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Darwin’s theory of sexual selection explains the existence of sexual dimorphism, 

or within-species sex differences in shape, color, size, and behavior.  In some 

cases, sexually dimorphic traits, especially extravagant male ornaments, seem 

maladaptive and thus in opposition to natural selection.  The crux of Darwin’s 

theory was that sexual selection arises from individual differences in reproductive 

success that result from competition for mates.  In this dissertation, I investigated 

several aspects of sexual selection and the evolution of female mating 

preferences and male ornaments in the great frigatebird (Fregata minor).  

Frigatebirds as a group (family Fregatidae) are the most ornamented of any 

seabirds, and are among the most ornamented of any animal group.  Their most 

prominent ornament is a gular (throat) pouch which becomes red in males during 

the breeding season, and which is inflated and displayed to females during 

courtship. Male courtship display also includes a warble vocalization and 

extension and trembling of the wings. I investigated the following issues 

concerning sexual selection and ornamentation in great frigatebirds: 1) the 

source of ornamental coloration in male great frigatebird gular pouches.  I 

determined that this was a carotenoid-based color display; 2) the relationship of 

male mating success to gular pouch size and coloration.  I determined that 



mating success was not related to the size or color of this ornament; 3) the 

relationship between male vocal display traits and female preferences.  Again, I 

found no relationship between vocal display traits and female preferences, and 

finally, 4) the role of a major histocompatibility complex (MHC) locus in female 

mate choice.  The MHC is a highly polymorphic multi-gene family associated with 

immune defense and has been proposed to play a role in mate choice.  I found a 

significant disassortative mating pattern amongst mated pairs compared to 

random pairings based on MHC genotypes.  In summary, I found no evidence for 

female mating preferences based on visual or auditory display traits associated 

with male ornamentation.  However, I did find evidence for female mating 

preferences based on genetic dissimilarity at an MHC locus.
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Chapter 1 

Introduction 

The theory of natural selection (Darwin 1859) provides a mechanistic explanation 

for the existence of species diversity on earth and for most of the features that 

living species currently exhibit.  Natural selection, however, falls short of 

providing an explanation for the existence of within-species sex differences in 

shape, color, size, and behavior.  In some cases, sexually dimorphic traits, 

especially extravagant male ornaments, seem maladaptive and thus in 

opposition to natural selection.  The theory of sexual selection (Darwin 1859, 

1871) was put forth to explain the existence of sexual dimorphism.  The crux of 

Darwin’s theory was that sexual selection arises from individual differences in 

reproductive success that result from competition for mates. 

Competition as it related to sexual selection was defined broadly by 

Darwin to mean any mechanism by which males contend, directly or indirectly, 

for opportunities to mate with females (Andersson 1994). We now recognize two 

forms of sexual selection.  Intrasexual selection refers to direct competition 

between individuals (usually males) for access to mates (usually females).  

Intersexual selection refers to indirect competition for mates through mate choice 

(usually by females), even in the absence of antagonistic encounters between 

competing individuals (Andersson 1994). 

In order for female mate choice to evolve, the fitness benefits of being 

choosy must outweigh the costs associated with mate choice behavior.  Fitness 
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benefits to females can be categorized as either direct benefits or indirect 

benefits (Kirkpatrick and Ryan 1991).  Direct benefits refer to benefits females 

acquire from mating that increase their own survival or fecundity.  Such benefits 

include access to high quality territories, nuptial gifts of food, or superior male 

parental care.  Indirect benefits refer to genetic benefits that females acquire 

from a mate that ultimately result in increased fitness of their offspring.  There are 

at least two classes of hypotheses related to indirect (genetic) benefits of female 

choice: Fisher’s runaway model (Fisher 1930), and good genes models (Trivers 

1972).  Fisher’s runaway model stipulates that a female preference becomes 

correlated with a particular male trait.  The male trait is arbitrary and does not 

necessarily convey information about genetic quality of the male.  Good genes 

models are based on the premise that male traits are indicators of genetic 

quality.  Females that select males based on a trait that conveys good genes will 

be passing superior genes to their offspring, thereby improving their survival 

(Andersson 1994). 

Darwin (1871) was also the first to distinguish between primary and 

secondary sexual traits.  Primary sexual traits are those directly associated with 

the act of reproduction, such as the copulatory organs.  Secondary sexual traits 

are physical attributes other than the sexual organs that distinguish males from 

females at sexual maturity, but which have no direct role in the mechanics of 

insemination (Andersson 1994).  These secondary sexual characters may have 

no advantage from a natural selection perspective, and indeed may hinder 

survival in some cases.  They are solely the product of sexual selection that in 
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some cases is strong enough to have overridden any countering effect of natural 

selection. A secondary sexual trait that is primarily used in display to the other 

sex rather than in intrasexual competition is often termed an ornament. It has 

been shown in some cases that females prefer to mate with males that exhibit 

the most elaborate ornamentation (Andersson 1994). 

Elaborate male characters are often observed in species with polygynous 

mating systems.  In such systems, where some males mate with multiple females 

while others do not mate at all, competition for mates is critical to male fitness.  

This can lead to strong selection for highly developed secondary sexual 

characters (Andersson 1994).  Sexual selection may also drive the evolution of 

elaborate characters in monogamous species, particularly in species in which the 

sex ratio is male biased, so that some males must fail to find a female with which 

to mate (Darwin 1871, Fisher 1958). 

In good genes models, females choose on male ornaments that act as 

indicators of male quality.  The existence of such indicators poses a puzzle: what 

prevents all males from displaying high quality signals regardless of their actual 

quality?  Individuals of inferior quality should “cheat” the system by way of false 

advertising in order to maximize their fitness.  To overcome this problem, it has 

been postulated that sexual ornaments used as quality indicators must be costly 

to produce or maintain, thus preventing males of lower quality from developing 

and displaying high quality traits (Zahavi 1975, Grafen 1990).  Zahavi (1975) 

termed such costly ornaments “handicaps.”  The most healthy, fit males are able 
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to produce the most elaborate ornaments in spite of their cost, and are therefore 

more attractive to females.   

Another problem for good genes models is why additive genetic variance 

for male quality is maintained, when both natural and sexual selection are 

continually acting to lower that variance.  Hamilton and Zuk (1982) proposed one 

solution: that coevolutionary cycles between hosts and parasites maintain 

genetic variance in male fitness.  Hamilton and Zuk (1982) went on to propose 

that bright colors associated with male secondary sexual characters are 

indicators of a male’s ability to resist parasitism.  Hosts that possess resistance 

to particular parasites are healthier and are therefore better able to produce high-

quality ornaments.  Females benefit indirectly from a preference for males with 

high-quality ornaments because their offspring will inherit the resistance to 

parasites that such ornaments indicate. 

Another mate choice strategy that escapes the problem of low heritability 

of fitness related characters is mate choice based on genetic compatibility.  One 

mechanism that has been suggested for choosing genetically compatible mates 

is mate choice based on the major histocompatibility (MHC) genotypes.  The 

MHC is a highly polymorphic gene assemblage that plays a critical role in the 

development and activation of both the T-cell mediated and humoral arms of 

immune defense (Klein 1986, Penn and Potts 1999).  MHC genotypes may be 

externally identified because it affects body odor (Leinders-Zufall et al. 2004, 

Boehm and Zufall 2006).  



5 
 

 

In my dissertation, I investigated several aspects of sexual selection and 

the evolution of female mating preferences and male ornaments in great 

frigatebirds.  Frigatebirds as a group (family Fregatidae) are the most 

ornamented of any seabirds, and are among the most ornamented of any animal 

group. Great frigatebirds are typical frigatebirds in this regard. Their most 

prominent ornament is a gular (throat) pouch which becomes red in males during 

the breeding season, and which is inflated and displayed to females during 

courtship (Nelson 1975). Male courtship display also includes a warble 

vocalization and extension and trembling of the wings (Nelson 1975). I 

investigated the following issues concerning sexual selection and ornamentation 

in great frigatebirds: 1) the source of ornamental coloration in male great 

frigatebird gular pouches, and in particular whether or not this was a carotenoid-

based color display; 2) the relationship of male mating success to gular pouch 

size and coloration and to other morphological and quality indicator traits such as 

body size and body condition 3) the relationship between male vocal display 

traits and female preferences, and finally, 4) the role of a major histocompatibility 

complex (MHC) locus in female mate choice. 

This study was conducted on Tern Island, in the northwest Hawaiian 

Islands (23°45’ N, 166°17’ W).  Tern Island is one of 10 small islands in the 

French Frigate Shoals atoll.  The island is administered by the U.S. Fish and 

Wildlife Service as part of the northwest Hawaiian Islands national monument.  

Great frigatebirds are large seabirds, with wingspans averaging just less than 2 

meters.  They range widely throughout the Indo-Pacific region (Harrison 1985).  
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Great frigatebirds spend most of the non-breeding season foraging pelagically 

over large areas, and congregate on oceanic islands to breed (Harrison 1985, 

Dearborn et al. 2003).   

Roughly 4,000 adult frigatebirds come to Tern Island during the breeding 

season (Dearborn and Ryan 2002).  Great frigatebirds in this study population 

are size dimorphic with adult females being 24.4% larger than adult males in 

mass, 14.6% larger in culmen length, and 4.4% larger in wing chord (Juola and 

Dearborn, 2007).  Males perform their complex courtship display typically in 

dense aggregations (Nelson 1975, Dearborn and Ryan 2002) beginning each 

year in January (Dearborn et al. 2001).  Males display while perched on shrubs, 

as females fly above.  A female will land beside a male, and appear to inspect 

him more closely. In most cases the female eventually leaves, but in some cases 

she remains perched in close proximity to the male for several days and then 

begins building a nest. The time from initial pair formation to nest building and 

egg laying is typically 1-2 weeks.  Egg laying typically begins in early February 

and lasts through May.  Clutch size is invariably one, and incubation is 

approximately 55-57 days.  The immediate operational sex ratio, defined as the 

ratio of mate-attracting males to mate-searching females, is male-biased in this 

population, with approximately 5.5 males per female (Dearborn et al. 2001).  

Frigatebirds in this study population form socially and genetically monogamous 

pair bonds within a breeding season, and pair members share in all aspects of 

parental effort (Dearborn 2001).  The duration of parental care by nesting 

frigatebirds is approximately 1 year, among the longest for all bird species.  Great 
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frigatebirds are a long-lived species: there are individuals on Tern Island that are 

currently at least 44 years old (Juola et al. 2006).
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Chapter 2 
 
Carotenoids and throat pouch coloration in the great frigatebird (Fregata 
minor)  
 
 
Summary 

Carotenoid pigments are a common source of red, orange, and yellow coloration 

in vertebrates.  Animals cannot manufacture carotenoids and therefore must 

obtain them in their diet to produce carotenoid-based coloration.  Male great 

frigatebirds (Fregata minor) display a bright red inflated gular pouch as part of 

their elaborate courtship display.  The basis of this coloration until now has not 

been investigated.  Using high-performance liquid chromatography (HPLC), we 

investigated the types and concentrations of carotenoids that great frigatebirds 

circulate in their plasma and whether male gular pouch coloration was 

carotenoid-based.  Great frigatebird plasma collected during the breeding season 

contained three carotenoid pigments in dilute concentrations--tunaxanthin, 

zeaxanthin, and astaxanthin-- with astaxanthin accounting for nearly 85% of the 

carotenoids present.  Astaxanthin was the only carotenoid present in gular pouch 

tissue, but the concentration is the highest reported for any carotenoid-pigmented 

avian tissue.  Throat pouch reflectance curves were measured with a UV-VIS 

spectrophotometer, revealing a complex pattern of one UV peak (approx. 360 

nm), two absorption valleys (approx. 542 and 577 nm), followed by a plateau at 

approx 630 nm.  The reflectance curve suggests a role for additional pigments, in 

particular hemoglobin, in the production of color in this ornament.     
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Background 

Carotenoids are natural pigments that produce yellow, orange and red coloration 

in animals and are known to be an important source of ornamental coloration in 

fish, lizards, and birds (Endler 1980, Kodric-Brown 1989, Hill et al. 2002, McGraw 

et al. 2004).  Animals cannot manufacture carotenoids, which therefore must be 

obtained through the diet (Fox 1979).  In birds, carotenoid-based colors are 

common in feathers and bare parts (McGraw 2005), and in some species, it has 

been demonstrated that color intensity is a direct product of the overall 

concentration of carotenoid pigments present (Saks et al. 2003).  Furthermore, 

experimental evidence indicates that consumption of carotenoids enhances 

coloration (Hill et al. 2002, Blount et al. 2003, McGraw and Ardia 2003, Alonso-

Alvarez et al. 2004). 

In addition to their role in color production, carotenoids serve a variety of 

important physiological functions including multiple stimulating effects on the 

immune system (Bendich 1989, Olson and Owens 1998, Hill 1999a).  Empirical 

evidence in birds has demonstrated an association between carotenoids and 

immune activity (McGraw and Ardia 2003 and 2005, Alonzo-Alvarez et al. 2004).  

The dual functions of color production and immunostimulation suggest that 

carotenoid-based coloration could convey honest information about individual 

quality by way of a physiological tradeoff between expression of ornamental color 

and health status (Lozano 1994).  Hypotheses on the costs associated with 

carotenoid-based coloration, however, remain controversial because so little is 

known about their intake (Lozano 1994, Grether et al. 1999, Hill 1999a, Hill et al. 
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2002, Godin and McDonough 2003).  Recent advances in spectrophotometric 

technology allow for more objective and quantitative assessment of color while 

considering the range of avian visual perception (Andersson and Prager 2006).   

In sexually dichromatic bird species, in which males exhibit brighter, 

carotenoid-based colors, males typically circulate higher levels of carotenoids in 

their blood than do females (Hill 1995, Bortolotti et al. 1996, Figuerola and 

Gutierrez 1998, Negro et al. 1998, McGraw and Ardia 2005).  Seasonal patterns 

of carotenoid concentrations have been documented in both sexes, with 

carotenoid concentrations in blood typically being highest during the breeding 

season when the expression of colorful traits is most pronounced (Hill 1995, 

Negro et al. 1998).   

A majority of studies investigating the significance of ornamental 

coloration in birds have focused on colorful species from the order 

Passeriformes(reviewed in Hill 1999b, and Hill and McGraw 2006).  More recent 

studies are beginning to shed light on ornamental coloration in non-passerine 

birds (Negro et al. 2002, Massaro et al. 2003, Blas et al. 2006, Bortolotti et al. 

