Functional Ecology

Functional Ecology 2010, 24, 149-158 doi: 10.1111/j.1365-2435.2009.01606.x

Carotenoid and melanin-based ornaments signal similar
aspects of male quality in two populations of the
common yellowthroat

Peter O. Dunn*', Julia C. Garvin', Linda A. Whittingham', Corey R. Freeman-Gallant® and
Dennis Hasselquist®

1Department of Biological Sciences, University of Wisconsin-Milwaukee, Milwaukee, Wisconsin, 53201, USA;
2Department of Biology, Skidmore College, Saratoga Springs, New York 12866, USA; and Department of Animal
Ecology, Ecology Building, Lund University, S-223 62 Lund, Sweden

Summary

1. Female preferences for particular male ornaments may shift between populations as a
consequence of ecological differences that change the reliability and detectability of the
ornament, but few studies have examined how ornaments function in different populations.

2. We examined the signalling function of male plumage ornaments in a warbler, the common
yellowthroat (Geothlypis trichas), breeding in New York (NY) and Wisconsin (WI), USA. Males
have two prominent ornaments: a black facial mask pigmented with melanin and a yellow bib
pigmented by carotenoids. Previous studies in WI indicate that the size of the mask, and not the
bib, is primarily related to female choice and male reproductive success. In NY, however, the
pattern is reversed and attributes of the bib (size and colour), and not the mask, are the target of
sexual selection.

3. We found that brightness of the yellow bib was the best signal of humoral immunity (immuno-
globulin G) in NY and mask size was the best signal in WI, after controlling for breeding
experience and capture date. Thus, similar aspects of male quality appeared to be signalled by
different ornaments in different populations.

4. There was no difference between populations in the level of plasma carotenoids or the
prevalence of malarial parasites, which may affect the costs and benefits of choosing males with
particular ornaments in each location.

5. Even though females in different populations prefer different ornaments produced by different
types of pigments, these ornaments appear to be signalling similar aspects of male quality. Our
results caution against inferring the function of particular ornaments based simply on their type
of pigment.

Key-words: carotenoids, habitat, immunity, intraspecific variation, multiple ornaments, mela-
nin, sexually selected traits

be better indicators of male quality than others. For exam-

Introduction . . .
ple, it has been suggested that ornaments pigmented with

Males often attract mates using several different types of
signals, including both morphological and behavioural
traits. For example, male guppies (Poecilia reticulata) use
both courtship displays and orange spots to attract mates
(Endler & Houde 1995), and many birds use both song and
plumage ornaments to attract their mates. The evolution of
these multiple signals is complex, as different ornaments
may be selected by female choice and male-male competi-
tion, and, in terms of female choice, some ornaments may
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carotenoids (primarily red, yellow, orange) are more costly
to produce than ornaments pigmented with melanin (pri-
marily black and brown, Badyaev & Hill 2000; Hill & Braw-
ner 1998), and, thus, are better indicators of male quality
(condition or health). As a consequence, carotenoid-based
ornaments may be more likely to be targets of female choice
than melanin-based ornaments.

Carotenoid-based ornaments are thought to be costly
signals of male quality because vertebrates cannot syn-
thesize carotenoids and must acquire them in their diet.
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Furthermore, some types of carotenoids play an important
role as antioxidants and in immune defence (Blount ez al.
2003), so the carotenoids available for ornamentation may be
limited by their allocation to the immune system (Lozano
1994; von Schantz et al. 1999). In contrast, melanins are read-
ily synthesized by vertebrates from the amino acid tyrosine,
which is not considered limiting (Fox 1976; von Schantz et al.
1999; Jawor & Breitwisch 2003). This difference in synthesis
led to the hypothesis that melanin-based ornaments are less
costly to produce and, thus, less likely to be used by females
in mate choice.

However, this hypothesis has been controversial for several
reasons. First, it focuses on the physiological costs of produc-
ing and depositing pigments and does not consider the social
costs of maintaining ornaments of a given size or colour. For
example, melanin-based ornaments are often used as signals
of dominance in male-male interactions (Senar 1999; Ducrest,
Keller & Roulin 2008). This intrasexual competition may
enforce the honesty of melanin-based ornaments, despite a
relatively low physiological cost of production (Tarof, Dunn
& Whittingham 2005). Second, the hypothesis assumes that
melanin-based ornaments are relatively less costly to produce
and under tighter genetic control than carotenoid-based
ornaments (Roulin & Dijkstra 2003; Mundy 2006), and, thus,
melanin deposition is less affected by body condition and dif-
ferences in the environment, such as diet (reviewed by Hill
2006a). On the other hand, several studies have shown that
the expression of melanin-based feather colouration is associ-
ated with body condition (Veiga & Puerta 1996; Fitze & Rich-
ner 2002), immunocompetence (Roulin, Jungi & Dijkstra
2000; Gonzalez et al. 2001), parasite resistance (Roulin ez al.
2001), stress hormones (Roulin et al. 2008) and minerals, par-
ticularly calcium (Niecke, Rothlaender & Roulin 2003;
McGraw 2007). Furthermore, mate choice is clearly related
to melanin-based ornaments in several bird species (Norris
1990; Roulin 1999; Tarof, Dunn & Whittingham 2005) and in
some populations of guppies (Endler & Houde 1995; Sch-
wartz & Hendry 2007). Thus, melanin-based ornaments may
be reliable signals of male quality in a variety of species.

