
EVOLUTIONARY DYNAMICS OF SEXUAL
TRAITS: DEMOGRAPHIC, GENETIC,

AND BEHAVIORAL CONTINGENCIES

Item Type text; Electronic Dissertation

Authors Oh, Kevin

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:52:10

Link to Item http://hdl.handle.net/10150/194221

http://hdl.handle.net/10150/194221


 
 
 

1 

EVOLUTIONARY DYNAMICS OF SEXUAL TRAITS:  
DEMOGRAPHIC, GENETIC, AND BEHAVIORAL CONTINGENCIES 

 
by 
 

Kevin Patrick Oh 
 
 
 

_____________________ 
      

 
 

A Dissertation Submitted to the Faculty of the 
 

DEPARTMENT OF ECOLOGY AND EVOLUTIONARY BIOLOGY 
 

In Partial Fulfillment of the Requirements 
For the Degree of 

 
DOCTOR OF PHILOSOPHY 

      
 

In the Graduate College 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 
 
 
 
 

2009 
 

 
 
 



 
 
 

2 

 
 
 

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the dissertation 
prepared by Kevin Patrick Oh entitled EVOLUTIONARY DYNAMICS OF SEXUAL 
TRAITS: DEMOGRAPHIC, GENETIC, AND BEHAVIORAL CONTINGENCIES and 
recommend that it be accepted as fulfilling the dissertation requirement for the  
Degree of Doctor of Philosophy 
 
 
_______________________________________________________________________ Date: 8 April, 2009 

Alexander Badyaev    
 
_______________________________________________________________________ Date: 8 April, 2009 

Daniel Papaj    
    
_______________________________________________________________________ Date: 8 April, 2009      

Régis Ferrière         
    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: April 8, 2009 
Dissertation Director:  Alexander Badyaev  
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 
 

3 

STATEMENT BY AUTHOR 
 
This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgment of source is made.  Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interests of scholarship.  In all other 
instances, however, permission must be obtained from the author. 
 
 
 
                         SIGNED: Kevin Patrick Oh 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

4 

ACKNOWLEDGEMENTS 
  
 During the course of this work, I have been fortunate to interact with and learn 
from an exceptional group of individuals. First and foremost, I am indebted to my 
advisor, Alex Badyaev, for his tireless support and mentorship. Alex’s enthusiasm for 
science is infectious and his drive and creativity have been an inspiration. As an advisor 
and through the example of his own scholarship, Alex has instilled in me the value of 
self-challenge and constant striving for excellence as a pathway for intellectual growth 
and recognition of one’s unique potential. 
 Numerous other individuals in the department have contributed to the 
development of the dissertation work presented here. I am especially grateful for the 
support, expertise, and encouragement of my committee: Régis Ferrìere, Teri Markow, 
and Dan Papaj, who all provided valuable perspective and insight from which I have 
benefitted greatly. I also owe a debt of gratitude to Becca Young, Libby Landeen, Renée 
Duckworth, and Emilie Snell-Rood for countless hours spent discussing my research, 
particularly in the early stages. I would also like to thank Laura Carsten, Matt Dean, Jeff 
Good, Heather Maughan, Laura Reed and Whit Schofield for help discussions and 
assistance with learning molecular techniques and analyses. 
 Considering the immense scale of the dataset, the work presented here would 
clearly not have been possible without the contribution of many helpers. The following 
people provided invaluable assistance with collecting data in the field and lab: Dana 
Acevedo Seaman, Clayton Addison, Rachael Delaney, Renée Duckworth, Tina Esposito, 
Terri Hamstra, Susanne Hinrichs, Joanna Hubbard, Ipek Kulahci, Tasha Krecek, Libby 
Landeen, Erin Lindstedt, Jerod Merkle, Louise Mizstal, Rosetta Mui, John Putz, Joanna 
Rutkowska, Clair Secomb, Emilie Snell-Rood, Ernie Solares, Laura Stein, Anne Storey, 
Maja Udovcic, and Becca Young.    
 Funding for the research presented here was provided in part by grants from the 
National Science Foundation and the Packard Foundation to AVB. I am also grateful for 
the generous funding from the James Silliman Memorial Research Award.  
 Finally, I am grateful for the ever-present support of friends and family. In 
particular, my parents, Gail and William, have provided unwavering love and 
encouragement to pursue my interests throughout the years. It is to their wisdom in 
providing me a childhood centered around rural living and weekends spent in the woods 
and mountains that I undoubtedly owe my fascination with the natural world. I am also 
fortunate for the continual support of my three wonderful siblings—Tim, Erika and 
Heather—who continue to amaze and inspire me in everything they do. 