2006, Velando et al. 2006, Mougeot et al. 2007).  The great frigatebird (Fregata 

minor) is a large marine bird from the order Pelecaniformes that exhibits a high 

degree of sexual dimorphism.  Males possess conspicuous sexual ornaments, 

including a bright red gular pouch that is inflated during elaborate courtship 

displays (Nelson 1975).  These courtship displays are conducted in dense 

aggregations where females can assess many potential mates at the same time 

(Nelson 1975).  Great frigatebird males exhibit dramatic seasonal variation in 
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gular pouch appearance.  At the onset of the breeding season, pouches become 

bright red and extend down greater than 5 cm from the throat (F. Juola pers. 

obs., Fig. 2.1B).  Red coloration remains intense while males actively display 

over the course of weeks or months (Fig. 2.1A and 2.1B).  Once a male secures 

a mate, the gular pouch retracts into the throat (Fig. 2.1C) and the color begins to 

fade rapidly from red to orange (Fig. 2.1D).  This decline in ornamentation occurs 

over the course of several weeks (F. Juola pers. obs.).  Throughout the non-

breeding season, male gular pouches remain small and dull orange in color.  The 

rapid shift in coloration after mating suggests that development and/or 

maintenance of this bright red color is costly.  

This striking ornament is assumed to be an example of sexual selection by 

way of female choice (Nelson 1975, Dearborn and Ryan 2002, Madsen et al. 

2007a).  The goal of this study was to investigate the source of red coloration in 

male great frigatebird gular pouches in hopes of shedding light on the possible 

signaling functions of this color ornament.  Specifically, we tested whether male 

gular pouch coloration was carotenoid-based through identification and 

quantification of what, if any, carotenoids were circulating in blood and deposited 

in gular pouch tissue.  In addition, we tested whether differences exist in 

circulating carotenoid levels between males and females of three differing 

physiological states: courting, incubating, and non-breeding.  Integumentary 

coloration is predicted by levels of carotenoids in plasma for at least six bird 

species (reviewed in McGraw 2006).  In dichromatic bird species that exhibit 

carotenoid-based coloration, colorful males commonly circulate higher levels of 
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carotenoids than do females (Bortolotti et al. 1996, McGraw et al. 2003, McGraw 

and Ardia 2005).  In addition, females may circulate higher levels of carotenoids 

during the physiological state prior to egg-laying, in order to divert carotenoid 

pigments into egg yolk (Blount et al. 2000).   

Finally, we describe the spectral curve of the male gular pouch and 

investigated whether any spectral properties of this curve might provide further 

insight into the basis of this colorful ornament.  Pigments absorb light according 

to characteristic absorption functions, the patterns of which can provide insight 

into the types of pigments present in animal tissues (Andersson and Prager 

2006).  In particular, carotenoids absorb light in the blue-green wavelengths 

(430-500 nm) and consequently produce distinct reflection peaks in the yellow, 

orange, and red wavelengths (McGraw et al. 2007). 

 

Materials and Methods 

We collected blood and tissue samples for this study on Tern Island, French 

Frigate Shoals, in the northwestern Hawaiian Islands.  There are roughly 2,000 

nesting attempts by great frigatebirds on this 14-ha island each year (Dearborn 

and Anders 2006).  One hundred and twelve adult great frigatebirds of known 

breeding status (61 displaying males, 10 incubating males, 11 non-breeding 

males, 10 searching females, 10 incubating females, 10 non-breeding females) 

were captured, either by hand or with a hand net, between the hours of 0900 and 

1400 from February–March 2006.  Breeding status was determined by behavior 

and plumage.  Displaying males exhibit bright red inflated gular pouches and 
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freshly molted black plumage, while non-breeding males exhibit retracted, dull-

orange pouches and an overall faded brownish-black plumage color.  Females 

seeking mates fly low around the breeding colony and appear to be visually 

inspecting males with inflated throat pouches.  These females also exhibit freshly 

molted black plumage; plumage of non-breeding females is also faded brownish-

black in color.  At the time of capture, approximately 1 ml of blood was collected 

from the brachial vein of each bird.  Plasma was separated from blood by 

centrifugation of blood samples at 10,000 rpm for 5 minutes.  Centrifugation was 

completed within 4 hours of blood collection, and all plasma samples were then 

stored at -20 C until carotenoid analysis approximately 4 months later.  Eight 

gular pouch tissue samples were collected from adult male great frigatebirds 

found dead (within ~ 24 hrs) in the breeding colony from 1999 - 2006.  Pouch 

samples were stored at -20 C until analyzed. 

 The types and amounts of carotenoids in plasma and gular pouch tissue 

were analyzed using high-performance liquid chromatography (HPLC).  Plasma 

analysis followed previously published methods (McGraw et al. 2002; 2006), with 

the exception of using 50 μl of plasma from each sample for carotenoid 

extractions (because pigment concentrations were so low).  Briefly, reverse-

phase chromatography was run with a Waters Alliance 2695 autosampler 

instrument (Waters Corporation, Milford, MA) equipped with a Waters YMC 

Carotenoid C-30 5 um column (4.6 x 250 mm) that was heated to 30 degrees C 

with a built-in column heater.  We used an isocratic solvent system (42:42:16, 

methanol:acetonitrile:dichloromethane, v/v/v), at a flow rate of 1.2 ml/min for 12 
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min, to analyze polar carotenoids after initial tests revealed that no non-polar 

carotenoids (i.e. cryptoxanthins or carotenes) were present.  The detection limits 

of our system were 0.01 ug/ml for plasma analyses and 0.01 ug/g for pouch 

analyses.  

 For each gular pouch, a 0.5 g cube of flesh was sectioned and 

processed as follows: The gular pouch tissue was ground in presence of 2 mL 

hexane:TBME (1:1) for 5 min.  The solvent was transferred to a new tube, while 

the grinding jar with rinsed with 1 mL hexane: MTBE to recover any residual 

pigment.  The solvent was then centrifuged at 3000 RPM for 5 min. and 

transferred to a new tube where it was evaporated to dryness under nitrogen, 

then resuspended in 1 mL 0.02 M KOH in order to saponify (attempts to analyze 

carotenoids from unsaponified material were unsuccessful).  It was then placed 

in darkness at room temperature for 4 hours, after which 1 mL saturated NaCl 

was added.  The solution was vortexed, 2 mL ddH2O was added, and the 

solution was again vortexed.  Next, 2 mL MTBE was added and the solution was 

shaken vigorously for 1 min.  This solution was then centrifuged at 3000 RPM for 

5 min., and finally evaporated to dryness.  Standard HPLC methods (McGraw et 

al. 2006) were then followed exactly as for the plasma samples.  Reported 

carotenoid concentrations in pouch tissues refer to dry weight of the starting 

material. 

During the mating season of 2007, reflectance curves were obtained from 

10 displaying male and 10 incubating male great frigatebirds using a UV-Vis 

spectrophotometer (USB4000, configured range 250-850nm, Ocean Optics Inc.) 
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with a pulsed xenon lamp (PX-2) as a light source.  Using a black rubber sheath 

that excluded ambient light, we held a bifurcated micron fiber-optic probe 3 mm 

from and perpendicular to the pouch tissue.  All measurements were conducted 

indoors, in a dark room.  Each curve was generated relative to a white standard 

(WS-1, Ocean Optics).  Using SpectraSuite software (Ocean Optics), we 

averaged 20 sequential spectra for each of five arbitrarily selected locations on 

each pouch sample.  To obtain an average spectral curve for displaying males 

and for incubating males, the median percent reflectance for each 10 nm 

increment was averaged for the 10 individuals from each category, across the 

wavelengths relevant to the avian visual spectrum (300 – 700 nm). 

 

Statistical Analysis 

We used SYSTAT 11 (Systat Software, Inc.) for all statistical analyses.  We used 

Mann-Whitney U tests to compare differences in the carotenoid concentrations 

and percent composition of each carotenoid present in the plasma of male and 

female great frigatebirds.  We used a two-way ANOVA to compare differences 

between sex and three time periods.  We conducted post-hoc analyses of 

differences between individual groups using Fisher’s least significant difference 

test. 

 

Results 

Great frigatebird blood plasma contained three carotenoid pigments: astaxanthin, 

tunaxanthin, and zeaxanthin (total = 1.06 ± 0.06 μg/ml; mean ± SE).  Astaxanthin 



16 
 

 

accounted for 84.5 ± 0.010% of the total plasma carotenoids (0.87 ± 0.04 μg/ml).  

Zeaxanthin and tunaxanthin accounted for 2.8 ± 0.003% and 12.7 ± 0.010% of 

the total plasma carotenoids, respectively (0.04 ± 0.004 μg/ml; 0.16 ± 0.02 

μg/ml).  A representative 2-dimentional HPLC chromatogram of plasma is 

presented in Fig. 2.3.  Males had significantly higher astaxanthin concentrations 

in their plasma than did females, when individuals from all breeding stages were 

combined (Table 2.1).  The relative proportion of astaxanthin was significantly 

higher in males compared to females, while the relative proportions of 

tunaxanthin and zeaxanthin did not differ between males and females (Table 

2.1).  Total carotenoid concentrations in plasma differed significantly between the 

sexes (two-way ANOVA, sex: F1,106 = 36.08, P < 0.001; Fig. 2.2), but not in 

relation to breeding category (two-way ANOVA, F2,106 = 0.77, P = 0.47; Fig. 2.2).  

However, there was a significant interaction between sex and breeding category 

(two-way ANOVA, sex * category interaction: F2,106 = 18.976, P < 0.001; Fig. 

2.2).  Post-hoc comparisons showed that non-breeding males circulated 

significantly higher carotenoids compared with courting males (Fisher’s least-

significant difference, P < 0.001), courting females (P = 0.002), incubating 

females (P < 0.001), and non-breeding females (P < 0.001).  In addition, 

incubating males circulated significantly higher levels compared with courting 

males (P = 0.004), incubating females (P <0.001), and non-breeding females (P 

< 0.001).  Courting males circulated higher levels than incubating females (P = 

0.007) and non-breeding females (P = 0.006).  Finally, courting females 

circulated higher levels than incubating females (P = 0.003) and non-breeding 
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females (P = 0.003).  Astaxanthin was the only carotenoid present in gular pouch 

tissue.  Pouch tissue concentrations (1268.8 ± 282.5 μg/g; mean ± SE) were 

extremely high compared to total plasma concentrations.  One gular pouch had 

an astaxanthin concentration exceeding 3,000 μg/g (3668.0).  A representative 2-

dimentional HPLC chromatogram for pouch tissue is presented in Fig. 2.4.   

 The average reflectance curve for gular pouches of displaying males 

(n=10; 5 spectra averaged for each) showed a distinctive pattern containing an 

initial peak in the UV range at approximately 360nm.  In addition, small 

absorption valleys occurred at approximately 542nm and 577nm, followed by a 

plateau at approximately 630 nm (Fig. 2.5).  The average reflectance curve for 

gular pouches of incubating males (n=10, 5 spectra averaged for each) was 

similar to that of displaying males.  There was an initial peak in the UV range at 

approximately 360nm, and the final plateau again appears at approximately 

630nm.  However, the absorption valleys present in the displaying male pouch 

spectra at 542nm and 577nm are not present in the incubating male pouch (Fig. 

2.6). 

 

Discussion 

Carotenoids are a known source of ornamental coloration in a variety of bird 

tissues, including feathers (Stradi 1999, McGraw et al. 2001, McGraw and Hardy 

2006), bills (Bennett et al. 1996, McGraw and Ardia 2005), and legs (Bortolotti et 

al. 1996, Casagrande et al. 2006).  Far less attention has been given to colorful 

fleshy parts in birds (e.g. wattles, combs, eye-rings, pouches) and the potential 
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role that carotenoids play in the expression of these colors (but see Negro et al. 

2006, Mougoet et al. 2007).  Because the concentration of astaxanthin, a red 

carotenoid, in male great frigatebird throat pouch tissue was so high, it is likely 

that astaxanthin contributes substantially to the red color of these ornaments.  

This has implications for the information content of this display signal, as 

astaxanthin is a known stimulant of the immune system and a powerful 

antioxidant (Hussein et al. 2006, McGraw 2006).  Previous work on this 

population demonstrated variation in displaying male pouch color (Dearborn and 

Ryan 2002).  Males capable of displaying astaxanthin-rich pouch tissue may be 

advertising superior fitness if only excess carotenoids beyond what are needed 

for basic physiological functions is available for diversion into throat pouch tissue.  

If females select mates based on coloration of their throat pouches, selection of 

males with the most astaxanthin-rich pouches could potentially result in direct 

benefits to females.  Perhaps the most intensely colored males are in better 

condition and are more efficient foragers, able to provide superior parental care.  

In addition, females could gain indirect benefits if the ability of males to acquire or 

assimilate carotenoids is a genetic trait that could be inherited by their offspring.  

 High concentrations of carotenoids have been reported in other avian 

tissues, such as in the feathers of American goldfinches (McGraw and Gregory 

2004).  One throat pouch tissue analyzed in our study exceeded 3000 μg/g, and 

two additional pouch tissues exceeded 2000 μg/g; these to our knowledge are 

the highest reported concentrations of carotenoids in any bird tissue.  

Astaxanthin concentration in throat pouch tissue was remarkably high compared 
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to the total carotenoid concentrations found in blood plasma.  In addition, of the 

three carotenoids circulated in great frigatebird blood plasma, only astaxanthin 

was deposited in throat pouch tissue.  It is rare that pure astaxanthin is deposited 

in avian tissues, as it is almost always accompanied by other 4-oxo-carotenoids 

(Stradi 1999).  This study, to our knowledge, is the third demonstration of pure 

astaxanthin deposition in bird tissue and the first in bare skin.  Interestingly, the 

two previous examples may both be the result of human introduction of 

astaxanthin into the environment (Negro and Garrido-Fernandez 2000, McGraw 

and Hardy 2006).  Astaxanthin present in frigatebird blood plasma suggests that 

it is acquired directly from a food source, rather than being manufactured from 

another precursor.  The dietary source of astaxanthin in great frigatebirds on 

Tern Island is not well understood.  Great frigatebird diet has been reported to 

consist of primarily flying fish and squid (Metz and Schreiber 2002).  Initial 

analyses of diet samples revealed moderate levels of astaxanthin in some fish 

(F. Juola and K.J. McGraw pers. obs.).  Astaxanthin is commonly acquired 

through aquatic food sources such as fish and crustaceans (Goodwin 1984), and 

some squid species are highly enriched in astaxanthin (K. McGraw, M. Hipfner, 

and J. Dale, pers. obs.), making this a likely source for astaxanthin accumulation 

in great frigatebirds.   