The information content of ornaments is also important
for understanding geographic variation in female preferences
for particular male ornaments. Theoretical models predict
that female preferences may shift between populations as a
consequence of small environmentally-induced differences in
the costs of mate choice (Schluter & Price 1993; Johnstone
1996; van Doorn & Weissing 2006). Thus, females might
differ in their relative preferences for carotenoid- and mela-
nin-based ornaments in populations that differ in the costs of
producing each type of ornament or the information that they
signal about male quality. For example, variation in caroten-
oid-based ornamentation is often attributed to foraging abil-
ity and carotenoid availability in the habitat (Olson & Owens
1998; Grether, Hudon & Millie 1999). Thus, differences in
carotenoid availability in a particular habitat could lead to
shifts in the cost of producing ornaments and, hence, the hon-
esty of the signal, which could shift female preferences. For
example, in two populations of chuckwallas (Sauromalus obe-

sus), females preferred males with brighter orange and yellow
tails, which was associated with abundant food on their terri-
tories, but they showed no preference for males based on their
colouration in a third population where there was relatively
less food on each territory (Kwiatkowski & Sullivan 2002).
Populations could also differ in the abundance and composi-
tion of parasites and pathogens, which could alter any trade-
off between immunity and pigments used in ornamentation.
Thus, studies of species that have both melanin- and caroten-
oid-based ornaments are valuable for understanding how
environmental factors affect the way animals use ornaments
to signal quality. However, few studies have examined ecolog-
ical and geographic variation in ornament expression and
what it signals about male quality.

In this study we examined two populations of the common
yellowthroat (Geothlypis trichas, Linnaeus 1766) breeding in
New York (NY) and Wisconsin (WI), USA. The common
yellowthroat is a sexually dimorphic warbler (Fig. 1) in which
males have a black facial mask pigmented with melanin and a
yellow bib (throat, breast, and belly) pigmented solely by the
carotenoid lutein (McGraw et al. 2003b). Lutein is widely
used by birds to pigment their yellow feathers, but there is lit-
tle evidence that it enhances immunity (Fitze et al. 2007).
Both the black mask and yellow bib are produced once a year
during the pre-basic moult, which occurs on the breeding
grounds in August and September just before migration
(Guzy & Ritchison 1999). Previous studies in W1 suggest that
the size of the mask, and not the bib, is primarily related to
male reproductive success (Thusius ez al. 2001a), female pref-
erences in captivity (Tarof, Dunn & Whittingham 2005) and
female extra-territorial forays (Pedersen, Dunn & Whitting-
ham 2006). Mask size is also correlated positively with
humoral immunity (Garvin et al. 2008). In contrast, accumu-
lating evidence from NY indicates that male reproductive
success (C. Freeman-Gallant unpublished data) and female
preferences in captivity (Dunn et al. 2008) are related to the
size or colour of the male bib, and less so to the size of the
mask. This geographic difference in the targets of sexual selec-
tion suggests that the yellow bib serves different signalling

Fig. 1. Male common yellowthroat, illustrating the black facial mask
and yellow bib. Photo by P. Dunn.
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functions between populations, perhaps because its reliability
as an indicator of male quality differs between the two popu-
lations. Based on our previous results, we predicted that mea-
sures of humoral immunity, particularly immunoglobulin G,
would be more strongly related to characteristics of the yellow
bib in NY than in WI, and, conversely, these measures would
be more strongly related to the black mask in W1 thanin NY.

Materials and methods

STUDY SPECIES AND GENERAL METHODS

Common yellowthroats migrate in the spring to wetlands throughout
most of North America and breed from May to August. Males defend
small territories (Thusius ez al. 2001a) and are typically monogamous
(c. 3% of males are polygynous on our study areas). Males are easily
recognized by their black facial mask and yellow bib; females lack the
mask and typically have smaller and paler bibs.

