isotope

values of carbon (d13C) and nitrogen (d15N). Pilot anal-

yses showed consistently low C:N ratios (\4.0) for both

tissues, indicating low lipid contents and therefore no

need to extract lipids that may otherwise confound anal-

yses (Post et al. 2007). Additionally, samples of several

seeds that goldfinches were observed to consume were

analyzed for stable isotope values: these were analyzed

whole without washing or other treatment, as they were

being examined as a pilot analysis. We used a Eurovector

EA 3000 elemental analyzer interfaced to a Micromass

Isoprime continuous flow isotope ratio mass spectrometer.

The instrumentation was equipped with a helium diluter

to allow for d13C and d15N analyses of each sample

analysis, after the method described by Werner et al.

(1999). Isotope results are reported in the usual d notation

in units of % vs. the reference standards VPDB for d13C,

and vs. air for d15N. Analytical error (one standard

deviation) was estimated to be ±0.1 and ±0.2 % for

d13C and d15N measurements respectively. Isotope anal-

yses were corrected to an acetanilide laboratory standard

that had previously been calibrated using IAEA-CH-3,

IAEA-CH-6, IAEA-N-1, and IAEA-N-2 standards. The

acetanilide laboratory standard was analyzed repeatedly

throughout the analytical series in order to correct for any

instrumental drift.

Body condition

We evaluated the body conditions of Lesser Goldfinches by

correcting mass for body size (Peig and Green 2009, 2010).

We used wing chord as our measure of body size because

this measurement is thought to be highly replicable under

field conditions (Winker 1998) and exploratory plots

showed a relationship between wing chord and mass. We

performed, for each sex separately, standardized major axis

(SMA) regressions of natural log-transformed wing chord

on mass for goldfinches banded from 2009–2011 in R

(v2.15.1) using the package ‘‘lmodel2’’ (Legendre and

Legendre 1998; R Development Core Team 2010). The

scaled mass index ( bMi, hereafter ‘‘SMI’’) was calculated

for each bird:

bMi ¼ Mi

L0

Li

� �bSMA

where the measured mass and wing chord are Mi and Li, the

mean observed wing length is L0, and the slope of the

appropriate SMA regression line is the exponent bSMA

(Peig and Green 2009). Our final sample for SMI included

406 birds (247 males and 159 females) after removing

mass outliers suggesting errors in measurement (mass \8 g

or [13 g).

Statistical analyses

We used digital images of 225 goldfinches of known sex

and age class, calibrated to extract L*a*b* color values, for

the analysis of color and SMI by general linear models.

Most of the color values were highly correlated with each

other (Pearson’s correlation coefficient, r [ 0.6, P \ 0.05),

so we chose to consider the uncorrelated variables of

chroma (C*) and hue (h*) of the breast and brightness (L*)

of the back. Our other variables for the color and SMI

analysis were sex and age class (either ‘‘Older,’’ combining

after hatch year [AHY] and after second year [ASY] birds,

or ‘‘Young,’’ combining hatch year [HY] or second year

[SY] birds). For each analysis, we assessed sets of a priori

models by Akaike’s information criterion scores corrected

for small sample size (AICc; Burnham and Anderson

2002).

The stable isotope values of various tissues from the

same organism will likely vary due to different fraction-

ation rates for each tissue, so rather than analyze the raw
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data from the stable isotope analyses, we reconstructed

the stable isotope values of the original diet by correcting

the raw values with experimentally determined fraction-

ation values for the Song Sparrow (Melospiza melodia),

another seed-eating passerine (Kempster et al. 2007).

Thus, reconstructed stable isotope values of diet in winter

were estimated as d13C of whole blood ?1.55 and d15N

of whole blood -2.15, and values of diet in summer were

estimated via d13C of feathers -0.25 and d15N of feath-

ers -2.85. We then determined the relationships between

color and diet using general linear models for univariate

analyses of stable isotope values. Because our sample size

in the stable isotope data set was relatively small, we

minimized the number of potential predictor variables by

considering only sex in addition to the color values. We

further analyzed the stable isotope data using bivariate

stable isotope Bayesian standard ellipses and stable iso-

tope ‘‘population metrics’’ with the R package ‘‘SIAR’’ to

illustrate any differences in diet across time (Layman

et al. 2007; Parnell et al. 2010; Jackson et al. 2011). We

compared metrics summarizing the trophic structure

inferred by each tissue analysis. We calculated the ranges

of nitrogen d15N (NR) and carbon d13C (CR) observed;

the mean distance to centroid (CD), which represents the

population trophic diversity; and the standard deviation of

the nearest neighbor distance (SDNND), which indicates

the evenness of the distribution of trophic niches (Layman

et al. 2007) for each seasonal diet. We also compared diet

composition and breadth by comparing the locations and

overlaps in bivariate isotope space of standard ellipses

corrected for small sample sizes (SEAC) and Bayesian

standard ellipses (SEAB) estimated separately for diets in

summer and in winter.