 Carotenoid concentrations in great frigatebird blood plasma were similar 

to those reported for other large, non-passerine birds, and lower than those 

reported for small passerine birds (Tella et al. 2004).  Carotenoid concentrations 

in blood plasma differ widely across avian species (Parker 1996, Tella et al. 
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1998, Slifka et al. 1999, McGraw 2005), with phylogeny being a significant 

predictor of circulating carotenoid levels (Tella et al. 2004).  Additional factors 

such as diet, (Tella et al. 2004), occurrence of ornamental coloration (Tella et al. 

2004), and efficiency in assimilating consumed carotenoids into the blood system 

(McGraw 2005) have been used to explain higher levels of circulating 

carotenoids in passerine birds.  In addition, body size may play a role.  In 

vertebrates, food consumption is proportional to body mass raised to the 3/4 

power (Peters 1983).  The increase in blood volume is directly proportional to the 

increase in species body mass.  Thus, larger animals eat less food, and 

presumably fewer carotenoids, per body mass unit than smaller species, and 

incorporate relatively fewer carotenoids into their proportionally equal blood 

volume (Tella et al. 2004, McGraw 2005).   

 As has been found in other dichromatic species (Hill 1995, Bortolotti et 

al. 1996, Negro et al. 1998, McGraw and Ardia 2005), male great frigatebirds 

circulate higher concentrations of carotenoids then do females.  Dietary 

differences or differences in the absorption capacities of males and females 

could mechanistically account for this difference in carotenoid levels.  

Interestingly, incubating and non-breeding males exhibited higher levels of 

circulating carotenoids compared with displaying males.  A prediction of higher 

circulating carotenoid levels in more colorful males (while displaying) seems 

intuitive if the assumption is that males flood their system with more carotenoids 

during times of peak color production.  However, circulating carotenoids diverted 

into tissues such as skin, beaks, or feathers may deplete carotenoid levels 
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circulating in the blood.  For this reason, predictions of either higher or lower 

circulating carotenoid levels in more colorful males seem plausible.  Lower 

carotenoid levels in displaying males lend support to the idea that carotenoids 

are depleted by diversion into throat pouch tissue.  Courting females had higher 

circulating carotenoid levels than incubating and non-breeding females, a pattern 

similar to that reported in American kestrels (Negro et al. 1998).  It’s possible that 

females circulated higher carotenoid levels during courtship in preparation for 

egg laying, as carotenoids are a known component of egg yolk (Fletcher 1992, 

Royle et al. 1999). 

The average spectral curve presented here is the first reported for any 

frigatebird throat pouch.  A spectral curve derived solely from astaxanthin-based 

red tissue would predict a single absorption valley at approximately 470 nm, 

followed by a steeper upslope and plateau at around 550 nm.  However, gular 

pouch tissue is highly vascular.  Blood filled capillaries are visible in inflated 

pouches (F. Juola pers. obs.)  The presence of oxyhemoglobin produces a 

characteristic spectral pattern of absorption bands at 542nm and 577nm (Zonios 

et al. 2001).  Great Frigatebird throat pouches exhibited absorption bands at 

these locations.  This suggests that increased blood flow and the presence of 

hemoglobin may contribute substantially to the overall coloration and spectral 

properties of these throat pouches during the display period.  This notion is 

supported by the rapid fading of pouch color from red to orange once a male has 

secured a mate, something that could be accomplished through diversion of 

blood flow.  Furthermore, one key difference between the spectral curves of 
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displaying males and those of incubating males was the lack of absorption bands 

expected with the presence of hemoglobin in incubating males.  This supports 

the notion that gular pouch coloration is produced through a combination of 

carotenoid deposition and increased blood flow. 

 A secondary peak appeared in the UV-range of the pouch reflectance 

spectrum.  UV-signaling in birds has been the focus of a number studies in 

recent years, since the advent of more sophisticated analytical methods.  It has 

been demonstrated that females of some species use UV-reflecting feathers to 

assess male quality and prefer those males that exhibit greater UV reflection 

(Bennett et al. 1996, Hunt et al. 1999).  UV-reflectance in avian skin parts is not 

well documented.  Some examples have been reported in passerine species 

(Hunt et al. 2003, Jourdie et al. 2004) and in the orbital combs of the red grouse 

(Lagopus lagopus scoticus; Mougeot and Redpath 2004).  Interestingly, UV 

brightness in the red orbital combs of the red grouse was negatively correlated 

with parasite infection rates (Mougeot et al. 2005), suggesting that UV 

reflectance could serve as a reliable signal of parasite resistance.  It has been 

demonstrated that feathers with carotenoid-based colors create such UV spectral 

patterns by absorbing light from a structural white tissue that in which the 

carotenoids are embedded (Shawkey and Hill 2005).  Frigatebird pouch tissue 

was comprised of two tissue layers, an inner tissue layer that was pink or white, 

and an outer dermal layer that contained the astaxanthin pigments (K. McGraw 

pers. obs.).  It is possible that, as in grouse (Mougeot et al. 2007), the pouch 

tissue gets its UV reflectance from the white background layer.  
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Table 2.1 Comparison of plasma carotenoid concentrations and percent 
composition of each carotenoid present in male and female great frigatebirds. 
 Males Females Z P 
 (n=82) (n=30)   
Concentration (μg/ml)      
Astaxanthin 0.97 ± 0.05 0.59 ± 0.07 -4.69 <0.001 
Tunaxanthin 0.18 ± 0.03 0.13 ± 0.02 -0.83 0.41 
Zeaxanthin 0.04 ± 0.004 0.03 ± 0.01 -0.53 0.60 
Total Carotenoids 1.18 ± 0.07 0.75 ± 0.49 -3.86 <0.001 
     
Percent Composition     
(of total plasma carotenoids)     
Astaxanthin 82.00± 0.01 78.88± 0.02 -2.10 0.04 
Tunaxanthin 14.94± 0.01 16.71± 0.02 -1.70 0.90 
Zeaxanthin 3.06± 0.003  4.41± 0.01 -0.86 0.39 
Mann-Whitney U tests were used to compare differences between males and 
females (Z-statistic).  Mean ± SE are given for each group. 
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Figure 2.1  (A) Upper left: Male great frigatebird (F. minor) displaying a bright red, 
inflated gular pouch on Tern Island, French Frigate Shoals.  (B) Upper right: 
Between bouts of displaying, gular pouch is extended from the throat and 
remains bright red.  (C) Lower left: After pair formation, the gular pouch is 
deflated and begins to retract into the throat.  (D) Lower left: Within days of pair 
formation, pouch coloration begins to fade from red to orange.  
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Figure 2.2  Great frigatebird plasma carotenoid concentrations by sex and 
breeding status.Sample sizes were courting males (61), courting female 10), 
incubating males (10), incubating females (10), non-breeding males (11), non-
breeding females (10).  Error bars represent standard errors of the means. 
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Figure 2.3  Representative two-dimensional HPLC chromatogram depicting 
carotenoids detected in the plasma of frigatebirds. 
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Figure 2.4  Representative two-dimensional HPLC chromatogram depicting 
carotenoids detected in the pouch tissue of frigatebirds. 
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Figure 2.5  Mean spectral reflectance curve of the throat pouch of displaying 
male great frigatebirds (n=10).  Measurements were averaged from 5 readings 
taken from the non-inflated portion of skin under the bill.  Solid line represents the 
mean reflectance curve.  Dotted lines represent the upper and lower 95% 
confidence limits.  
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Figure 2.6  Mean spectral reflectance curve of the throat pouch of incubating 
male great frigatebirds (n=10).  Measurements were averaged from 5 readings 
from the skin patch under the bill.  Solid line represents the mean reflectance 
curve.  Dotted lines represent the upper and lower 95% confidence limits. 
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Chapter 3  

Ornamentation, color and size: Morphology and pairing success in the 
great frigatebird (Fregata minor) 

 

Summary  

Colorful ornaments are central to the study of mate choice and sexual selection.  

The size and intensity of male ornaments may provide honest information about 

individual quality, and thereby influence mate choice.  In particular, ornamental 

coloration produced by carotenoid pigments may reveal information about the 

signaler’s health due to carotenoids’ immune-enhancing effects.  Great 

frigatebird males inflate a red gular pouch as part of their pronounced courtship 

display.  Gular pouch tissues are known to harbor extremely high concentrations 

of the red carotenoid pigment astaxanthin.  We measured astaxanthin 

concentrations of blood plasma, coloration of gular pouches, and a number of 

morphological features including gular pouch size, body size, and body condition 

in displaying male great frigatebirds.  We investigated the relationships between 

plasma astaxanthin concentration, gular pouch size, gular pouch coloration, body 

size, and body condition.  In addition, we investigated what influence these 

variables had on pairing success.  Plasma astaxanthin concentrations in 

displaying males significantly predicted red chroma of gular pouches and overall 

body condition.  Body size and body condition were not good predictors of gular 

pouch size.  Only one variable, body condition, significantly predicted pairing 

success, though this relationship was weak.  Our findings suggest that 

astaxanthin contributes to gular pouch coloration and is related to size-adjusted 
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mass.  The finding of no relationship between ornamental size or coloration and 

mate choice concurs with other recent investigations of mate choice in 

frigatebirds.  Morphological traits including gular pouch color and size and body 

size may perhaps play some composite or age-dependent role in mate choice, 

but individually these factors were poor predictors of pairing success in great 

frigatebirds.  The courtship display of great frigatebirds is an amalgamation of 

complex signals including visual and auditory cues and perhaps chemical cues 

as well.  These signals may act in concert such that identification of one or 

several key factors that predict pairing success in this highly dimorphic species 

remains elusive.    

Background 

Darwin (1859, 1871) proposed the theory of sexual selection to explain the 

evolution of secondary sexual characters (Darwin 1859, 1871).  According to the 

theory, male ornaments and other sexually dimorphic traits have evolved 

because of their effects on variation in reproductive success resulting from 

competition for mates.  Competition may include not only physical contests 

between males, but male displays that facilitate female choice (Andersson 

1994).Past studies of a number of animal groups have supported sexual 

selection as the explanation for the evolution of a wide variety of ornamental 

traits (Andersson 1994). Here we test the theory with respect to one of the most 

striking visual ornaments found in any animal: the red gular pouch of great 

frigatebirds (Fregata minor). 
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Models of sexual selection, as well as empirical evidence, have shown 

that ornamentation may develop in proportion to phenotypic quality or condition, 

thus serving as honest signals (Andersson 1994, Cotton et al. 2004, Alonso et al. 

2010).For colorful ornaments to serve as indicators of male quality there must be 

a cost associated with their production (Zahavi 1975, Grafen 1990). The most 

healthy, fit males are able to produce the most elaborate ornaments in spite of 

their cost, and are therefore more attractive to females.  If directional selection 

drives the evolution of elaborate ornaments, then over time the additive genetic 

variance of such traits should diminish, and with it, the benefits of being choosy, 

a phenomenon known as the lek paradox (Kirkpatrick and Ryan 1991).  Hamilton 

and Zuk (1982) provided one possible solution to this problem by suggesting that 

bright colors associated with male ornaments are indicators of a male’s ability to 

resist parasitism, with hosts that possess resistance to particular parasites being 

healthier and better able to produce high-quality ornaments.  In this case, 

females benefit indirectly from a preference for males with high-quality 

ornaments because their offspring will inherit the resistance to parasites that 

such ornaments indicate.  Negative associations between ornamentation and 

measures of parasite infection or positive associations between ornamentation 

and immunity are interpreted as supporting Hamilton and Zuk’s hypothesis 

(reviewed in Møller et al. 1999).  Others have questioned the casual nature of 

these associations and suggested more information is needed regarding the 

genetic mechanisms of immunity (Reid et al. 2005). 
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 Carotenoids are responsible for the bright colors seen in many sexual 

ornaments across a wide range of taxa.  Carotenoids are pigments that reflect 

light in the yellow, orange or red domain of the electromagnetic spectrum (Fox 

1979).  Animals do not possess the biochemical ability to manufacture 

carotenoids and instead must obtain them through dietary consumption (Fox 

1979).  In addition to their role as pigments, carotenoids serve a variety of 

important physiological functions (Olson and Owens 1998, Hill 1999).  

Carotenoids are known to have multiple stimulating effects on the immune 

system (reviewed in Bendich 1989).  They serve as free radical scavengers, 

which can reduce the chance of tumor development (Burton 1989), and possess 

other cancer-preventative properties (Krinsky 1989, Ziegler 1989).  In birds, 

carotenoid-based coloration of plumage is well documented (Hill and Brawner 

1998; Badyaev and Hill 2000; McGraw 2005; Shawkey and Hill 2005).  

Carotenoids are also responsible for colorful skin parts in some birds (Bortolotti 

et al. 1996; Buchholz 1997; Mougeot et al. 2007). Juola et al. (2008) have shown 

that the gular pouches of great frigatebirds contain high concentrations of 

carotenoids.  Spectral data have shown that some carotenoid-based coloration in 

birds exhibit a secondary reflectance peak in the ultra-violet (UV) wavelengths, 

including plumage (Burkhardt 1989, Bleiweiss 2005), beaks (Bennett et al. 1996, 

Peters et al. 2004) and skin parts (Mougeot et al. 2005, Mougeot et al. 2007).  

Many birds possess visual sensitivity to UV wavelengths (Cuthill et al. 2000), and 

UV signaling is thought to play a role in mate choice in some species (Bennett et 

al. 1996, Johnsen et al. 1998).    
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Empirical evidence suggests that carotenoid-based color displays play an 

important role in female mate choice decisions in both birds and fish (Kodric-

Brown 1985, Houde 1987, Milinksi and Bakker 1990, Hill 1990, 1991, 2002; 

McGraw 2005). Carotenoid displays have been suggested to have several costs 

that might cause them to be honest signals of quality, including foraging costs (or 

constraint if carotenoids are rare; Grether et al. 1999), metabolic processing and 

transporting costs (Hill 2002), and increased predation costs associated with 

more conspicuous colors (Godin and McDonough 2003).  Several of these costs 

might make carotenoid colors reliable indicators of male nutritional state.  Dietary 

supplementation of carotenoids has increased coloration in fish and birds 

(Grether 2000, Hill 1994).  In addition to indicating nutritional state, carotenoid 

coloration may also signal parasite resistance and/or immune system strength 

(Lozano 1994).  Experimental increases in parasite loads have been shown to 

decrease red coloration in fish (Milinski and Bakker 1990, Houde and Torio 

1992).  Likewise, experimental exposure to parasite infections decreased red 

plumage in house finches (Brawner et al. 2000).  These studies and others 

suggest a negative relationship between carotenoid pigmentation and parasite 

loads, offering support for the idea that carotenoid-based signals honestly reflect 

an individual’s health status (Møller et al. 2000).  The significance of ornamental 

coloration in birds has been well studied in species from the order Passeriformes 

(reviewed in Hill and McGraw 2006).More recently, renewed interest has been 

given to ornamental coloration in non-passerine birds (Massaro et al. 2003; 

Mougeot et al. 2007; Nolan et al. 2010). 
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The five species of the frigatebird family (Fregatidae) of the order 

Pelecaniformes are unique among seabirds in exhibiting marked sexual 

dichromatism.  Males possess striking sexual ornaments, including iridescent 

nape feathers and a red gular pouch that is inflated during courtship displays 

(Nelson 1975).  This ornamentation is often cited as a classic example of sexual 

selection driven by female choice (Attenborough 1998, Ligon 1999, Knight 2002).  