We conducted field work at the University of Wisconsin-
Milwaukee (UWM) Field Station in Saukville, WI (43°23'N,
88°01'W) and near Skidmore College in Saratoga Springs, NY
(43°06'N, 73°48'W), USA. Measures of immunity and carotenoids
were taken from the WI population during May to August
2003-2006 and from the NY population during May-June 2006.
A larger sample was used to estimate body condition and return
rate to the study area (2003-2007 in WI; 2005-2007 in NY).
Both populations were surveyed almost daily throughout the sea-
son to determine arrival dates, territory occupancy and nesting
success. Birds banded in earlier years on our study areas were
considered experienced breeders, whereas birds banded for the
first time were considered inexperienced breeders. We began
intensive studies in 2002 in WI and 2005 in NY, so we could
determine the breeding experience of birds used in this study
starting 2003 in WI and 2006 in NY. In most cases, returning
males settled on the same territory and always within 150 m of
their previous territories. Breeding experience is likely to be corre-
lated with traditional age classifications [second-year (SY) and
after-second-year (ASY)] estimated from plumage differences, but
these age estimates are reliable in less than 25% of males (Pyle
1997), so we did not use them for any analyses.

The WI study area consists of 5-4 ha of mixed red maple (Acer ru-
brum) and eastern larch (Larix laricina) swamp and willow/sedge
marsh. In NY, birds were sampled at three main sites, two red maple
swamps and a power-line corridor through deciduous woodland.
Males were captured in mist nets early in the breeding season before
egg-laying and banded with unique combinations of coloured plastic
bands and an aluminium USFWS band. Small (< 40 pL) blood sam-
ples were collected via brachial venipuncture in capillary tubes from
both males and females and centrifuged. Plasma was stored sepa-
rately at —20 °C for later ELISA (enzyme-linked immunosorbent
assay) analysis of immunoglobulin G levels and quantification of
carotenoid concentration. We measured body mass, length of the
wing, tail and tarsus of adults, and photographed males with still and
video cameras to estimate the size of the yellow bib and black mask
(Fig. 1). Sizes of bibs and masks were measured using IMAGE ANALYSIS
software (details in Thusius ez al. 2001a), and estimates were highly
repeatable between different pictures of both the bib and mask (both
R = 099), as well as between persons (R = 0-96 and 0-98 for bib and
mask, respectively). From each male, we also collected four feathers
from the centre of the bib to estimate bib brightness and saturation
with a spectrometer (see Dunn ez al. 2008). Four separate readings

Geographic variation in ornaments 151

were performed for each bird and the results averaged. We used stan-
dard estimates of colour (Montgomerie 2006), including yellow
brightness, which was the average reflectance between 550625 nm
(yellow), and yellow saturation, which was the sum of the reflectance
values from 550 to 625 nm divided by total brightness (sum of reflec-
tance from 320 to 700 nm). We also examined bib reflection in the
ultraviolet (UV) part of the spectrum (320-400 nm), but there were
no significant relationships with immunity (Table 1), so we do not dis-
cuss it further.

IMMUNOGLOBULINS

Constituent humoral immunity was estimated by assaying the con-
centration of immunoglobulin G (IgG) in each individual’s plasma.
IgG proteins form the main class of antibody molecules enabling
humoral immunity, and are thought to indicate the health or nutri-
tional state of free-living birds (Gustafsson et al. 1994; Goldsby et al.
2003; Morales et al. 2004). The concentration of IgG for each bird
was measured using an indirect ELISA, which was adapted from Has-
selquist ez al. (1999) and is described in more detail by Garvin et al.
(2008). Readings from duplicates were averaged and used as the IgG
titre. In our analyses, we included plate number and absorbance val-
ues for positive and negative controls on each plate to account for var-
iation between plates. Repeatability between duplicate samples of the
same individual on the same plate was high (R = 096, ANovA
Fis9.166 = 20:5, P < 0-001).

CAROTENOIDS

Total plasma carotenoid concentration was determined spectropho-
tometrically from samples in 2004 and 2006 (Tella et al. 2004). We
diluted individual plasma samples 1:50 with 100% acetone for a total
volume of 200 pL. After mixing vigorously to fully dissolve the carot-
enoids, the samples were centrifuged at 14 000 rpm for 10 min to pre-
cipitate the flocculent protein. We measured the resulting supernatant
for absorbance of the carotenoid peak at 476 nm in a Beckmann Du-
68 spectrophotometer. Following Tella et al. (2004), we calibrated
carotenoid concentrations (ug mL™") using a standard curve of lutein
(alpha-carotene-3,3’-diol, ChromaDex, Santa Ana, CA). Concentra-
tions were log; transformed for analysis.

Table 1. Pearson correlations between traits of male common
yellowthroats from the NY (n = 22-38) and WI (n = 31-126) study
sites. Significant correlations (P < 0-05) are indicated in bold with an
asterisk. Partial correlations are shown for IgG after controlling for
date of capture

Black
mask Yellow Yellowbib Yellow bib UV
size  bibsize brightness saturation brightness

New York

1gG 037% —0-05  0-38* 0-20 0-27

Carotenoid —0-13 004 -0-01 0-03 <-0-01
conc.