Results

Body condition

The standardized mass index for female goldfinches was

calculated by the equation Mi 9 (61.579/Li)
1.912, and for

male goldfinches, Mi 9 (63.271/Li)
1.794. The best predic-

tors of SMI were L*, or brightness, of the back plumage

and sex (Table 1; sum of Akaike model weights,

Rwi = 0.84 and 0.90, respectively). SMI increased as the

brightness of the back increased (Fig. 2a, model-averaged

beta parameter 0.00753, 95 % CI 0.0011–0.014). Absolute

L* values (intercept of regression line) differed between

the sexes, with males tending to be brighter, but the rela-

tionship between L* and SMI (slope of regression line) was

similar for both sexes (Fig. 2a). We found little support for

influences of chroma or hue of the breast plumage, or age

class, on SMI (Rwi = 0.29, 0.36, and 0.27, respectively).

Diet

In our univariate analyses, we found that the brightness of

the back plumage (L*) predicted d15N of the winter diet

(Table 2; Rwi = 0.87). Nitrogen isotope ratios in the

winter diet became enriched as L* of back plumage

increased (Fig. 2b; model-averaged beta parameter 0.0166,

95 % CI 0.00343–0.0297). We found no relationships

between any of our variables and d15N in the summer diet,

or d13C during either season (lowest AICc scores for null

models and no variables with large sums of Akaike

weight).

Bivariate analyses of stable isotopes indicated temporal

differences in diet. Comparison of isotope niche metrics for

each season’s diet suggested that diets were less diverse

during the winter than the summer. The ranges of both

d15N and d13C were lower in the winter diet (2.8 and 1.9,

respectively) than in the summer diet (5.6 and 4.4,

respectively). Similarly, overall population trophic diver-

sity, as measured by CD, and population trophic evenness,

or SDNND, were less variable during the winter (for CD,

0.7 in winter versus 1.2 in summer; for SDNND, 0.1 versus

0.4). We found that both the standard ellipses of isotopes

and the Bayesian standard ellipses differed in size

depending on the season, again suggesting that the Lesser

Table 1 Comparison of linear models arranged in order of AICc

score showing the relationships between standardized mass index

(SMI) and plumage color, sex, and age class in Lesser Goldfinches

(n = 225) captured in northern Nevada, USA, during winter

2009–2012

Model parameters K AICc DAICc Wi

Brightness (back) ? sex 4 429.83 0 0.26

Brightness (back) ? hue (breast) ? sex 5 431.14 1.31 0.13

Brightness (back) ? chroma (breast) ? sex 5 431.64 1.81 0.10

Brightness (back) ? sex ? age class 5 431.85 2.02 0.09

Brightness (back) ? chroma

(breast) ? hue (breast) ? sex

6 432.90 3.07 0.06

Brightness (back) ? hue

(breast) ? sex ? age class

6 433.03 3.20 0.05

Sex 3 433.32 3.49 0.05

Brightness (back) ? chroma

(breast) ? sex ? age class

6 433.74 3.91 0.04

Hue (breast) ? sex 4 434.08 4.25 0.03

Brightness (back) 3 434.25 4.42 0.03

Null 2 437.78 7.95 0

Age class is either ‘‘adult’’ (AHY or ASY) or ‘‘young’’ (HY or SY);

chroma of the breast plumage was quantified by the C* color value, hue of

breast plumage was represented by the h* color value, and brightness of

the back plumage by the L* value. K is the number of model parameters,

and wi is the AICc model weight. Only the models with AICc \5.0 and the

null model (intercept only) are shown
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Goldfinch’s diet was more diverse during the summer than

the winter (Fig. 3a, b). Winter diet appeared to be nested

within summer diet, as 93 % of the standard ellipse for

winter diet was overlapped by that of summer diet

(Fig. 3a). We did not analyze a full representation of

potential goldfinch diet items, but our pilot analyses

revealed marked variability between our limited samples.

We observed relative enrichment of d15N in locally grown

sunflower seeds (Helianthus annus; mean d15N = 9.8 ±

0.4 SD, n = 3) as compared to several other seeds col-

lected from local unidentified plants (d15N = 4.18 ± 0.3,

n = 2; d15N = -1.7 ± 0, n = 2) as well as human-pro-

vided millet (Panicum miliaceum; d15N = 2.7 ± 0.9,

n = 4) and nyjer (Guizotia abyssinica; d15N = 4.3 ± 0.3,

n = 3).