These courtship displays are often conducted in aggregations where females can 

assess many potential mates at the same time (Nelson 1975).Elaborate male 

characters are often observed in species with polygynous mating systems, but 

may also evolve in monogamous species in situations where the sex ratio is male 

biased, creating competition that results in some males failing to attract mates 

(Darwin 1871, Fisher 1958).  Our study population is serially monogamous; with 

extra-pair fertilizations being extremely rare (Dearborn et al. 2001 and Chpt. 4) 

but with pair-bonds not persisting beyond one mating attempt (unpubl. data). The 

operational sex ratio in this population is strongly male biased, resulting in 

substantially fewer than half of all males successfully obtaining a mate in a given 

breeding season (Dearborn 2001; Dearborn and Anders 2006). 

The appearance of male gular pouches in our study population changes 

drastically depending on the breeding state.  At the onset of the breeding season, 

pouches of males attempting to breed become dark red and extend down several 

inches from the throat (F. Juola pers. obs).  This red coloration remains intense 

while males actively participate in courtship displays over the course of several 

weeks to several months.  However, once a male secures a mate, the gular 
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pouch retracts into the throat and the color fades rapidly from dark red to bright 

orange (Juola et al. 2008).This color change is noticeable within days and is 

complete within several weeks (F. Juola pers. obs.).  Throughout the non-

breeding season, male gular pouches remain retracted and bright orange in 

color.  The rapid shift back to orange after securing a mate suggests that 

development and/or maintenance of this dark red color is costly.  Production of 

this coloration is likely due to several factors.  Testosterone is known to influence 

the development of many secondary sexual characters (reviewed in Folstad and 

Karter 1992).  In magnificent frigatebirds, testosterone levels were highest in 

displaying males, and much lower in males participating in incubation and chick 

rearing (Chastel et al. 2005).  In addition, Madsen et al. (2007b) found that 

testosterone was positively correlated with red coloration in the gular pouches of 

some displaying male magnificent frigatebirds.  Previous work on our study 

population demonstrated that gular pouch coloration was produced by at least 

two factors.  First, astaxanthin, a red carotenoid pigment, was present in 

displaying male gular pouch tissues in extremely high concentrations (>1000 

μg/g; Juola et al. 2008).  In addition, the spectral reflectance curves of this highly 

vascularized tissue revealed two absorption valleys at approximately 542 nm and 

577 nm (along with a plateau at approximately 630 nm), strongly suggesting that 

hemoglobin also contributes to the red coloration observed (Juola et al 2008).  

Previously, the only investigation into the relationship between gular pouch 

coloration and breeding success in great frigatebirds utilized a subjective 

measure of color assessment (Wright and Dearborn 2009).  Differences in avian 
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visual sensitivity compared to human visual sensitivity calls for more objective 

techniques of color assessment (Bennett et al. 1994, Bennett and Thery 2007).  

In this study, we use spectrophotometry to assess gular pouch coloration. 

Here, we assess the role of the gular pouch of male great frigatebirds in 

signaling male quality by assessing associations between pouch color and pouch 

size on the one hand and body size, body condition, and circulating levels of 

astaxanthin on the other.  In addition, we investigate the association between 

male pairing success and pouch size and color.  Finally, we examine other male 

traits that might affect pairing success, such as body size and body condition. 

Methods  

This study was conducted on Tern Island, French Frigate Shoals, in the 

Northwestern Hawaiian Islands.  Each year on Tern Island, there are 

approximately 2,000 nesting attempts by great frigatebirds (Dearborn and Anders 

2006).  Over the course of the 2007 breeding season (January – April), one 

hundred and sixty displaying adult male great frigatebirds were captured, either 

by hand or with a hand net.  Prior to capture, each individual was photographed 

from both a front and side angle from a distance of approximately 2 meters.  

Once captured, individuals were transported to a dark room where the spectral 

data on pouch coloration were taken, morphological measurements were made, 

and a blood sample was collected.  Prior to release, each individual was outfitted 

with an alpha-numeric wing tag so that it could be monitored for the remained of 

the season.  Breeding status was determined by behavior and plumage.  
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Individuals were considered to have successfully paired if they were observed 

with a female and had commenced nest building. 

Carotenoid Analyses 

Approximately 1 ml of blood was collected from the brachial vein.  Blood samples 

were centrifuged at 10,000 rpm for 5 minutes in order to separate plasma.  All 

centrifugation was completed within 2 hours of blood collection, and all plasma 

samples were stored at -20 C for approximately 2 months, until carotenoid 

analyses could be completed.  High-performance liquid chromatography (HPLC) 

was used to determine the types and amounts of carotenoids present in all 

plasma samples.  Plasma analysis followed previously published methods 

(McGraw et al. 2002; 2006, Juola et al. 2008), with the exception of using 50 μl of 

plasma from each sample due to low pigment concentrations.In brief, reverse-

phase chromatography was used with a Waters Alliance 2695 autosampler 

instrument (Waters Corporation, Milford, MA) equipped with a Waters YMC 

Carotenoid C-30 5 um column (4.6 x 250 mm), heated to 30 degrees C with a 

built-in column heater.  An isocratic solvent system (42:42:16, 

methanol:acetonitrile:dichloromethane, v/v/v), was then used at a flow rate of 1.2 

ml/min for 12 min to analyze polar carotenoids, after initial tests indicated the 

absence of any non-polar carotenoids (i.e. cryptoxanthins or carotenes).  The 

detection limits of this system were 0.01 ug/ml (Juola et al. 2008). 
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Spectral Analyses 

Reflectance curves were obtained from all captured males using a UV-Vis 

spectrophotometer (USB4000, configured range 250-850 nm, Ocean Optics Inc.) 

with a pulsed xenon lamp (PX-2) as a light source.  Using a black rubber sheath 

to excluded ambient light, we held a bifurcated fiber-optic probe 3 mm from and 

perpendicular to the pouch tissue.  All measurements were conducted indoors, in 

a dark room.  Each curve was generated relative to a white standard (WS-1, 

Ocean Optics).  Using SpectraSuite software (Ocean Optics), we averaged 20 

sequential spectra for each of five locations selected arbitrarily along the flat 

portion of exposed red gular tissue below the culmen.  The USB4000 

spectrophotometer provides percent reflectance for every 0.21 nm.  To 

summarize reflectance data for each displaying male, the median percent 

reflectance for each 5 nm increment was averaged from 5 measurements taken 

for each individual across the 300-700 nm range of wavelengths, corresponding 

to the avian visual spectrum (Endler 1990).   

Color Variables 

We calculated the following color variables for each male gular pouch: (1) red 

brightness (average reflectance at each wavelength in the interval 600-700 nm); 

(2) red chroma (reflectance in the interval 600-700 nm as a percent of the total 

brightness in the interval 300-700 nm); and since gular pouches also reflected 

UV wavelengths, (3) UV brightness (average reflectance at each wavelength in 

the interval 300-400 nm); and (4) UV chroma (reflectance in the interval 300-400 
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nm as a percent of the total brightness in the interval 300-700 nm).  Hue was 

eliminated from all analyses because of the difficulty of defining a clear reflection 

peak (see Fig. 1) and a lack of variation, as all males exhibited a plateau in the 

spectral reflectance at around 630 nm.  

Morphological Measurements 

A single measure of structural body size was determined using a principal 

component analysis (PCA) based on measurements of wing length, ulna length, 

and culmen length for each male.  We used the first principal component (PC1), 

which accounted for 57% of the observed variation in the three original variables, 

as a measure of structural body size.  We calculated size-adjusted mass as the 

residuals of a regression of mass versus structural body size (PC1).  These 

residuals were used as a proxy for body condition, with heavier males in better 

condition.  Inflated gular pouch size estimates were calculated from digital 

photographs using the program Image J (v1.32j; NIH).  Calculations were scaled 

on known bill lengths and bill widths for each individual.  Specifically, a side view 

of gular pouch area was calculated first, from side photographs with bill length 

used as a reference.  Pouch volume was then calculated by multiplying the area 

by the pouch width.  Width was defined as the widest portion on the pouch 

determined from frontal photographs using bill width as a reference.  A 

repeatability analysis (Lessels and Boag 1987) was used to test the reliability of 

our pouch volume calculations from digital photos.  Volume was calculated 3 

times each for the first 11 individuals.  The inter-class correlation coefficient or 

repeatability (r) for pouch volume measurements of these 11 individuals was 
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0.988.  For the remainder of individuals, volume was calculated just one time 

each.  

Statistical Analyses 

We used Pearson’s product-moment correlations and multiple logistic regression 

analyses to test relationships between plasma astaxanthin levels, gular pouch 

size and coloration, body size and condition, and ultimately pairing success.  A 

forward step-wise multiple logistic regression analysis was used to test whether 

pairing success was predicted by any possible combination of 8 variables: 

plasma astaxanthin concentration, gular pouch coloration (red chroma, red 

brightness, UV chroma, UV brightness), gular pouch volume, structural body 

size, and body condition (size-adjusted mass). 

Results 

Forty-two of the 160 males monitored over the course of the 2007 breeding 

season successfully paired (26.25%).  The remaining 118 males failed to secure 

mates on Tern Island at any point during the breeding season.   

A summary of all color variables and additional variables measured for all 

displaying males is presented in Table 3.1.  Astaxanthin was detected in the 

plasma of all 160 displaying males (Table 3.1).  Mean spectral reflectance curves 

for mated and unmated male gular pouches were nearly identical (Fig. 3.1).  All 

displaying male gular pouches revealed high reflectance peaks and a 

subsequent plateau within the red color spectrum (600-700 nm), as well as a 

small reflectance peak within the UV range (300-400 nm; Fig. 3.1). Correlations 
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between the various color and morphological variables are given in Table 3.2. 

Plasma astaxanthin was significantly positively correlated with red chroma of 

gular pouch tissue (Table 3.2, Fig. 3.2), and body condition (Table 3.2, Fig 3.3), 

and significantly negatively correlated with red brightness, UV brightness, and 

UV chroma of gular pouch tissue, as well as gular pouch volume (Table 3.2).  

Gular pouch volume was also significantly negatively correlated with red chroma 

(Table 3.2) and significantly positively correlated with UV Chroma and UV 

brightness.  Gular pouch volume was not significantly correlated with body size 

(Table 3.2).  Likewise, body condition was not significantly correlated with gular 

pouch volume (Table 3.2).  UV brightness was significantly positively correlated 

with red brightness (Table 3.2) and UV chroma (Table 3.2), and significantly 

negatively correlated with red chroma (Table 3.2).  Finally, UV chroma was 

significantly positively correlated with red chroma (Table 3.2).   

In a series of t-tests of all 8 measured variables, only body condition 

differed significantly between paired and unpaired males (t= -2.017, P=0.045, 

df=158; Fig. 3.4).  Likewise, in a forward selection logistic regression analysis of 

pairing success, the model that best predicted pairing success included just one 

variable, body condition (Wald X2 = 3.91, df=1, P=0.0479, r2=0.022).  Analyses 

using a backward selection and a mixed stepwise approach yielded the same 

result, the best model including only body condition as a significant but weak 

predictor of pairing success.  Gular pouch size and color did not differ between 

mated and unmated males and did not predict mating success. 
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Discussion 

Plasma astaxanthin concentration was significantly correlated with red chroma 

and red brightness in gular pouch tissue.  Males with higher astaxanthin 

concentrations had greater red chroma scores and lower red brightness scores.  

This suggests that astaxanthin plays a role in the production of red color in gular 

pouch tissue, and that those males with higher plasma astaxanthin 

concentrations might partition more astaxanthin into gular pouch tissue, thus 

contributing to darker, redder ornaments.  It has been suggested that individuals 

face a tradeoff between allocation of carotenoids to immune system activities 

versus deposition of carotenoids into colorful ornaments (Lozano 1994). If 

carotenoids are limiting, and males are faced with this tradeoff, a negative 

correlation between plasma carotenoid concentrations and ornamental coloration 

could be predicted. The fact that we see a positive correlation between plasma 

astaxanthin concentration and red chroma in gular pouches suggests that 

carotenoids are not limiting in this population, and that individual males are not 

facing an allocation tradeoff.  This is in accordance with the argument put forth by 

Hill (1999a) that circulating levels of carotenoids are so high in species with 

carotenoid-based displays that carotenoids cannot be limiting for immunological 

function.   

In red tissues in other birds, a layer of carotenoid pigment has been found 

to overlie a UV reflecting layer (Mougeot et al. 2007). There is evidence of such a 

pattern in great frigatebirds also (McGraw pers comm.). If carotenoids cover over 

a UV reflecting layer, this would explain the negative associations we found 
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between plasma astaxanthin concentration and UV brightness, and between red 

chroma and UV brightness. We found no association between UV reflectance 

and mating success in great frigatebirds, but this may not be surprising.  

Although UV cues have been shown to affect mate choice in some birds (Bennett 

et al. 1996, Johnson et al. 1998), recent molecular evidence suggests that great 

frigatebirds are among those species that do not have visual sensitivity to UV 

wavelengths (Wright and Dearborn 2009). 

Body condition was higher in males that successfully paired compared 

with males that did not, though this difference would not be statistically significant 

if a simultaneous Bonferroni correction was made for multiple comparisons. All 

other traits measured showed no significant difference between paired and 

unpaired males.  Logistic regression analyses using multiple predictor variables 

yield the same result.  The model best predicting pairing success contained just 

one variable, body condition.  Although nominally significant, this association 

again was weak, so that only a small amount of the variation in pairing success 

was explained by this variable. 