 
 
 

5 

TABLE OF CONTENTS 

ABSTRACT.........................................................................................................................6 

I. INTRODUCTION............................................................................................................8 

II. PRESENT STUDY .......................................................................................................13 

REFERENCES ..................................................................................................................16 

APPENDIX A. STRUCTURE OF SOCIAL NETWORKS IN A PASSERINE BIRD: 

CONSEQUENCES FOR SEXUAL SELECTION AND THE EVOLUTION OF 

MATING STRATEGIES..........................................................................................18 

APPENDIX B. THE EVOLUTION OF MATE CHOICE FOR GENETIC BENEFITS: 

SINGLE-LOCUS EFFECTS AND THE HERITABILITY OF 

HETEROZYGOSITY IN A PASSERINE BIRD.....................................................55 

APPENDIX C. EVOLUTION OF ADAPTATION AND MATE CHOICE: PARENTAL 

RELATEDNESS AFFECTS EXPRESSION OF PHENOTYPIC VARIANCE IN A 

NATURAL POPULATION .....................................................................................88 

APPENDIX D. ISOLATION AND CHARACTERIZATION OF SEVENTEEN 

MICROSATELLITE LOCI FOR THE HOUSE FINCH (CARPODACUS 

MEXICANUS) .........................................................................................................133 

 

 

 



 
 
 

6 

ABSTRACT 

 The evolution of adaptation depends on genetic and phenotypic variation, both of 

which are expected to be depleted in populations as a result of selection. Thus, 

understanding the maintenance of variation in fitness-related traits is of central 

importance in evolutionary biology as such processes can mitigate the constraining 

effects of adaptation on evolutionary change. Secondary sexual traits involved in 

attracting mates offer conspicuous examples of adaptation and are suggestive of strong 

directional selection, yet abundant variation is commonly observed both within and 

among populations. One explanation posits that variation in elaborate sexual traits might 

be maintained by fluctuating selection, such that episodes of intense selection are 

interspersed by periods in which variation is shielded from elimination, yet little is known 

about the processes that lead to such heterogeneity. In many cases, mate choice results 

from highly localized social interactions such that fine scale demographic variation may 

contribute to variation in patterns of sexual selection, especially when individuals’ 

attractiveness is assessed in comparison to local conspecifics. Additionally, selection on 

sexual traits might fluctuate when the fitness consequences of mate choice depends on 

the complementarity of male and female characters, such as when offspring viability is 

influenced by the genetic relatedness of parents. In this dissertation, I examined 

demographic, behavioral, and genetic causes of variation in sexually-selected male 

plumage ornaments in a wild population of house finches (Carpodacus mexicanus). Over 

a five-year field study, I found that mate choice occurred largely within small social 

groups, the composition of which was influenced by active social sampling by males, 
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suggesting that variation in male sexual traits may be maintained as a result of behaviors 

that enable individuals to shape their environment of selection. Additionally, using a 

panel of neutral molecular markers, I found that parental relatedness predicted multiple 

metrics of offspring fitness, and also affected the ability of neonates to buffer 

development from environmental variation, suggesting that inbreeding is likely to have 

pervasive effects on the evolution of adaptation. Taken together, these studies provide 

evidence of distinct processes that contribute to the maintenance of quantitative variation 

in sexual traits in this natural population.    
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I. INTRODUCTION 

 Understanding the factors that influence variation in organismal form, physiology 

and behavior is a central goal of evolutionary biology. In particular, there is considerable 

interest in the role of selection in the evolution of adaptation. Theory predicts that for 

traits related to individual survival or reproduction, heritable variation is expected to be 

rapidly depleted as a result of selection (Fisher 1930). Yet for many fitness-related traits, 

significant genetic and phenotypic variation are commonly reported (Roff and Mousseau 

1987; Houle 1992). The persistence of such variation is particularly puzzling in elaborate 

secondary sexual traits, the evolution of which is suggested by theory and empirical 

studies to require strong directional selection from differential access to matings 

(Andersson 1994; Shuster and Wade 2003), yet abundant variation is often observed 

within and among populations (Pomiankowski and Møller 1995). Thus, explaining how 

such variation is maintained represents a major unresolved question in evolutionary 

biology.  