Body mass 0:35* —0-11 —-021 -0-04 0-15
Wisconsin

1gG 035% 017 —0-03 -022 -0-05

Carotenoid 006 000 0-01 0-26 —-0-20
conc.

Body mass 023* 0-46* 026 0-01 -0-12
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MALARIAL INFECTION

Several studies of birds have examined immunoglobulin levels in
relation to malarial parasites (particularly Plasmodium), and, as
predicted, there is often a higher IgG level in infected individu-
als (Isobe & Suzuki 1987; Ots & Horak 1998; Morales et al.
2004). To be able to test for this possibility, we screened for the
presence of hemosporidians by amplifying a 160 bp fragment of
the parasites’ mitochondria DNA following methods in Beadell
& Fleischer (2005). We combined 10 pL of whole genomic
DNA, 38mm MgCl, 08 mm dNTPs, 0-8 mg mL™" bovine
serum albumin, 06 pm of each primer, and 05U Taq in
10-30 pL reaction volumes. Cycling conditions followed Beadell
& Fleischer (2005). Each adult was screened in two separate
PCRs to minimize the occurrence of false negatives.

STATISTICAL ANALYSIS

We used multiple regression to test the prediction that character-
istics of the bib (size, brightness and saturation) provide greater
information about male immunity (IgG) to females in NY than
in WI. We conducted separate multiple regressions for each orna-
mental trait (mask size and bib size, brightness and saturation) in
relation to IgG and potentially confounding variables such as
body mass and year. We analyzed mask and bib ornaments sepa-
rately, because experimental evidence from aviary trials suggested
that bib and mask ornaments were assessed separately by females
(Tarof, Dunn & Whittingham 2005, Dunn et a/. 2008). In each
of the analyses we initially included the interactions between state
(WI or NY) and IgG to test for different relationships in each
location; if the interaction was not significant, then we present
the reduced model with the effect of state included (Table 2).
Following these initial analyses, we tested for the effects of breed-
ing experience and malaria infection on the relationship between
ornaments and IgG. Our previous studies indicate that experi-
enced males generally had the largest ornaments, and they were
more likely to attract social mates and sire extra-pair young than
inexperienced males (Thusius ez al. 2001a, C. Freeman-Gallant,
unpublished data). We also examined some age-related changes
in ornaments and immunity with 15 males sampled in each of
2 years in Wisconsin. In most analyses, however, we wanted to
avoid pseudoreplication, so we only used the year with the most
complete data for these 15 males (e.g. feathers for colour analysis
were not always collected each year). In New York, males were
sampled only in 1 year for these analyses.

To compare competing models with different predictors and sam-
ple sizes, we used partial F tests after stepwise elimination of variables

with P > 0-15, while models with the same sample sizes were com-
pared using Akaike’s Information Criterion corrected for small sam-
ples (AICc), and the Akaike weight (w;), which gives the relative
likelihood of each model given the data (Burnham & Anderson 2002).
All tests were two-tailed and performed using the statistical program
JMP (SAS, 2003). Means are reported with their standard error unless
stated otherwise.

Results

ISIMMUNITY RELATED TO ORNAMENT EXPRESSION?

Males with larger black masks had higher I1gG levels and
greater body mass, but there was no evidence that mask size
was a better signal of IgG in one state than the other (Fig. 2,
Table 2). Mask size increased in relation to IgG at similar
rates in New York and Wisconsin (Fig. 2); thus, the state by
IgG interaction was not significant (P = 0-86). In contrast,
yellow brightness of the bib increased with IgG in New York,
but not in Wisconsin (Fig. 2), and this difference produced a
significant interaction between state and IgG (Table 2). Nei-
ther yellow bib size nor yellow saturation of the bib feathers
showed significant differences between states in slopes or
intercepts (Table 2, Fig. 2).

It is possible that malarial infection could influence 1gG
levels, and, in fact, birds with malaria infection had higher
IgG levels than uninfected birds in NY (#13 = 23,
P = 0:035), but not in WI (z5g3 = 0-5, P = 0-63). Malarial
infections were common and there was no significant differ-
ence in the proportion of infected birds in WI (81%, 42/52)
and NY (63%, 12/19; > = 23 df. = 1, P = 0-12). IgG
continued to show a positive relationship with mask size in
both populations (Fyg = 54, P = 0-024) after including
malarial infection (F g9 = 0-5, P = 0-49) and breeding expe-
rience (Fy 60 = 141, P < 0-001) in the model in Table 2. The
most parsimonious model for mask size (adjusted R = 0-26,
n = 125) included breeding experience (Fj ;9 = 23-7
P < 0001), 1gG (b =755=*255  Fine =71,
P = 0004), year (Fiji9 =27, P = 010) and state
(Fl’“g = 23,P = 013)