The size of the gular pouch was not associated with mating success in this 

population of great frigatebirds. In addition, structural body size was not 

correlated with gular pouch volume, so females searching for potential mates 

cannot use pouch volume as a proxy for male body size, a potentially important 

trait in mate choice. Similarly, body condition was not correlated with gular pouch 

size.  The inflation and maintenance of a gular pouch might require a certain 

amount of muscular coordination and/or physiological endurance.  If so, males in 
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better physical condition may be better able to produce and maintain larger gular 

pouches.  We found no evidence that this was the case, though our measure of 

condition (size-controlled mass) was limited in scope.   

We found no evidence for female preferences based on gular pouch 

coloration.  None of the color variables (red chroma, red brightness, UV chroma 

and UV brightness) significantly predicted pairing success.  Our results differ 

from previous studies demonstrating female preferences for soft part coloration in 

other bird species (Zuk et al. 1990a, 1990b, Holder and Montgomerie 1993, 

Buckholtz 1995, Rintamäki et al. 2000).  However, our results agree with two 

previous studies that investigated gular pouch color and pairing success in 

frigatebirds.  Madsen et al. (2007a) found no association between gular pouch 

color and pairing success in the magnificent frigatebird based on colorimeter 

data.  Wright and Dearborn (2009) also found no association between gular 

pouch color and pairing success in great frigatebirds using color analyses based 

on Munsell colour chips.  Despite our large sample sizes and use of a more 

objective measure of color, we also failed to find any association between pairing 

success and gular pouch coloration.  

In summary, our results are negative for any association between mating 

success and gular pouch size and color in great frigatebirds. Results of other 

studies on mating success and gular pouch color have been similarly negative in 

great frigatebirds (Wright and Dearborn 2009) and in magnificent frigatebirds 

(Madsen et al 2007a).  Madsen et al. (2004) have suggested that the gular pouch 

is important in generating male courtship sounds in magnificent frigatebirds, and 
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properties of these sounds are related to mating success in that species (Madsen 

et al 2007a). In great frigatebirds, however, the same acoustic traits appear not 

to be associated with male mating success (Chpt. 4).   

If visual display traits such as gular pouch size or color are not correlated 

with pairing success, how is it that that such a conspicuous ornament has been 

maintained in frigatebirds?  Presentation of the gular pouch is one part of a very 

complex courtship display in great frigatebirds.  The red coloration of gular 

pouches likely provides a sharp color contrast to the typical displaying substrate.  

This color contrast would seem to aid in the conspicuousness of displaying 

males.  This visual cue may enhance a male’s ability to attract females to his 

general area, and likewise reduce a female’s search time by allowing for a quick 

determination of which males are attempting to breed.  Once near a male, 

females might assess less obvious cues, such as those indicating MHC 

genotype. Evidence in our study population of great frigatebirds supports female 

choice for males whose MHC genotypes differ from their own (Chpt. 5).  

Therefore, display traits may function to attract females and allow them to quickly 

assess which males are attempting to breed, while the ultimate decision of which 

partner to select is made on more subtle cues such as genetic compatibility.  
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Chapter 3 Tables and Figures 

Table 3.1  All variables measured for each of 160 displaying male great 
frigatebirds.  Astaxanthin is reported as plasma concentration in μg/ml, red 
chroma is percent of the total reflectance (300-700 nm) that occurs in the red 
spectrum (600-700 nm), red brightness is the average reflectance within the red 
spectrum (600-700 nm), UV chroma is percent of the total reflectance (300-700 
nm) that occurs within the UV spectrum (300-400 nm), UV brightness is the 
average reflectance within the UV spectrum (300-400 nm), Pouch volume is the 
inflated gular pouch calculated in cm3, body size is the first principal component 
of PCA analysis of wing, ulna and culmen lengths, and body condition is the 
residuals from a size-adjusted mass regression. 
 
Variable     Mean Range   ±SE 
Astaxanthin (μg/ml)        0.63       0.16 – 1.85   0.02 
Red Chroma (%) 
Red Brightness (%) 

    50.93 
    14.54 

    41.01 – 60.23 
    10.53 – 19.07 

  0.26 
  0.12 

UV Chroma (%) 
UV Brightness (%) 
Pouch Volume (cm3) 
Body Size ( PC1) 
Body Condition 
(residuals) 

    16.92 
      4.89 
3692.57 
      0.00 
      0.00 

    13.04 – 21.06 
      2.93 – 7.49 
1524.30 – 7331.60 
     -4.34 – 2.39 
 -220.10 – 200.65 

  0.13 
  0.08 
93.11 
  0.08 
  6.80 
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Table 3.2  Pearson’s r values for correlations of all measured display and fitness 
variables in male great frigatebirds (N=160 for all variables). 

Variable Body 
Cond. 

Body 
Size 

Pouch 
Volume 

UV 
Bright. 

UV 
Chroma 

Red 
Bright. 

Red 
Chroma 

Astaxanthin  0.219** -0.089 -0.289** -0.329** -0.327** -0.191* 0.245** 
Red Chroma 
Red Bright. 

-0.061 
-0.113 

-0.031 
-0.016 

-0.235** 
-0.011 

-0.792** 
 0.632** 

-0.837** 
 0.148 

-0.106  

UV Chroma 
UV Bright. 
Pouch Vol. 
Body Size 

-0.022 
-0.060 
 0.067 
 0.000 

 0.025 
 0.011 
 0.081 

0.207** 
0.164* 

 0.830**    

*Correlation is significant at the 0.05 level (2-tailed) 
**Correlation is significant at the the 0.01 level (2-tailed) 
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Figure 3.1  Mean spectral reflectance curve of the gular pouch of displaying male 
great frigatebirds (n=160).  Measurements were made by averaging 20 
sequential spectra for each of five locations selected arbitrarily along the flat 
portion of exposed gular tissue below the culmen.  Black line represents the 
mean reflectance curve for unmated males.  Red line represents the mean 
reflectance curve for mated males.  
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Figure 3.2  Correlation of plasma astaxanthin concentration (ug/ml) and red 
chroma in gular pouch tissue of displaying male great frigatebirds (r=0.245, 
N=160). 
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Figure 3.3  Correlation of plasma astaxanthin concentration (ug/ml) and body 
condition (size-controlled mass) in displaying male great frigatebirds (r=0.219, 
N=160). 
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Figure 3.4  T-tests for all measured traits in male great frigatebirds.  Results are 
given as unpaired (black bars; N=118) vs. paired (red bars; N=42).  Error bars 
denote standard error (SE).  
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Chapter 4 

Vocalizations reveal body condition and are associated with visual display 
traits in great frigatebirds (Fregata minor) 
 

Summary 

Acoustic displays are known to advertise aspects of male quality and to affect 

female choice of mates in a variety of birds, including not only songbirds but 

some seabirds as well.  Male great frigatebirds (Fregata minor) produce a rapid 

warble vocalization that forms a prominent part of their courtship display.  I 

investigated the relationships between aspects of this vocalization and male 

quality and pairing success in 103 great frigatebirds from a population in the 

northwestern Hawaiian Islands.  I found that across males frequency bandwidth 

of the display was negatively related to repetition rate, enabling us to use 

deviation from the upper bound regression of bandwidth on rate (‘vocal 

deviation’) as one measure of vocal performance.  I found that peak frequency 

was not associated with body size but was positively associated with size of the 

gular pouch, the most prominent visual ornament.  Vocal deviation was 

significantly associated with body condition but not with pouch size or body size.  

Neither peak frequency nor vocal deviation significantly predicted pairing success 

in our study population.  These results suggest that vocalizations provide honest 

information about male body condition and gular pouch size in great frigatebirds, 

but do not independently influence female choice of mates. 
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Background 

Features of male acoustic display affect female choice of mates in a variety of 

animals, from acoustic insects to frogs, toads, and songbirds (Searcy and 

Anderson 1986, Gerhardt and Huber 2002, Catchpole and Slater 2008).  Some 

of these animals mate at night and therefore mostly lack visual ornaments.  

Others mate during daylight, and some of these possess obvious visual 

ornaments as well as acoustic displays.  The five species of frigatebirds (family 

Fregatidae) provide a good case in point.  Males of all the frigatebird species 

have a large gular pouch, which assumes a brilliant red color during the mating 

season.  The pouch is inflated to become maximally prominent when a male is 

actually displaying to a female (Nelson 1975, Dearborn and Ryan 2002, Juola et 

al. 2008).  The red gular pouch is one of the most striking visual displays known 

for any animal, and has been widely used to illustrate sexual ornaments.  

Frigatebirds also produce an acoustic display as part of courtship (Nelson 1975), 

but it is natural to suppose that the visual ornament has the more important 

effects on mate choice.  Surprisingly, existing evidence counters this expectation.  

In the great frigatebird (Fregata minor), Wright and Dearborn (2009) found no 

relationship between gular pouch hue, value, or chroma and male mating 

success.  Juola (Chpt. 3) also found that mating success was not related to 

pouch color in this species, nor to pouch size.  Similarly, Madsen et al. (2007a) 

found no relationship between pouch color and mating success in the 

magnificent frigatebird (Fregata magnificens).  Body size and other 

morphological measurements were also poor predictors of mating success in 
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both of these species (Madsen et al. 2007, Wright and Dearborn 2009).  Instead, 

Madsen et al. (2007a) found that in the magnificent frigatebird only various 

properties of the male acoustic display differed systematically between 

successful and unsuccessful males, suggesting that the acoustic display is more 

important to mate choice than is any visual trait in this species.  Here we test the 

importance of acoustic traits to mate choice in the second frigatebird species in 

which visual traits have thus far proven unimportant, the great frigatebird. 

 One acoustic feature whose effect on mate choice is often analyzed is 

frequency, either fundamental frequency – the frequency of the lowest harmonic 

in a harmonic series – or peak frequency – the frequency of maximum amplitude. 

In some animals, females prefer acoustic displays of lower frequency, for 

example in some frogs (Ryan 1980, Tarano and Harrera 2003, Poole et al. 2007) 

and insects (Brown et al. 1996).  Such preferences are sometimes attributed to 

an underlying preference for larger males, since frequency is often negatively 

related to size in these taxa (e.g. Oldham and Gerhardt 1975, Ryan 1980, Brown 

et al. 1996, Bee et al. 1999).  In birds, however, size and frequency are often 

only weakly correlated within species (Logue et al. 2007, Patel et al. 2010) or not 

correlated at all (Cardoso et al. 2008).  Frequency is one of the characters that 

Madsen et al. (2007a) found to differ between mated and unmated males in the 

magnificant frigatebird.  The acoustic display of magnificant frigatebirds is termed 

‘drumming,’ and consists of a series of repetitions of a harmonic stack, which 

Madsen et al. (2007a) suggest is produced by a bill clack.  These authors 

measured fundamental frequency as the peak frequency of the lowest harmonic 
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in the stack, and found that mated males had significantly lower fundamentals 

than unmated males.  Madsen et al. (2004) found that the fundamental frequency 

of drumming was negatively correlated with size of the gular pouch but positively 

correlated with body size; note that the latter correlation is opposite to the usual 

result.  

The acoustic display used by great frigatebirds during mate attraction is 

very different from that of magnificent frigatebirds: it appears to be produced 

vocally rather than by a bill clack and does not possess multiple harmonics, 

instead consisting of a single frequency band that fluctuates sinusoidally (Figure 

1).  The vocalization has been described as a “warble” (Nelson 1975) and 

rendered phonetically as a repeated “whoo-hoo-ooo” (Metz and Schreiber 2002).  

Because this warble lacks harmonics, we measured its frequency as peak 

frequency rather than fundamental frequency. 

Madsen et al. (2007a) measured in magnificent frigatebirds two additional 

attributes of drumming that were independent of fundamental frequency: the 

interval between harmonic bands and the coefficient of variation of the time 

interval between successive syllables.  Both these traits also differed significantly 

between mated and unmated males.  No analog of band interval is present in 

great frigatebird warbles, but we were able to measure an analog of the second 

measure: the coefficient of variation of the time interval between successive 

peaks in the warble.  These variation measures can be considered to assess the 

consistency of performance of the display, with low variation being higher 

performance.  Madsen et al. (2007a) indeed found that mated males had lower 
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variance.  Consistency in vocal song performance has also proven to correlate 

with female preferences in one songbird species (Byers 2007) and with age and 

dominance in others (Botero et al. 2009, Rivera-Gutierrez et al. 2010). 

We also employed another measure of vocal performance in great 

frigatebirds: vocal deviation (Podos 1997, 2001).  Vocal deviation measures the 

deviation of a vocalization from an upper performance limit set by a tradeoff 

between frequency bandwidth and repetition rate.  To produce a sound of high 

frequency a bird opens its bill widely, thus shortening its vocal tract and raising its 

resonant frequency; conversely, to produce a sound of low frequency a bird 

narrows its bill gape, thus lengthening the vocal tract and lowering its resonant 

frequency (Nowicki 1987, Westneat et al. 1993, Podos et al. 2004).  Producing a 

warble or trill with a wide frequency bandwidth requires opening and closing the 

bill over a wide angle.  Because birds are limited in how quickly they can move 

their bills, a tradeoff is thus produced between warble or trill speed and 

bandwidth (Podos 1997).  The performance limit can be estimated using an 

upper bound regression, and the performance level of a given vocalization can 

be estimated by the deviation from this limit (Podos 2001, Ballentine et al. 2004).  

The predicted tradeoff has been demonstrated across species of New World 

sparrows (Podos 1997) and within a number of species of songbirds (Ballentine 

et al. 2004, Cramer and Price 2007, Illes et al. 2006).  The tradeoff has also been 

found in the vocalizations of another seabird, the brown skua (Catharacta 

antarctica); in this species deviation from the performance limit predicted male 

reproductive success (Janicke et al. 2008). 



58 
 

 

 Here we test for a tradeoff between frequency bandwidth and repetition 

rate in the warble vocalization of great frigatebirds.  We then assess three 

attributes of the warble in male great frigatebirds: dominant frequency, 

consistency of performance, and vocal deviation.  We relate these vocal 

attributes to two measures of male quality: body size and condition.  Finally, we 

compare vocal attributes in males that succeeded in pairing and males that 

failed. 

 

Materials and Methods 

The study was carried out on Tern Island, French Frigate Shoals, in the 

northwestern Hawaiian Islands during the period February-June, 2007.  

Approximately 2000 breeding attempts by great frigatebirds are made on the 

island per year.  The operational sex ratio is heavily skewed towards males, with 

approximately five times as many males present as females (Dearborn et al. 