 One proposed explanation posits that heritable variation in secondary sexual traits 

might be maintained when selection fluctuates such that the optimal mating phenotype 

may vary over space or time (e.g., Jia et al. 2000). Indeed, recent theoretical models have 

provided support for this hypothesis, especially when in cases where the expression of a 

trait is sex-limited, which effectively provides a mechanism by which some variation can 

be shielded from selection when carried in the sex that does not express the trait 

(Reinhold 2000; Gorelcik and Bertram 2003). However, relatively little is known about 
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the processes that might lead to such fluctuations in sexual selection in natural 

populations.  

 In this dissertation, I suggest that an explicit consideration of the ecological 

context in which mate choice occurs suggests that sexual selection is unlikely to be 

consistent, but rather a dynamic process that varies widely in response to demographic, 

behavioral, and genetic factors.  

 Firstly, traditional models of sexual selection have often assumed that mate choice 

occurs in contexts in which individuals of the choosing sex have unrestrained ability to 

sample the full range of elaboration of potential mates, and should therefore consistently 

select partners that bear the most exaggerated phenotypes (Andersson 1994). However, 

because mate choice in many taxa often involves highly localized social interactions 

among individuals, variation in the local density or demographic composition of 

individuals might lead to fluctuating patterns of sexual selection (e.g., Wikelski and 

Trillmich 1997; Kasumovic et al. 2008), which may account for the maintenance of 

variation in secondary sexual characters (Gosden and Svensson 2008).  

 Second, given that patterns of sexual selection might often be patchy, a correlated 

prediction is that individuals might pursue reproductive strategies that allow them to 

associate with environments in which their probability of mating success is maximized. 

Indeed there is growing evidence that males in many taxa may actively seek out or create 

environments with physical properties that enhance their attractiveness or 

conspicuousness to females, often through amplification or background contrast (e.g., 

Jones et al. 1994; Endler and Théry 1996; Laland et al. 1999; Fuller 2002; Uy and Endler 
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2004). Thus, it follows that when patterns of mate choice are  influenced by local 

demography or phenotypes of competitors, selection should favor behaviors that allow 

individuals to associate with social environments which enhance their attractiveness to 

prospecting partners (Bateson and Healy 2005). When such behaviors enable otherwise 

unsuccessful individuals in attracting a mate, the strength and direction of sexual 

selection is expected to vary as a consequence. 

Thirdly, models often assume that there is one male phenotype that is preferred by 

all females, thereby leading to the variance in mating success necessary for directional 

sexual selection (Fisher 1930; Andersson 1994). Thus, variation in individual mating 

preferences is expected to contribute to fluctuating selection on sexual traits, especially if 

the fitness consequences of a certain mate choice differs among individuals (Jennions and 

Petrie 1997). The reduction of offspring quality due to matings between close relatives 

(i.e., inbreeding depression) offers an example of such complementarity in mate choice 

and suggests that preference for genetically dissimilar partners may often result in mating 

patterns that are not congruous with mate choice for the most elaborate partners, thus 

resulting in variation in selection on sexual traits. 

 In this dissertation, I empirically examined patterns of sexual selection on male 

sexual ornaments in relation to the above factors in a wild population of house finches 

(Carpodacus mexicanus)—a socially monogamous passerine bird that has recently 

emerged as a model species in studies of sexual selection (Brush and Power 1976; 

Badyaev and Hill 2002; Hill 2002). Male house finches display colorful carotenoid-based 

plumage ornaments that vary from light yellow to deep purple and have previously been 
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implicated to be involved in mate choice (e.g., Hill 1991; Badyaev and Duckworth 2003). 