Discussion

We sought to determine the potential relationships between

body condition, plumage traits, and diet in the Lesser

Goldfinch. We found relationships between plumage

brightness (L*) and both body condition and d15N in the

winter diet in Lesser Goldfinches. Unexpectedly, our study

did not suggest any strong relationships between putative

carotenoid-based coloration (hue and chroma) and condi-

tion or diet, although in other passerines carotenoid-based

coloration is associated with many costs and trade-offs

(Hill 2000). Any possible relationship between carotenoid-

based coloration and our variables of interest, especially

body condition, should have been detected because of our

robust sample size of birds captured across three consec-

utive winters (n = 225). Because we did not directly

measure feather carotenoid content, nor assess its rela-

tionship to color values in this species, it is possible that

our color variables did not adequately capture feather
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Fig. 2 Relationships between (a) standardized mass index, or SMI,

and brightness of the back plumage, or L*back; and (b) d15N of the

reconstructed winter diet and L*back for Lesser Goldfinches sampled

in northern Nevada, USA, during winter months. Triangles represent

values for male birds and circles are data points for females. Solid

lines and dashed lines are model-averaged parameter estimates for

males and females, respectively, and shading indicates 95 % CI

Table 2 Comparison of linear models arranged in order of AICc

score, showing the relationships between d15N of winter diet (as

estimated by stable isotope analysis of whole blood) and plumage

color and sex in Lesser Goldfinches (n = 37) captured in northern

Nevada, USA, during winter

Model parameters K AICc DAICc wi

Brightness (back) ? hue (breast) 4 73.33 0 0.25

Brightness (back) ? sex 4 74.13 0.79 0.17

Brightness (back) 3 74.56 1.22 0.14

Brightness (back) ? hue (breast) ? sex 5 75.06 1.73 0.11

Brightness (back) ? chroma

(breast) ? hue (breast)

5 75.95 2.61 0.07

Brightness (back) ? chroma

(breast) ? sex

5 76.22 2.89 0.06

Brightness (back) ? chroma (breast) 4 77.04 3.71 0.04

Hue (breast) 3 77.24 3.91 0.04

Brightness (back) ? chroma

(breast) ? hue (breast) ? sex

6 77.28 3.95 0.03

Null 2 77.38 4.05 0.03

Chroma of the breast plumage was quantified by the C* color value,

hue of breast plumage was represented by the h* color value, and

brightness of the back plumage by the L* value. K is the number of

model parameters and wi is the AICc model weight. Only the models

with AICc \ 4.0 and the null model (intercept only) are shown
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carotenoid content. However, a strong correlation between

saturation and feather carotenoid content is well estab-

lished in passerines (Gray 1996), and has been shown in

multiple studies of the American Goldfinch (McGraw et al.

2002, 2005).

Plumage brightness can be influenced by melanin, which

sometimes serves as the pigment responsible for sexual

ornaments (McGraw 2008; Guindre-Parker and Love 2013).

However, the brightness of the back plumage of the birds in

our study was not likely to be related to melanin, although we

did not measure melanin content directly. The brightness of

the back plumage did not correlate to the C/N ratio in the

feathers, nor was there depletion in feather d13C for darker

feathers, which would be expected if there was a large dif-

ference in melanin content in the darker feathers (Michalik

et al. 2010). Plumage coloration, as measured by brightness,

saturation, or chroma, can also be affected by ectoparasites,

feather damage, cleanliness, and cosmetics (Delhey et al.

2007; Surmacki and Nowakowski 2007; Lopez-Rull et al.

2010; Pérez-Rodrı́guez et al. 2011). Because feathers are

nonliving, the only way that birds can maintain optimal

attractiveness is through the removal of soils and application

of preening oils or other cosmetic enhancements (Delhey

et al. 2007). Whether such cosmetics or more well-groomed

feathers provide an additional form of honest signaling

remains uncertain; perhaps males that preen more diligently

are less prone to disease and parasitism, so they not only

represent more viable mates but they are also less likely to

transmit disease to potential mates and offspring, and they

may teach beneficial grooming behaviors to offspring (Wal-

ther and Clayton 2005; Lenouvel et al. 2009).

We also found that goldfinches with winter diets enriched

in d15N had brighter backs. Typically, d15N values are

thought to reflect the trophic level of food consumed (Inger

and Bearhop 2008); however, Lesser Goldfinches are known

to eat primarily seeds and other plant products, so the

observed differences in isotope values are likely related to

the choice of plant species consumed (Watt and Willoughby

1999). Our pilot analyses indicated that there was marked

variability in d15N values among the diet samples. However,

stomach content analysis and foraging observations of birds

in other populations suggest that goldfinches consume a

broad range of available plants, [50 species in California

(Linsdale 1957). Because we opportunistically collected

samples from only five plant species, we assumed that we did

not sample an adequately broad representation of potential

Lesser Goldfinch diet items in northern Nevada to defini-

tively suggest the sources of enriched dietary nitrogen.