2001), so that only about one in five males succeeds in pairing with a female and 

initiating a clutch (Dearborn and Anders 2006).  The breeding skew may be due 

in part to females skipping breeding in the year after a breeding success, while 

males attempt to breed every year.  During the mating period, males display from 

the tops of shrubs to females flying overheard.  Displaying males give their 

warble vocalization while exhibiting their inflated gular pouch and extending and 

trembling their wings (Nelson 1975).  An interested female lands on the shrub for 

closer inspection of the male, and then either leaves or, eventually, nests there.  
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The mating system is both socially and genetically monogamous: only about 1-

8% of fertilizations are extra-pair (Dearborn et al. 2001, Chpt. 5). 

We recorded the warbles of displaying male frigatebirds using a Marantz 

recorder and a directional AudioTechnica microphone mounted on a tripod and 

set at a distance of 2-4 meters directly in front of the displaying male.  A total of 

821 vocalizations were recorded from 103 males.  After recording a male, we 

photographed him from both the front and the side at a distance of approximately 

2 meters.  Once photographed, each male was captured and measured for body 

mass, bill width, and bill, ulna, culmen and wing length.  All measurements were 

made by the same researcher (F. Juola).  All individuals were then affixed with 

leg bands and wing tags so that individual behavior could be monitored for the 

remainder of the breeding season. 

Vocal recordings were later digitized and analyzed using the sound 

analysis programs Syrinx (John Burt, www.syrinxpc.com), Raven (v1.2.1) and 

Signal (v4.0).  Minimum and maximum frequencies were measured by fitting an 

onscreen cursor to the peaks and troughs of the spectrogram trace (Figure 4.1).  

Warble rate was estimated by measuring the time between the first and last 

trough and dividing by the number of peaks in between (Figure 4.1).  Mean 

frequency bandwidth and mean warble rate were calculated for each individual, 

and from these means the upper bound regression of frequency bandwidth on 

warble rate was calculated as described by Podos (1997), using bins of 0.5 

warbles/sec (Figure 4.2).  Vocal deviation was measured as the orthogonal 

distance of each individual’s mean vocal output from the upper-bound regression 



60 
 

 

(Podos 2001, Ballentine et al. 2004).  Peak frequency, defined as the frequency 

within a call at which the most power was produced, was determined from 

analysis of power spectra.  Using on-screen cursors, the time intervals between 

each successive peak in a warble were measured, and from these intervals a 

coefficient of variation was calculated for that vocalization.  A mean coefficient of 

variation was then calculated for each male by averaging the coefficients of 

variation for each of that male’s recorded vocalizations.  We term this measure of 

the variation of timing “vocal consistency.” 

Structural body size was determined using a principal components 

analysis based on measurements of the wing, ulna, and culmen for each 

displaying male.  Inflated gular pouch size estimates were calculated from digital 

photographs using the program Image J (v1.32j).  Calculations were based on 

known bill lengths and bill widths for each bird.  Specifically, gular pouch area 

was calculated first, from side photographs with bill length used as a reference.  

Pouch volume was then calculated by multiplying pouch area by the pouch width.  

Width was the widest portion on the pouch determined from frontal photographs 

using bill width as a reference.  Body condition was determined using the 

residuals from a regression of body mass and structural body size.  Finally, a 

male was considered to have successfully paired once a pair bond had formed 

and the pair had commenced constructing a nest.  

Linear regression was used to investigate how well male quality (body 

size, gular pouch size and body condition) predicted the quality of vocal output 

(peak frequency and vocal performance).  To determine the predictive value of 
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peak frequency, vocal consistency, and vocal deviation for pairing success, we 

used logistic regression analyses with vocal output measures as the independent 

(predictive) variables vs. successful pairing or non-successful pairing as the 

binary dependent variables. 

 

Results  

Of the 103 individual displaying males whose vocalizations were recorded, 27 

later successfully paired, while 76 were unsuccessful in their attempts to secure 

a mate. This success rate is typical for the population (Dearborn and Anders 

2006), and thus does not represent a negative effect of our measurements and 

observations on pairing success.  

Frequency bandwidth of the warble was significantly, negatively 

associated with warble rate (Figure 4.2).  The upper bound regression of warble 

rate on frequency bandwidth was also significant (y = -17.1, x = 728.4, r2 = 0.344, 

p = 0.045, n = 12; Figure 4.2), enabling us to measure vocal deviation as the 

orthogonal deviation of a male’s warbles from this regression line. 

When we correlated measures of male quality with vocal traits, two 

significant correlations were found (Table 4.1).  Peak frequency was significantly 

negatively associated with gular pouch size (Figure 4.3), meaning that peak 

frequency was lower in males with larger gular pouches.  Peak frequency was 

not associated with body size or body condition. Vocal deviation was significantly 

negatively correlated with body condition (Figure 4.4), meaning that males with 

low vocal deviation and thus better vocal performance were in better condition.  
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Vocal deviation was not associated with body size or gular pouch size.  

Coefficient of variation in the consistency between successive warble peaks was 

not associated with body size, body condition, or gular pouch size. 

Peak frequency was not a significant predictor of pairing success in this 

population (logistic regression: N = 103, Wald χ2 = 0.165, df = 1, P = 0.684).  

Vocal deviation was also not a predictor of pairing success (Wald χ2= 2.945, df = 

1, P = 0.086).  Finally, coefficient of variation was also not a predictor of pairing 

success (Wald χ2= 0.233, df = 1, P = 0.629). 

 

Discussion 

We found an association between peak frequency and size of the gular pouch in 

great frigatebirds; the association was in the expected direction in that larger 

pouches were associated with lower frequencies.  The association was a weak 

one, however, with only 6-7% of the variation in pouch size explained by variation 

in peak frequency.  Madsen et al. (2004) found a much stronger negative 

relationship between peak frequency and pouch size in magnificent frigatebirds, 

and suggested that the relationship occurs because the pouch acts as a 

resonance chamber for the drumming display.  Longer wavelengths would 

resonate in larger pouches, producing a negative relationship between frequency 

of the acoustic display and pouch size.  The vocal display of great frigatebirds is 

much different from that of magnificent frigatebirds, in that it is produced vocally 

rather than by a bill clack.  Thus it is not surprising that the relationship between 

pouch size and vocal attributes is somewhat different in the two species. 
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 Madsen et al. (2007a) found that mated males had lower peak frequencies 

than unmated males in magnificent frigatebirds.  In other animals, an association 

between frequency and mating success is often explained as due to a female 

preference for larger males, but in magnificent frigatebirds peak frequency is not 

related to body size.  An alternative explanation for the relationship between 

peak frequency and mating success in magnificent frigatebirds is that females 

prefer males with large gular pouches, perhaps choosing males directly on pouch 

size and thus indirectly creating the correlation of mating success and frequency. 

In great frigatebirds, however, there is no association of gular pouch size with 

mating success (Chpt. 3), so this indirect mechanism would not act to produce an 

association of frequency with mating success, and we in fact found no such 

association. 

 Variation in time between successive warble peaks was not a good 

predictor of pairing success in our population.  This finding differs from a similar 

assessment of acoustic consistency in magnificent frigatebirds.  Madsen et al. 

(2007a) found that coefficient of variation of the time interval between successive 

syllables differed significantly between mated and unmated males, with mated 

males having lower variance.  These measures of variation are considered to be 

assessments of the consistency of performance of the acoustic display, with low 

variation being higher performance.  Although this has been demonstrated in 

magnificent frigatebirds, and previously in a songbird (Byers 2007) we did not 

find this to be the case in our population of great frigatebirds.  
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 Great frigatebirds showed the negative relationship between frequency 

bandwidth and warble repetition rate that Podos (1997, 2001) predicted for songs 

consisting of trilled syllables in songbirds.  The great frigatebird’s vocalization is 

not in fact a trill, in that it does not consist of repetitions of a syllable with silent 

gaps between syllables.  The great frigatebirds’s warble does, however, contain 

a series of repeated frequency upsweeps and downsweeps.  If a frigatebird has 

to open its bill during every upsweep and close its bill during every downsweep, 

then the same biomechanical limitations that produce a tradeoff between 

bandwidth and repetition rate in the trilled songs of sparrows should act on the 

frigatebird’s warble also.  Evidence for this tradeoff has previously been found in 

the acoustic display of another seabird, the brown skua (Janicke et al. 2008), 

even though the syllables in this call are not frequency-modulated (Cardoso 

2008).  Thus the biomechanical basis for the tradeoff is easier to understand in 

great frigatebirds than in brown skuas. 

 We found that vocal deviation was significantly associated with body 

condition, in the direction that would be expected: lower vocal deviation, which 

equates with higher vocal performance, was associated with better body 

condition.  Again, however, the association was relatively weak, so that a female 

would not actually learn that much about a male’s body condition by judging his 

vocal deviation.  Vocal deviation has been found to be associated with pairing 

success in one songbird, swamp sparrows (Melospiza georgiana) (Ballentine et 

al. 2004).  We, however, found no association of vocal deviation with pairing 

success in great frigatebirds. 



65 
 

 

 Male frigatebirds in general have highly developed display characteristics, 

including both visual and vocal displays.  Because operational sex ratios are 

highly male biased in frigatebird populations (Madsen et al. 2007a, Dearborn et 

al. 2001), we would expect strong sexual selection acting on males, and strong 

sexual selection can explain the evolution of the various male display traits.  This 

hypothesis predicts differences in display traits between males that are 

successful and those that are unsuccessful in mating.  Tests of this prediction 

with the magnificent frigatebirds have been negative with respect to the main 

visual display, the gular pouch, but positive with respect to the main acoustic 

display, drumming (Madsen et al. 2007a).  Tests of this prediction with the great 

frigatebird, however, have been negative with respect to the gular pouch (Wright 

and Dearborn 2009, Chpt. 3), and now are negative with respect to acoustic traits 

also (this Chpt.).  A third aspect of display is still available as a possible 

explanation for differences in male pairing success: performance of the wing 

extension and wing tremble that are performed along with gular pouch display 

and warbling by courting male great frigatebirds.  Performance traits of this type 

have recently been argued to have a large effect on female choice of mates in a 

variety of animal groups (Byers et al. 2010).  
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Chapter 4 Tables and Figures 

Table 4.1  Relationships between individual traits (body size, gular pouch size, 
and body condition) and peak frequency (the mean peak frequency of each 
individual’s calls), vocal deviation (the mean orthogonal distance from the upper-
bound regression line of warble rate vs. bandwidth plots), and coefficient of 
variation (the mean coefficient of variation in time between successive warbles 
within all calls). N = 103 males in each case, *denotes significance (less than 
0.05). 
Trait  Peak Frequency Vocal Deviation Coef. Of Variation 
     
     
Body Size R2   0.021 0.016 0.015 
 F 2.20 1.656 1.562 
 P  0.141 0.201 0.214 
     
Pouch Size R2 0.066 0.004 <0.001 
 F 7.039 0.359   0.021 
 P  0.009* 0.550   0.885 
     
Body Condition R2 <0.001 0.040   0.037 
 F   0.014 4.197   3.889 
 P   0.907   0.043*   0.051 
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Figure 4.1  Visual representation of male display vocalization. Spectrogram with 
time (x-axis) and KHz (y-axis) used to calculate warble speed and frequency 
bandwidth.  
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Figure 4.2  Mean warble rate by frequency bandwidth plot and upper-bound 
regression line for 103 individuals (means based on 821 individual calls).  Dark 
circles represent the points used to calculate the upper-bound regression.  
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Figure 4.3  Pouch volume was a significant predictor of peak frequency. Males 
with larger pouches produced vocalizations with lower peak frequencies. 
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Figure 4.4  Body condition was a significant predictor of vocal deviation. Males in 
better condition produced higher quality vocalizations. 
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Chapter 5 
 
Sequence-based evidence for MHC-disassortative mating in a colonial 
seabird 
 

 
Summary 

The major histocompatibility complex (MHC) is a highly polymorphic multi-gene 

family associated with immune defense and has been proposed to play a role in 

mate choice.  Under the genetic compatibility hypothesis, females choose mates 

that differ genetically from their own MHC genotypes, avoiding inbreeding and/or 

enhancing immunocompetence of their offspring.  We tested the prediction of 

disassortative mating based on MHC genotypes in a population of great 

frigatebirds (Fregata minor), by sequencing the second exon of the MHC class II 

ß gene.  We compared MHC amino acid differences of 46 mated pairs to that of 

10,000 simulations of 46 random pairings using the same individuals.  In 

addition, we repeated this analysis using a similarity index from a set of neutral 

markers (12 microsatellite loci) to distinguish between MHC-based mate choice 

and mate choice based on overall genetic similarity.  Analysis showed significant 

disassortative mating amongst mated pairs compared to random pairings based 

on MHC genotypes, but not for neutral microsatellite markers.  This result 

suggests a role for MHC genes in mate choice in this population of great 

frigatebirds, and in particular supports the hypothesis that females choose mates 

that differ genetically from themselves at MHC loci.   
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Background 

A fundamental goal in evolutionary biology is to gain a better understanding of 

forces that create and maintain genetic variation in natural populations.  When 

natural selection is consistently directional, it can eliminate genetic variation over 

time.  However, heterozygote advantage is one situation in which genetic 

variation can be maintained, rather than eliminated, by natural selection 

(Takahata and Nei 1990, MacDougall-Shackleton et al. 2005).  Mounting 

evidence suggests that evolution at the major histocompatibility complex (MHC) 

might emerge as a taxonomically broad example of selection acting to maintain 

genetic diversity, through heterozygote advantage and other processes (Hedrick 

2002), though empirical data are primarily from mammals and fishes (Bodmer 

1972, Potts and Wakeland 1990, Hughes and Hughes 1995, Lie et al. 2009). The 

major histocompatibility complex is a highly polymorphic gene assemblage that 

plays a critical role in the development and activation of both the T-cell mediated 

and humoral arms of immune defense (Klein 1986, Penn and Potts 1999). 

Heterozygous individuals possess a wider array of MHC alleles and thus may be 

able to mount more efficient defenses against a greater diversity of pathogens 

compared with more homozygous individuals.   

Because of the fitness variation among MHC genotypes (Paterson et al. 