We also examined the relationship between IgG and black
mask size while controlling for age by comparing the IgG lev-
els of the same Wisconsin males in two consecutive years

Table 2. Ornaments of male common yellowthroats in relation to IgG in NY and WI populations. The initial model included the five predictors
on the left, including the interaction between state and IgG. This interaction was not included in the final model if it was non-significant.
Variables included in the final model are indicated by their estimates and P values

Black mask size Yellow bib size Yellow brightness Yellow saturation
Predictors Estimate P Estimate P Estimate P Estimate P
IeG 1049 <0-001 205 0-90 67 0-039 0-004 0-75
Body mass 181 0-012 587 0-17 <-0-001 0-88
State (NY/WI) 144 0-03 313 0-47 1-32 0-007 —0-004 023
Year - 0-07 - 0-30 0-007 0-06
IgG x State 7-16 0-028
n 151 100 69 69
Adjusted R* 0-16 0-09 0-09 <0-01
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Fig. 2. Linear regressions between male ornaments and IgG in common yellowthroats in NY (filled circles, solid line) and WI (open circles,
dashed line). (a) Mask size (mm?) increased with IgG at similar rates in New York (b = 1470 + 664, Fi3 = 491, P = 0-03) and Wisconsin
(b =871 £ 220, Fi 121 = 1565, P < 0-001). (b) Bib size was not related to IgG in either NY (b = —113-3 + 383-3, Fy 3, = 009, P = 0-77)
or WI (b = 1683 £ 140-1, Fy 79 = 144, P = 0-23). (c) Brighter yellow bibs were positively associated with IgG in NY (b = 139 £ 60,
Fi3 = 537, P = 0:027), butnotin WI (b = —046 + 2:53, Fi 33 = 003, P = 0-86). (d) Yellow saturation of the bib was not related to IgG in
NY (b = 004 £ 003, Fj 50 = 129, P = 026)or WI (b = —0:01 £ 0011, Fy 33 = 170, P = 0-20).

(n = 15 males); similar data were not available from New
York. Males with larger black masks had greater IgG levels
(Fiq1 = 75, P = 0-019) after controlling for age (year effect:
I,y = 52, P = 0:026) in a model with male identity as a
random effect (R> = 0-52). There was still a positive relation-
ship between mask size and 1gG (F;, = 163, P = 0-056)
after adding malarial infection (F;, = 62, P = 0-13) to the
model, although it was borderline in significance and it
reduced the sample size from 15 to six males. Thus, we con-
cluded that IgG was greater in males with larger masks, even
after controlling for the age-related increases in [gG and mask
size.

Yellow brightness of the bib was a better signal of IgG in
NY, because the brightness of male bibs increased with IgG
levels, whereas yellow brightness was not related to IgG in
WI (Fig. 2). In NY, yellow brightness remained positively
related to IgG (Fy 7 = 57, P = 0-025) in a model that also
included breeding experience (Fy 7 = 09, P = 0-36) and its
interaction with IgG (F) 7 = 09, P = 0-33). After control-
ling for malarial infection (F ;4 < 0-1, P = 0-86), there was
no longer a significant relationship between IgG and bib
brightness (Fy 14 = 24, P = 0-14)in NY; however, our sam-
ple size decreased to 19 males, and the slope
(b = 13:0 £ 84) was similar to the significant bivariate
results (b = 11-:8 £ 5-0) with almost twice the sample size
(n = 34). This lack of change in slope suggests that IgG has a
direct relationship with bib brightness, because the parameter
value barely changed after controlling for malaria.

Malarial infection was not related to breeding experience
in NY (likelihood %% = 024, P = 0:63) or WI (likelihood
le = 016, P = 0-49). There was also no difference in orna-
ments between infected and uninfected birds in NY (mask

size: 117 < 0-1, P = 0:99; bib size: 1,4 = 02, P = 0-86; bib
brightness: #1; = 0-5, P = 0-64; bib saturation: t;7 = 0-7,
P = 049) or WI (mask size: tsg = 0-5, P = 0-61; bib size:
tys = 06, P = 0-54; bib brightness: to = 0-1, P = 090; bib
saturation: ty = 0-2, P = 0-85).

The analyses above indicated that IgG was related to both
mask size and brightness of the yellow bib in NY, whereas
IgG was only related to mask size in WI (Table 1). Thus, in
NY, we wanted to know if one ornament, mask size or yellow
bib brightness, might be a better signal of IgG levels than the
other ornament. In NY, we found the best predictors of IgG
were yellow brightness of the bib (/57 = 59, P = 0:022),
breeding experience (F),7; = 48, P = 0-039) and capture
date (Fy 27 = 37, P = 0:065). This model was superior (Ak-
aike w; = 097) to the same model with black mask size
included (Fy,s = 15, P = 0-23, w; = 0-03) and the initial
model, which included all four ornaments (w; < 0-01). A sim-
ilar analysis of the WI data indicated that black mask size
(Fiq18 = 123, P < 0-001) and capture date (F} ;5 = 71,
P = 0-009) were the best predictors of IgG levels. Bib traits
and breeding experience were not significant when added to
this model (P > 0:19). Thus, yellow bib brightness was the
best signal of IgG levels in NY and black mask size was the
best signal in WI, after controlling for breeding experience
and capture date.