Even without knowing the exact composition of the diet,

stable isotope analyses can successfully demonstrate the

variation among both natural and artificial food choices

(Robb et al. 2011), and suggest the locations of foraging

sites as well as the shift of the foraging niche over time

(Podlesak et al. 2005; Darimont et al. 2007; Hammersch-

lag-Peyer et al. 2011). We detected temporal shifts in the

diet of Lesser Goldfinches indicating that the birds gener-

ally consumed less diverse food items during the winter

(Fig. 3). Even with less diet diversity during the entire

winter, we found evidence that diets shifted during the

winter season. Diets may have changed simply due to

differences in food availability: fresh plant tissues are of

course mostly unavailable during the winter, and much of

the aboveground plant biomass present during summer is

either buried under snow, incorporated into litter, or

standing dried. However, a diet difference may
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Fig. 3 Summaries of Lesser Goldfinch diets in northern Nevada as

estimated by stable isotope analysis of whole-blood and feathers.

Whole-blood analyses integrate dietary information over the previous

24–30 days, or from November–December 2011, whereas feather

analyses represent diet during feather growth, which was likely from

July–September 2011. In the isotope biplot (a), symbols represent

individual birds (triangles males, circles females), and lines indicate

the standard ellipse areas (SEAC) for each season. Density plot of

Bayesian standard ellipse areas (SEAB) for stable isotopes (b) implies

a less diverse diet during the winter of 2011 than the summer or fall.

Dots indicate means, and boxes show 95, 75, and 50 % CI
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alternatively arise from movements of goldfinches into the

city during the winter, where there may be fewer food

sources available or greater reliance on food from anthro-

pogenic sources. Further studies could explore whether

survival differs for birds with different diets, or between

those that tend to use urban and rural sites within the study

area. Determining if and how demographic parameters

differ between urban and rural locations, and how these

might relate to diet, will help to explain the significance of

subtle plumage variation between seasons.

Our results indicate that carotenoid-based winter plumage

coloration is not a reliable indicator of winter body condition,

and thus might not be an honest signal of mate quality in

Lesser Goldfinches. This is in contrast to the closely related

American Goldfinch, in which carotenoid-based plumage

color relates to individual condition and health (McGraw and

Hill 2000), and brightly colored males are preferred by

females (Johnson et al. 1993). Furthermore, in the American

Goldfinch, the reduced ornamentation of winter plumage

seems likely to continue to function as a signal of status, as it

is related to summer breeding plumage (McGraw 2004).

Although wintering plumage hue or chroma may not be a

signal of an index of condition in the Lesser Goldfinch,

honest signaling of body condition via plumage may well

only occur during the breeding season, as changes in color-

ation are known to occur in this species that are not related to

molting. For example, the black cap may be a possible signal

of quality in males during the breeding season, as the black

color intensifies pre-breeding due to the wearing away of

olive feather tips (Willoughby 2007). As discussed above,

changes in plumage maintenance behavior during pair for-

mation or breeding may well affect plumage hue, chroma, or

brightness to act as a signal during that period. Comparing

the summer plumage with the winter plumage would provide

insight into the consistency of signaling throughout the

seasons and the potential of carotenoid-derived plumage

coloration to act as an honest signal in Lesser Goldfinches.
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Pérez-Rodrı́guez L, Mougeot F, Bortolotti GR (2011) The effects of

preen oils and soiling on the UV–visible reflectance of carot-

enoid-pigmented feathers. Behav Ecol Sociobiol 65:1425–1435

Podlesak DW, McWilliams SR, Hatch KA (2005) Stable isotopes in

breath, blood, feces, and feathers can indicate intra-individual

changes in the diet of migratory songbirds. Oecologia

142:501–510

Post DM, Layman CA, Arrington DA, Takimoto G, Quattrochi J,

Montaña CG (2007) Getting to the fat of the matter: models,

methods and assumptions for dealing with lipids in stable isotope

analyses. Oecologia 152:179–189

Pyle P (1997) Identification guide to North American birds. Part 1.

Columbidae to Ploceidae. Slate Creek, Bolinas

R Development Core Team (2010) R: a language and environment for

statistical computing. R Foundation for Statistical Computing,

Vienna. http://www.R-project.org.

Robb GN, McDonald RA, Inger R, Reynolds SJ, Newton J, McGill

RAR, Chamberlain DE, Harrison TJE, Bearhop S (2011) Using

stable-isotope analysis as a technique for determining consump-

tion of supplementary foods by individual birds. Condor

113:475–482
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