1998, Carrington et al. 1999, Senseney et al. 2000, Kurtz et al. 2004, Madsen 

and Ujvari 2006, Fernandez-de-Mera et al. 2009), and because MHC genotypes 

might be detectable by olfaction (Boehm and Zufall 2006), MHC could be an 

important target of mate choice (Yamazaki et al. 1976, Zelano and Edwards 
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2002).  One potentially important model suggests that individuals will choose 

mates whose genotypes are different from their own (Trivers 1972, Zeh and Zeh 

1996, Tregenza and Wedell 2000), resulting in offspring that are more likely to be 

heterozygous at targeted loci such as MHC.  Studies from mammals and fishes 

provide evidence for such MHC-disassortative mating (Yamazaki et al. 1976, 

Potts et al. 1991, Ober et al. 1997, Penn and Potts 1999, Landry et al. 2001, 

Forsberg et al. 2007, Consuegra and de Leaniz 2008, Setchell et al. 2010, but 

see Hedrick and Black 1997, Paterson and Pemberton 1997), and we would 

expect to see similar patterns in other taxa such as birds.  To date, however, 

tests of this idea in birds have been limited in scope (Freeman-Gallant et al. 

2003, Ekblom et al. 2004, Westerdahl 2004, Richardson et al. 2005, Bonneaud et 

al. 2006), with no clear evidence of disassortative mating based on MHC.  Part of 

the difficulty has been methological: taxonomic diversity in MHC research is 

constrained by a lack of locus-specific primers for non-mammalian MHC genes.  

This is problematic because MHC gene complexes exhibit a high degree of gene 

duplication and concerted evolution (Edwards and Hedrick 1998).  Consequently, 

previous studies of MHC-based mate choice in birds have used indirect 

measures such as restriction fragment length polymorphisms or denaturing 

gradient gel electrophoresis to quantify genotypes and estimate polymorphism 

(Freeman-Gallant et al. 2003, Ekblom et al. 2004, Westerdahl 2004, Richardson 

et al. 2005, Bonneaud et al. 2006).  

In this study, we developed primers and sequenced the second exon of 

the MHC class II ß gene, which codes for the most polymorphic segment of the 
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peptide-binding region (Alcaide et al. 2007).  Using this approach, we tested 

whether great frigatebirds (Fregata minor) choose mates with complementary 

MHC genotypes.  Great frigatebirds are colonial-breeding seabirds.  In our study 

population and probably elsewhere, there is serial monogamy and a male-biased 

operational sex ratio, such that females have many options as they choose 

mates for each breeding attempt (Nelson 1975, Dearborn et al. 2001, Dearborn 

and Anders 2006).  The frequency of extra-pair paternity is low, such that choice 

of social mate and genetic mate are the same for most pairs (Dearborn et al. 

2001). 

Importantly, dissimilar MHC genotypes in mates could arise from general 

inbreeding avoidance, rather than from mate choice based on MHC 

complementarity alone. Few studies have been able to make this distinction 

(Landry et al. 2001, Neff et al. 2008, Miller et al. 2009, Setchell et al. 2010).  In 

the case of general inbreeding avoidance, mates should show dissimilar 

genotypes not only at MHC but also at a variety of loci across the genome.  

Alternatively, if MHC is an important target of mate choice per se, we would 

expect mates to have dissimilar genotypes at MHC but not at neutral genomic 

markers. We combined MHC sequencing with microsatellite genotyping of mated 

pairs to test whether great frigatebirds choose mates with complementary MHC 

genotypes.  Disassortative mating at both MHC and microsatellite loci would 

suggest a genome-wide pattern of outbreeding. Disassortative mating at MHC 

but random mating at microsatellite loci would suggest, instead, that MHC 

dissimilarity is the actual target of mate choice. 
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Materials and Methods 

Study System 

We studied great frigatebirds on Tern Island, in the Northwestern Hawaiian 

Islands (23°45’N, 166°17’W).  Tern Island encompasses 14 ha and is one of 10 

small islands in the French Frigate Shoals atoll.  Approximately 4,000 great 

frigatebirds nest on Tern Island each year (Dearborn and Anders 2006). Egg 

laying typically commences in February and lasts through May.  In 2007, we 

monitored the breeding activities of 46 pairs.  All 92 of these individuals were 

captured by hand while at their nests, and approximately 50ul of blood was 

collected from their brachial vein.  Blood samples were also collected from the 

single offspring of each of these 46 breeding pairs.  Blood samples were stored 

in 1 ml of Longmire’s lysis buffer at room temperature for the remainder of the 

field season.  

 

Genetic Analyses 

We digested all blood samples using proteinase K.  Genomic DNA was extracted 

using a standard alcohol precipitation protocol.  In order to develop primers that 

would amplify our locus of interest, the second exon of MHC class II ß gene in 

great frigatebirds, we initially used a primer pair designed to amplify a large 

portion of this gene region in birds.  Using PCR, we successfully amplified an 

approximately 1,500 bp sequence of the MHC class II ß gene encompassing part 

of exon 1, all of exon II and part of exon III.  Using this sequence, we designed a 

new primer pair flanking exon II (481F-CACACTGCCAGTCCTACCG and 1038R-
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AGGGACTCGTGTCCTCATGG).  Sequences amplified with this new primer pair 

were 557 bp in length including the primer sequences.  For all 92 adult birds, 

each individual DNA sample was PCR amplified 3 separate times (10 ul 

reactions each) to limit PCR artifacts, using the proof-reading enzyme Pfx 

(Platinum Pfx, Invitrogen).  After PCR, all three amplification products from an 

individual were combined and gel purified using a 2.5% agarose gel and gel 

purification kit (Wizard SV, Promega Corp.).  After gel purification, DNA was 

transformed and cloned using a haploid cloning vector and high efficiency cloning 

cells (Clone Jet, Fermentas; JM109 competent cells, Promega Corp.).  This 

separate cloning of PCR products allowed for precise determination of 

sequences from all heterozygous individuals.  Cloning products were then grown 

up for 24 hours on standard LB/amp plates.  Colonies produced from these 

plates were then used as template DNA for PCR screening.  All clones were 

PCR and gel screened (primers 481F/1038R, 1.5% agarose gels) to insure the 

presence of the proper insert (exon II).  After gel screening, PCR products were 

cleaned and sequenced using the BigDye Terminator Cycle sequencing kit (v. 

3.1) and a Genetic Analyzer (Applied Biosystems, Inc., 3130x).  For every 

individual, 24 – 28 positive clones were selected at random for sequencing.   

 

Sequence Screening 

All sequences were aligned, edited and analyzed using BioEdit v 7.0.0 (Ibis 

Therapeutics) and MEGA4 (Tamura et al. 2007).  MHC sequences occurring just 

once within an individual and differing by less than 3 bp from any other sequence 
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found from that same individual were considered artifacts of PCR error and were 

removed from further analyses (Edwards 1995, Alcaide et al. 2007).  In addition, 

since the recombination of cloned PCR products can result in chimeras (Bradley 

and Hillis 1996) all alleles were compared with direct sequences of uncloned 

PCR products to check for similarity of polymorphic sites (Alcaide et al. 2007).  

Sequences that did not match polymorphic sites of their respective uncloned 

sequences were also removed from further analyses.  

 

Microsatellites  

We used microsatellite genotypes to obtain an overall index of genetic similarity 

between mates (calculated as Wang’s r; Wang 2002).  Because choice of genetic 

mate and social mate are decoupled in some species, we genotyped nestlings at 

these same microsatellite loci and conducted a paternity exclusion analysis with 

Cervus 3.0 (Kalinowski et al. 2007).We genotyped all 92 adults and 46 offspring 

at 12 di- or tetra-nucleotide microsatellite loci previously developed for this 

population (Dearborn et al. 2008).  We used three 10-µl multiplex PCR reactions 

of four loci each, with slightly different recipes for the three reactions.  For loci 

Fmin04, Fmin06, Fmin13, and Fmin15, we used 1x GeneAmp Gold buffer 

(Applied Biosystems, Inc.), 0.2mM each dNTP, 1.5 mM MgCl2, 0.5 µM of forward 

and reverse primers for Fmin13, 0.3 µM of forward and reverse primers for each 

of the other three loci (Fmin04, Fmin06, and Fmin15), 0.4 U AmpliTaq Gold 

polymerase (Applied Biosystems, Inc.), and 10 ng DNA. Cycle parameters were 
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95o for 7 min; 35 cycles of 95o for 30 sec, 53o for 3 min, 70o for 30 sec; and 70o 

for 15 min. 

For loci Fmin01, Fmin03, Fmin11, and Fmin18, we used 1x GeneAmp 

Gold buffer (Applied Biosystems, Inc.), 0.2mM each dNTP, 2.0 mM MgCl2, 0.2 

µM of forward and reverse primers for Fmin11, 0.4 µM of forward and reverse 

primers for each of the other three loci (Fmin01, Fmin03, and Fmin18), 7.5 µM 

bovine serum albumin, 0.5 U AmpliTaq Gold polymerase (Applied Biosystems, 

Inc.), and 10 ng DNA. Cycle parameters were 95o for 7 min; 35 cycles of 95o for 

30 sec, 58o for 30 sec, 70o for 3 min; and 70o for 15 min.  For loci Fmin02, 

Fmin10, Fmin14, and Fmin17, we used 1x GeneAmp Gold buffer (Applied 

Biosystems, Inc.), 0.2mM each dNTP, 2.0 mM MgCl2, 0.3 µM of forward and 

reverse primers for each locus, 7.5 µM bovine serum albumin, 0.5 U AmpliTaq 

Gold polymerase (Applied Biosystems, Inc.), and 10 ng DNA. Cycle parameters 

were 95o for 7 min; 35 cycles of 95o for 30 sec, 56o for 30 sec, 70o for 3 min; 

and 70o for 15 min.  Dye-labeled products were run on an ABI PRISM 3730XL, 

with manual verification of allele calls in GeneMapper 4.0 (Applied Biosystems, 

Inc.). To estimate the per-allele error rates of microsatellite genotyping, we 

blindly repeat-genotyped a large sample of individuals (Hoffman and Amos 

2005).   

 

Data Analyses 

MHC sequences were connected in a parsimony-based haplotype network using 

TCS (Clement et al. 2000). For all analyses of selection and mate choice, MHC 



79 
 

 

sequences were converted from nucleotide to amino acid sequences prior to 

provide for a more meaningful comparison of functional differences between 

individuals.  The modified Nei-Gojobori test was used to determine whether all 

unique exon II ß gene amino acid sequences were under positive selection.  We 

investigated whether mated pairs were less similar at the MHC exon II ß gene 

than would be expected with random mating in several ways, all based on amino 

acid sequences.  First, we calculated the allele sharing percentages of known 

pairs using a standard formula, where the proportion of alleles shared within a 

pair is twice the number of alleles shared by the pair members divided by the 

sum of the total number of alleles for each individual [D=2Fab/(Fa+Fb)] (Wetton et 

al. 1987, Bonneaud et al. 2006).  We then compared the mean allele sharing 

value of these 46 known pairs to the mean allele sharing values generated from 

10,000 simulations of 46 random male-female pairings selected from the same 

92 individuals.  Because this first analysis of allele sharing does not consider the 

degree to which allele sequences differ from one other, we also compared the 

sum of all pairwise amino acid differences between known pairs.  The mean of 

the sum of all pairwise amino acid difference of these 46 known pairs was then 

compared to the mean of the sum of all pairwise amino acid difference generated 

from 10 000 simulations of 46 random pairings selected from the same 92 

individuals, just as with the allele sharing analysis (Landry 2001). Lastly, to test 

for disassortative mating at non-MHC loci, we used the average relatedness for 

mated pairs (Wang’s r) based on the 12 microsatellite loci.  The mean Wang’s r 

was calculated for all 46 known pairs and was then compared to the mean 
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Wang’s r generated from 10,000 simulations of 46 random pairings selected from 

the same 92 individuals.  For all simulations of randomly assigned pairs, one-

tailed tests were used to determine significance between known pairs and 

random pairs because our predicted outcomes were unidirectional. 

 

Results 

MHC 

Genotypes based on sequenced clones of the second exon of the class II ß gene 

were determined for all 92 adults (46 pairs).  Multiple clones were sequenced for 

every individual: after removal of erroneous sequences (PCR error and 

chimeras), a total of 2,025 sequenced clones remained (range 17-26 sequenced 

clones per individual, mean = 22.01 ± 0.20 SE).  Amongst the 92 individuals, 44 

unique exon II ß gene nucleotide sequences were isolated.  Nucleotide 

sequences differed by 1-36 bp, with a large number of moderate-frequency 

haplotypes (Fig. 5.1).  All remaining results are based on conversion to amino 

acid sequences in order to make more meaningful comparisons using functional 

units.  There were a total of 39 unique exon II ß gene amino acid sequences 

amongst the 92 individuals.  Sequences differed by 1-23 amino acids.  Each 

individual possessed between 2-4 unique alleles (2 alleles in 15 individuals 

(16%), 3 alleles in 36 individuals (39%), 4 alleles in 41 individuals (45%)).  This 

pattern indicated that 2 loci were being amplified.  There were no signs of 

pseudogenes amongst the unique sequences (no stop codons or frame shift 
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mutations) and the sequences were consistent with expressed loci subject to 

positive selection (modified Nei-Gojobori Z = 2.33, P = 0.011). 

 

Microsatellites 

We successfully genotyped 89% of individuals at all 12 loci; the remaining 

individuals were genotyped at 11 loci.  Based on blind repeat PCR and repeat 

sizing of 1,236 single-locus genotypes, the genotyping error rate was 0.00202 

per allele.  Wang’s r for genetic similarity between mated pairs ranged from -

0.398 to 0.519 (n = 46 pairs).  Extra-pair fertilization is a rare phenomenon in this 

population (Dearborn et al. 2001), but paternity exclusion analysis in this sample 

of 46 single-chick families identified four likely cases of extra-pair paternity, with 

the four offspring mismatching their social fathers at 3, 3, 4, and 6 loci, 

respectively.  Assuming that the female is the genetic parent of the offspring (0 

mismatches; and see Dearborn et al. 2001), the LOD score for a parent-offspring 

relationship between the social father and the offspring was < -5.5 for these four 

pairs, versus LOD scores ranging from +2.6 to 17.1 among the remaining 42 

pairs. 