In previous aviary experiments, we found an effect of yel-
low bib size, and not bib brightness, on mate choice in NY
(Dunn et al. 2008); however, with a larger sample of birds
from both populations, including non-resident birds, there
was a positive relationship between bib size and yellow bright-
ness in both NY (r = 0-30, n = 81, P = 0-006) and WI
(r = 039, n = 36, P = 002). There was no relationship
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between yellow bib saturation and bib size in either state
(P > 026).

DIFFERENCES BETWEEN STATES IN ORNAMENTS AND
IMMUNITY

Brightness of the yellow bib was greater and more variable
among males in NY than in WI (Table 3). Yellow saturation
of the bib was also greater among males in NY than in WI,
but it was more variable in WI than NY. On the other hand,
mask size tended (P = 0-062) to be more variable in WI than
in NY (Table 3), as might be expected if females choose males
based on more variable traits that signal male quality. There
was no difference between states in IgG (after controlling for
date) or carotenoid concentration (Table 3). We also exam-
ined potentially confounding relationships between compo-
nents of immunity and condition by performing correlations
between IgG, carotenoids and body mass. The only signifi-
cant relationship was a positive correlation between body
mass and carotenoid concentration (r = 026, n = 56,
P = 0049).

RETURN RATE INRELATION TO MALE ORNAMENTS AND
QUALITY

Different male traits were related to annual return rate
(apparent survival) in each population. In NY, males with
larger bibs were more likely to return to the study area (the
year following their first known year of breeding; Table 4).
This pattern was also associated with pairing success, as males
with small bibs were less likely to attract a social mate and
none of these failed breeders returned to the NY study area
(C. Freeman-Gallant unpublished data). No other ornaments
were related to return rate. In contrast, no ornaments were
related to return rate in WI; however, body mass was greater
among males that returned to the study area (Table 4); in this
case, body mass was related positively to both breeding expe-
rience (Fyg¢s = 117, P = 0-001) and whether the male
returned the next year (F) 65 = 64, P = 0-014). Body mass
was not related to return rate in NY (Table 4), despite similar
sample sizes and a higher return rate in NY (40%, 33/82)
than in WI (28%, 25/88). Thus, return rate was only associ-
ated with bib size in NY and with body mass in WI.

Table 3. Traits of male common yellowthroats from the NY and W1 study sites. The P value for Bartlett’s test indicates the probability that the
two populations have similar variances. A ¢-test controlling for unequal variances was used when the variances were significantly different. CV is
the coefficient of variation. Significant test results (P < 0.05) are indicated in bold

NY WI

Mean SD CV (%) N Mean SD CV (%) N Bartlett’s P t/F P
Black mask size 3136 379 12-1 82 3080 459 149 127 0062 092 0-35
Yellow bib size 6829 1812 265 82 8639 2147 249 82 013 584 <0001
Yellow bib brightness 286 420 147 82 228 313 137 36 005 7-47 <0001
Yellow bib saturation 0-36 0-002 06 82 027 0-014 52 36 <0001 189 <0001
IgG (LSM) 0975 0-0316 32 35 0997 0-0148 1-5 122 - 0-355 0-56
Carotenoid conc. 127 039 307 24 1-15 039 339 31 0-99 1-06 029
Body mass 10-3 0-53 51 82 10-5 0-54 51 127 0-88 303 0-002

Table 4. Return rate (apparent survival) of male common yellowthroats in relation to male traits. Analyses only use return rate and traits from

the first year a male was seen on the study area (excludes a second year of data from 14 males). Significant test results are indicated in bold

Did not return Returned
Mean SE n Mean SE n t/F P
New York
Black mask size 3105 541 49 3181 65 34 090 0-370
Yellow bib size 6516 258 48 727-0 30-6 34 1-89 0063
Yellow bib brightness 283 0-599 49 29-2 0-731 33 1-05 0297
Yellow bib saturation 036 0-004 49 0-35 0-004 33 1-22 0-224
IegG 0-890 0023 15 0923 0-032 8 0-68 042
Carotenoid conc. 1:36 0-09 10 1-32 0-168 3 0-19 0-85
Body mass 105 0-064 81 10-5 0-094 33 0176 0-86
Wisconsin
Black mask size 304-5 668 54 3178 107 21 1-06 029
Yellow bib size 8372 384 34 91365 50-09 20 12 023
Yellow bib brightness 236 095 11 22:1 2:25 2 0-62 0-54
Yellow bib saturation 0-275 0-004 11 0290 0-008 2 1-58 014
IeG 10 0022 53 10 0-0358 20 F = 0038 0-845
Carotenoid conc. 10 0115 9 17 - 1 2:1 0-068
Body mass 104 0-063 54 10-8 0-102 21 3-76 0-0003
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Discussion