 

Disassortative mating 

To determine whether pairs mated disassortatively with respect to their MHC 

exon II sequences, we compared MHC amino acid sequences of mated pairs 

based on allele identity and based on allele similarity.  First, we compared 

sharing of identical alleles between mated pairs (n=53) with 10,000 simulations of 
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randomly assigned pairs.  There was no difference in allele sharing between 

mated pairs and randomly assigned pairs (allele sharingmated=0.364 ± 0.03 SE, 

allele sharingrandom=0.360 ± 0.00 SE, p=0.546; Fig. 5.2).  We then compared the 

sum of all pairwise amino acid sequence differences between mated pairs to that 

of 10,000 simulations of randomly assigned pairs.  Mated pairs had significantly 

greater pairwise amino acid differences compared to the randomly assigned 

pairs (AAdistancemated=130.85 ± 8.02 SE, AAdistancerandom=126.31 ± 0.02 SE, 

p=0.018; Fig. 5.3). To test whether MHC itself is a target of mate choice, we also 

compared mates’ genotypes at 12 microsatellite loci.  There was no difference in 

microsatellite distance between mated pairs and 10,000 randomly assigned pairs 

(Wang’s rmated=-0.021 ± 0.029 SE, Wang’s rrandom=-0.008 ± 0.0002 SE, p=0.276; 

Fig. 5.4).  

 

Discussion 

Our data on MHC amino acid sequences and microsatellite genotypes suggest 

that mate choice in this system favors disassortative amino acid sequences at 

MHC loci, in a manner that is not consistent with simple inbreeding avoidance.  

This pattern is unusual in general, and in particular has not previously been 

shown in birds. 

Specifically, amino acid sequences from two loci associated with the 2nd 

exon of the class II ß gene indicated that dissimilarity influenced female mate 

choice in this population of great frigatebirds.  Disassortative mating was not 

evident when we considered only the proportion of amino acid sequences shared 
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between pair members, without consideration of how different these sequences 

were from one another.  Once the magnitude of the sequence differences was 

considered, by comparing the sum of all pairwise amino acid differences, actual 

pairs were significantly more disassortative in their mating compared with the 

average similarity based on 10,000 simulations of randomly assigned pairs.  In 

other words, mates did not differ from random in the number of alleles that they 

shared; but among the alleles that mates did not share, the dissimilarity between 

those alleles was greater than would be expected by chance. This result 

highlights the importance of considering the actual amino acid sequences, and 

critically, how different these are from one another, rather than simply making a 

comparison based only on the proportion of shared nucleotide haplotypes.  

Our data from microsatellite loci allowed us to consider whether 

disassortative mating based on functional MHC genes was more likely to be 

driven by generalized inbreeding avoidance (Jordan and Bruford 1998) or by 

selection for increased MHC diversity in offspring (Zelano and Edwards 2002).  If 

MHC-disassortative mating were tied to inbreeding avoidance, mates should also 

show disassortative mating across other parts of the genome, including our 

microsatellite loci.  To the contrary, our analyses revealed that microsatellite 

genotypes did not differ significantly between mated pairs and randomly 

assigned pairs. This result suggests that MHC complementarity is an actual 

target of mate choice in this system.  Similar evidence for disassortative mating 

based on MHC genotypes but not on microsatellites has been found recently in 

tuataras (Miller et al. 2009); however this is the first demonstration of such 
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patterns in a bird.  It has been theorized that females might best complement 

their own MHC genotypes by selecting mates with an intermediate level of MHC 

dissimilarity (Bateson 1983).  Evidence for intermediate levels of MHC 

dissimilarity has been found in some previous studies (Forsberg et al. 2007, 

Eizaguirre et al. 2009, Lenz et al. 2009), though we did not find any evidence for 

selection of intermediate levels of dissimilarity in this study. 

Choosing mates to yield MHC-heterozygous offspring could be 

advantageous in populations such as this one.  In general, oceanic islands 

characterized by extreme densities of nesting birds are likely to foster high 

transmission rates of pathogens and parasites (Muzaffar and Jones 2004). Great 

frigatebirds, like many marine birds, are colonial nesters.  The breeding colony 

on Tern Island encompasses approximately 4,000 great frigatebirds that are 

included amongst approximately 200,000 marine birds representing 15 species.  

The available nesting habitat totals approximately 10 ha; therefore, birds 

congregating to breed on this island do so in extraordinarily high densities. 

Furthermore, Tern Island includes hematophagous flies (Hippoboscidae) that can 

serve as disease vectors of frigatebirds and other seabirds (Work and Rameyer 

1996).  

Although the pattern of MHC-disassortative mate choice in this study is 

compelling, several caveats are important to consider.  First, conclusions about 

genetic patterns of mate choice can be misleading if extra-pair paternity is 

frequent and undetected.  Previous work has shown that extra-pair fertilizations 

are rare in this population (1.1%; Dearborn et al. 2001).  In our current study, 



85 
 

 

microsatellite data revealed that 4 of 46 offspring were likely the product of extra-

pair fertilizations, with the offspring genetically related to the social mother, but 

not to the social father.  In these cases, if the females did participate in extra-pair 

copulations, selective fertilization and/or selective abortion could allow a female 

to control the level of genetic compatibility she shares with her genetic mate 

(Schwensow et al. 2008), regardless of her social mate.  A female that shares 

more MHC amino acids with her social mate may have more incentive to seek 

extra-pair fertilizations from males that are more different at MHC loci.  One 

prediction, therefore, would be that the sum of the pairwise amino acid 

differences between the social parents of these 4 extra-pair offspring would be 

lower (i.e., their genotypes would be more similar) than for all other pairs.  

Interestingly, we did find a trend towards smaller pairwise amino acid differences 

in the 4 social pairs with extra-pair offspring (116.50 ± 24.30 SE) compared to the 

remaining 42 social pairs (132.21 ± 55.23 SE), though with such a small sample 

of extra-pair offspring, this trend was not significant (t44 = 0.610, P = 0.586).  

Second, this study is unique in its sequencing of avian MHC loci, but there 

are also several limits to what can be learned from this methodology.  Our 

approach of haploid cloning and repeated sequencing allowed us to be confident 

we had uncovered all unique alleles within each individual.  However, because of 

the similar flanking sequence of these two MHC loci, we were unable to assign 

alleles to a particular locus; therefore we could not conduct independent 

analyses of mate choice based on each locus separately. Our study also did not 

include analyses of gene expression; therefore we cannot say definitively that all 
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MHC sequences presented here produced functional MHC molecules involved in 

the immune repertoire (Knapp 2007).  Nonetheless, several pieces of indirect 

evidence suggest that both loci are functional: analyses of all unique sequences 

revealed no stop codons or frameshift mutations, and significant positive 

selection was detected on the entire dataset. Furthermore, inclusion of a locus 

that is not a functional gene in our analysis would serve only to weaken our 

ability to detect a pattern of disassortative mating.  Our findings of a significant 

result, therefore, suggest that either both loci were functional genes, or that the 

strength of mating preferences on one of the loci was sufficient to allow for 

detection of a disassortative pattern.   

Third, the mechanism for disassortative mating by MHC genotype is 

unknown, though it most likely depends on olfactory discrimination. In mammals 

and fish it has been demonstrated that peptides derived from MHC proteins 

contribute to individual olfactory profiles that subsequently play a role in mate 

choice decisions (Leinders-Zufall et al. 2004, Milinski et al. 2005, Spehr et al. 

2006).  Furthermore, it has been shown that MHC molecules and their 

associated peptide ligands are detected by specific subsets of sensory neurons 

in the mammalian nose (Boehm and Zufall 2006).  Far less is known about birds’ 

abilities to detect MHC-dependent odors.  Traditionally birds have been thought 

of as being largely visually oriented, with olfaction playing little or no role in their 

sensory repertoires.  However, in recent years, more evidence of the olfactory 

abilities of birds has been accumulating, including examples across a wide range 

of avian orders (Balthazart and Taziaux 2009).  Furthermore, a functional 
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olfactory system, similar in structure to that found in other vertebrates, has been 

found in every bird studied (Bang and Wenzel 1985, Roper 1999).  Experimental 

evidence now links avian olfactory abilities to such behaviors as orientation 

(Gagliardo et al. 2008, Holland et al. 2009), locating food (Nevitt et al. 1995, 

Nevitt and Bonadonna 2005, Nevitt et al. 2008), recognition of familiar odors 

(Bonadonna et al. 2003, Bonadonna and Nevitt 2004), and locating nest burrows 

(Grubb 1974, Bonadonna et al. 2003).  Despite the accumulating evidence, 

investigations into the social utility of species- or individual-specific odors in birds 

have been largely neglected.  However, several studies have presented evidence 

suggesting olfaction could play a role in mate choice (Hagelin et al. 2003, 

Bonadonna and Nevitt 2004, Soini et al. 2007, Balthazart and Taziaux 2009).  

Given the evidence for olfactory-mediated behaviors in many avian species, 

including individual recognition, coupled with what we know about how MHC 

molecules mediate odor profiles, the idea that female great frigatebirds would 

use olfactory cues when assessing potential mates seems an intriguing 

possibility. 

Male great frigatebirds are known for their secondary sexual characters 

and elaborate courtship displays.  These types of traits are thought to signal 

“good genes” to potential suitors (Zahavi 1975, Hamilton and Zuk 1982), though 

to date there is mixed evidence for a role of these traits in mate choice in this 

species (Wright and Dearborn 2009).  Even if males with good ornaments 

possess good genes, they may not possess the “most suitable” genes for 

females attempting to maximize their genetic compatibility (Foerster et al. 2003, 
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Stapleton et al. 2007).  Social, ecological and genetic factors all potentially play a 

role in which mate choice strategy a female may choose to employ (Mays and 

Hill 2004).  These two seemingly contradictory strategies for selecting a mate are 

not necessarily mutually exclusive.  Females could use nested rule based 

preferences (Candolin 2003, Mays and Hill 2004), where they initially select a 

subset of males with attractive ornaments (using visual or auditory cues), then 

from this subset, choose the most genetically compatible male (perhaps based 

on olfactory cues).  Females in our study population assess potential mates 

aerially, before landing next to a potential suitor.  Once in close proximity the 

potential pairs engage in mutual preening, but this behavior does not always lead 

to pair formation (Dearborn and Juola pers. obs.). If mate choice is a multi-stage 

process, it could be possible to maintain directional selection for elaborate 

ornaments while still observing mate selection for genetically dissimilar partners 

(Oh and Badyaev 2006). Thus, female preference for MHC complementarity can 

exert selective pressures that coexist with female preference for exaggerated 

ornaments.  If our new MHC primers can be applied to other bird species, there 

may soon be an even broader taxonomic view of the evolutionary role of MHC 

complementarity in mate choice. 
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Figure 5.1  Network of nucleic acid haplotypes, based on statistical parsimony. 
Area of each circle is proportional to number of copies of that haplotype in our 
sample, with males shaded blue and females shaded yellow.  Each connecting 
line segment represents a change of one base pair. 
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Figure 5.2  Mean allele sharing value of 46 known pairs compared to the 
distribution of mean allele sharing values generated from 10,000 simulations of 
46 random male-female pairings selected from the same 92 individuals.  Analysis 
is based on the amino acid sequences for the entire exon II of the MHC class II ß 
gene. 
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Figure 5.3  Mean sum of all pairwise amino acid differences for 46 pairs 
compared to the distribution of the mean sum of all pairwise amino acid 
differences generated from 10,000 simulations of 46 random pairings selected 
from the same 92 individuals.  Analysis is based on the amino acid sequences 
for the entire second exon of the MHC class II ß gene. 
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Figure 5.4  Mean average relatedness for 46 pairs compared to the distribution of 
the mean average relatedness generated from 10,000 simulations of 46 random 
pairings selected from the same 92 individuals.  Analysis is based on Wang’s r 
statistic of relatedness from 12 microsatellite loci.  
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Chapter 6 

Conclusion 

In this dissertation, I systematically investigated mate choice in great frigatebirds.  

I first examined the possibility that carotenoids play a part in coloration of male 

gular pouches.  I discovered that astaxanthin, a red carotenoid pigment, is 

present in the gular pouch tissue of displaying males, and that this pigmentation 

isat least partially responsible for the red coloration exhibited in gular pouches 

during the breeding season when males are displaying. 

This was the first study in great frigatebirds and the second study in any 

frigatebird species to investigate the role of gular pouch size in mate choice.  

Similarly, this was the first study to investigate gular pouch color and mate choice 

using objective spectrophotometric techniques.  Similar to previous findings in 

the magnificent frigatebird, neither the size nor the coloration of male gular 

pouches was a good predictor of female mate choice preferences. 

This was also the first study to provide empirical data on great frigatebird 

vocalizations.  Quantitative descriptions of vocal display traits in male great 

frigatebirds should be of general interest, as these traits have been relatively little 

studied in non-passerine birds.  The courtship vocalizations of male great 

frigatebirds showed the tradeoff between frequency bandwidth and repetition rate 

that has been found in the trilled songs of a number of passerine species; 

consequently the deviation of a male’s vocalizations from the upper limit defined 

by this tradeoff could be used as a measure of vocal performance. This and other 
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aspects of male vocal display were associated with aspect of male quality. 

Nevertheless, vocal performance and other vocal display traits were not good 

predictors of mate choice in my study population.   

Finally, the investigation into MHC-influenced mate choice is an area of 

research currently receiving much attention.  Since it has been determined that 

MHC genes can influence mate choice decisions in other mammals and fish, it 

has become particularly interesting to determine if such effects are possible in 

other taxa, including birds.  Previously work in other avian species has yielded 

somewhat equivocal results.  My finding of a significant pattern of disassortative 

mating based on the amino acid sequence of an MHC loci is the most convincing 

evidence to date of an effect of MHC genotype on mate choice in birds, utilizing 

gene sequence and amino acid sequence data in the analyses. 

In conclusion, my dissertation has taken a wide-ranging look at display 

traits and mate choice in great frigatebirds.  This was a thorough investigation 

that utilized modern techniques, such as spectrophotometry and gene 

sequencing.  My finding of non-significant results for nearly all visual and 

acoustic display traits I measured is intriguing.  Previous studies on frigatebirds 

are scarce, though my results to corroborate the two previous studies, one of 

magnificent frigatebirds and one of great frigatebirds, where most all display traits 

measured were also found to not be related to mating success.  Several 

possibilities exist that could explain why this is the case.  First of all, additional 

display traits not investigated in this study could play a role in mate choice.  The 

lifting and shaking of wings by males during their active display is something that 
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was not addressed in this study.  In addition, the finding of a disassortative 

mating pattern based on amino acid sequences of an MHC locus suggests that 

genetic compatibility may be an important factor in mate choice.  Individual 

females may therefore have different preferences in mates, based on their own 

genetic makeup.  If this is the case, then mate selection could be a two-part 

process. Male visual and acoustic display traits may serve to attract attention and 

to allow females to quickly locate those males attempting to breed.  Females 

then inspect individual males more closely, and select their mating partner on 

more subtle clues, such as MHC genotype. 
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