Most studies of sexual selection have focused on one orna-
mental trait in one population, and, as a consequence, exam-
ples of selection acting on different traits in different
populations remain rare. In two populations of common yel-
lowthroats we found that different ornamental traits (yellow
bib brightness and black mask size) signalled similar aspects
of male quality. As predicted, we found that one component
of the most important sexually selected ornament in New
York, the brightness of the carotenoid-based bib, was associ-
ated with higher IgG levels (Table 2). Although size of the
melanin-based mask was also correlated with IgG levels in
NY (Table 1), the relationship became non-significant after
controlling for bib brightness, breeding experience, and cap-
ture date. In Wisconsin, mask size was sexually selected, and
it was also correlated positively with IgG, as well as body
mass (Table 2), which was associated with apparent survival
(Table 4). Thus, despite the predicted differences in the cost
of producing carotenoid- and melanin-based ornaments, we
found that the black mask and yellow bib were both sexually-
selected and related to similar aspects of male quality, but in
different populations. Differences between populations in
natural and sexual selection are expected to produce differ-
ences in the costs and benefits of mate choice, leading to diver-
gence in female preferences. Our results indicate that
although preferences for particular ornaments may change,
they may still reveal similar aspects of male quality.

GEOGRAPHIC DIFFERENCES IN SEXUAL SELECTION

Previously we discovered different patterns of sexual selection
on male ornaments in our two populations. In NY, selection
on male reproductive success acts primarily on size and col-
ouration of the yellow bib (C. Freeman-Gallant, unpublished
data), and females in aviary experiments appear to prefer
males with larger bibs in NY, but not in WI (Dunn ez al.
2008). In contrast, sexual selection acts primarily on size of
the black mask in WI (Thusius ez al. 2001b; Pedersen, Dunn
& Whittingham 2006), and females in aviary experiments pre-
fer males with larger masks in WI but not in NY (Tarof,
Dunn, & Whittingham 2005; Dunn et al. 2008). We also
found that yellow brightness of the bib was greater and more
variable in NY than in WI, whereas black mask size tended to
be more variable in WI than in NY (see also Dunn et al.
2008). These differences between populations are consistent
with female choice of the most variable ornament between
populations. Thus, in NY, choosing a male with a brighter
yellow bib and, in W1, choosing a male with larger black mask
would result in a mate with higher levels of IgG, and in WI
greater body mass and survival. In NY, males that returned
the following year also tended to have larger bibs, suggesting
that the ornament might also indicate survival ability. How-
ever, this might have occurred simply because males with
smaller bibs were less likely to pair, and the following year
they may have dispersed outside the study area (rather than
dying). In any case, males with smaller yellow bibs were prob-
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ably lower quality, although the specific reason still needs to
be determined.

GEOGRAPHIC VARIATION IN SIGNALLING

We hypothesized that female choice varied between NY and
WI because different ornaments were more revealing of male
quality in one population than the other. This could occur,
for example, if there were geographic differences in the avail-
ability of carotenoids used to pigment the yellow bib, or dif-
ferences in how carotenoids trade-off with immunity (Saino
et al. 1999). For example, in great (Parus major) and blue
(Cyanistes caeruleus) tits, yellow feathers on the belly are
paler in a range of habitats thought to be poor quality because
they have fewer caterpillars, a source of carotenoids (reviewed
by Ferns & Hinsley 2008). However, we found no geographic
difference in the level of circulating carotenoids in the plasma
(Table 3), suggesting that carotenoid availability did not dif-
fer between our populations. Although, some recent studies
have found support for a trade-off between carotenoids and
immunity (Faivre et al. 2003; McGraw & Ardia 2003a), we
found no evidence of an association between carotenoids and
IgG or body mass (Fitze et al. 2007; Constantini & Moller
2008). Lutein is the only carotenoid present in the feathers of
common yellowthroats and its role in immune function is
unclear (Fitze et al. 2007), so a lack of relationship may not
be surprising.

There is less evidence in birds that melanin-based orna-
ments vary geographically in their information content.
Although the expression of melanin-based ornaments is often
suggested to be under strong genetic control, the evidence is
mixed (Griffith, Parker & Olson 2006). Environmental condi-
tions (Fargallo er al. 2007), corticosterone levels (Roulin
et al. 2008) and minerals in the diet (McGraw 2007) can affect
the expression of melanin-based plumage, and these could
produce geographic differences between populations. In com-
mon yellowthroats, the size of the melanin-based mask was
related positively to IgG and body mass in both states, which
suggests that it might be influenced by environmental condi-
tions, but we did not find a geographic difference in its signal-
ling function.

The signalling function of ornaments may also vary geo-
graphically if parasites affect the information content of orna-
ments in different ways in each population. In the case of
common yellowthroats, however, we found no relationship
between malarial infection and ornament expression in either
population. Malarial infection was related to higher IgG lev-
els in NY, but not in WI. Natural antibodies, of which IgG is
the most common immunoglobulin in circulation, can act as
a player in innate immunity and hence contribute to the first
line of defence against a wide range of pathogens (Lemke,
Coutinho & Lange 2004). Most studies of birds have exam-
ined immunoglobulin levels in relation to malarial parasites,
and, as predicted, there is often a higher IgG level in infected
individuals (Isobe & Suzuki 1987; Ots & Horak 1998; Mor-
ales et al. 2004). To our knowledge, only one other study has
examined immunoglobulins in relation to ornamental traits
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in birds; in house sparrows (Passer domesticus) there was no
relationship between immunoglobulins and badge size, a mel-
anin-based ornament (Gonzalez, Sorci & De Lope 1999).

It is possible that the higher IgG levels of males with
brighter bibs in NY might be an effect of malarial infection,
rather than a sign of greater humoral immunity. However, in
NY, the slope of the relationship between bib brightness and
IgG changed very little after controlling for malarial infec-
tion, which suggests that the relationship was not an artefact
of infection. Thus, it seems more likely to us that males with
brighter yellow bibs have better immune function and may
produce more antibodies (IgG), regardless of infection, just
as males with larger black masks in WI produced more IgG
after controlling for infection. Although, the prevalence of
malarial parasites was not related to ornament expression in
either population, there are geographic differences in the fre-
quency of various haemosporidian parasites (i.e. Plasmodium,
Haemoproteus, and Leucocytozoon) in common yellowthroat
populations in the northeastern and northcentral US, which
corresponds to our NY and WI study areas, respectively
(Pagenkopp et al. 2008). This requires more study, but it
raises the intriguing possibility that geographic variation in
the coevolution of malaria parasites and their hosts (Thomp-
son 1999; Dybdahl & Storfer 2003) might lead to switches
in the particular ornament that is most revealing of male
quality.

Lastly, it is possible that geographic differences occur as a
consequence of co-evolutionary races between male adver-
tisement and female preferences for male ornaments (van Do-
orn & Weissing 2006). Over evolutionary time, female choice
may select for different (and more elaborate) male ornaments
as the information content of a particular male ornament
changes. Thus, at various times and geographic locations,
female choice may be focused on the most revealing male
ornament, but the particular ornament preferred by females
may vary between populations for arbitrary reasons. We have
not found any evidence of consistent temporal changes in the
strength of selection on male ornaments, but our studies have
been relatively short (<9 year span).

An increasing number of studies have examined how orna-
ments are produced and function in different populations
(Hill 1994; Endler & Houde 1995; Kwiatkowski & Sullivan
2002; Schwartz & Hendry 2007), and in some cases research-
ers are finding complicated patterns of selection that vary
geographically. For example, in some classic systems such as
guppies, female preferences for orange colour on males have
long been known to vary with predation risk (Endler 1980).
But there is also more recent evidence that the effects of pre-
dation differ depending on the types of predators and the
physical environment, which affects the conspicuousness of
various male ornaments to both predators and potential
mates (Millar et al. 2006; Schwartz & Hendry 2007). Given
this variation, it should probably not be surprising that we
found different ornaments are sexually selected in different
populations and they indicate similar (survival and IgG)
aspects of male quality. To date, however, examples of geo-
graphic variation in male ornaments and mating success are

relatively rare in birds (e.g. Neuman, Safran & Lovette 2007;
Takahashi ez al. 2008) and there have been few functional
studies of the differences in ornaments (Hill 2006b).

In summary, we found that carotenoid-based bib attri-
butes, which are known to be sexually-selected traits in NY,
signalled humoral immunity (IgG), and possibly survival. In
contrast, only size of the melanin-based mask was correlated
positively with humoral immunity in WI, and both mask and
bib size were correlated with body mass, which was related to
apparent survival. These patterns are generally consistent
with previous studies that indicate the yellow bib is the target
of sexual selection in NY and the black mask is the target of
sexual selection in WI. Thus, similar aspects of male quality
appeared to be signalled by different ornaments in different
populations. These results are predicted when environmental
factors (habitat, carotenoid and parasite abundance) affect
the costs and benefits of choosing males with particular orna-
ments in each location. Additional studies in other locations
may help to reveal the causes of these geographic differences.
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