Moreover, house finches are highly gregarious (Hill 1993), often occurring in stable 

social flocks, suggesting that local demographic effects are likely to be relevant for 

patterns of mate choice.  

 

Explanation of Dissertation Format 

 The research presented in this dissertation integrates a long-term field study of a 

natural population, social network theory, molecular genetic techniques, and quantitative 

genetics analysis. The document is presented in four appendices, each formatted as an 

independent manuscript.  

 In Appendix A, I examine the effect of social structure on patterns of sexual 

selection in a free-living population of birds. Utilizing social network analysis, I 

investigated the interaction between male social behavior, elaboration of plumage 

ornaments and mating success. My results suggest that male social behaviors may 

strongly influence mating success in relation to sexual ornament elaboration via an effect 

on demographic composition of social flocks in which mate choice occurred. 

 In Appendix B, I test the hypothesis of mate choice for offspring genetic diversity 

as a potential contributor to variation in patterns of male mating success. Using a panel of 

neutral molecular markers, I present evidence supporting pronounced effects of 

heterozygosity across several loci on multiple fitness components, including male 

ornament elaboration, suggesting that plumage coloration may be indicators of individual 

genetic diversity. 
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 In Appendix C, I further examine the consequences of reduced genetic diversity 

resulting from matings between related partners. In particular, I assess the effect of 

inbreeding on offspring developmental stability. Using quantitative genetics analysis to 

partition phenotypic variance into heritable and nonheritable components, I show that 

matings between highly related parents led to greater offspring morphological variation 

due to increased sensitivity of developing neonates to environmental and maternal 

effects. 

 In Appendix D, I describe the isolation and characterization of a panel of 

microsatellite markers, developed specifically for the house finch and utilized in genetic 

analyses throughout this dissertation. I show these markers to be highly polymorphic and 

consistent with the expectations of neutral, independently assorting loci, thereby 

suggesting their utility for parentage analysis, as well as estimating relatedness and 

individual genetic diversity. 
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II. PRESENT STUDY 

 The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

in these documents. 

 In this research, I integrated a five year comprehensive field study with social 

network theory, molecular techniques and quantitative genetics analysis to investigate the 

demographic, behavioral, and genetic causes of variation in selection on male secondary 

sexual traits in a natural population of house finches. First (Appendix A), because sexual 

selection is the result of localized intraspecific interactions, I examined the degree to 

which population social structure might influence patterns of male mating success in 

relation to plumage ornament elaboration. Utilizing network analysis, I found that social 

structure in this population was characterized by small groups of frequently interacting 

individuals, among which a significant proportion of mate sampling and pairing occurred. 

Moreover, I found that the demographic composition of these groups was shaped in part 

by biased social behavior of relatively unelaborate males that preferentially associated 

with comparatively unattractive conspecifics, thereby increasing their relative 

attractiveness to prospecting females. Thus, these results suggest that by defining the 

arena in which mate choice occurs, population social structure can have profound effects 

on patterns of selection which might in turn limit the depletion of variation in secondary 

sexual traits. Moreover, my findings demonstrate a behavioral mechanism by which 

males might effectively shape the environment of their selection, thereby providing a 
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novel example of how behaviors can buffer traits from selection and thus inhibit 

evolutionary change. 

 In the second study (Appendix B), I tested the hypothesis of adaptive mate choice 

for heterozygous partners as an additional potential explanation for variation in male 

mating success. Given my results in the first study of pronounced social structure, I 

reasoned that the fitness effects of increased homozogosity due to reduced genetic 

diversity of parents was likely to be relevant in this population. Using a panel of highly 

polymorphic microsatellite genetic markers developed specifically for this species 

(Appendix D), I found strong positive effects of heterozygosity at several loci on multiple 

components of offspring survival. Interestingly, I also found that heterozygosity was 

positively correlated with male plumage elaboration, suggesting that in this population, 

sexual trait elaboration may by an indicator of individual genetic diversity. Crucially, I 

also found that because male heterozygosity was largely correlated with the presence of 

rare alleles, females that chose relatively heterozygous partners produced offspring that 

also had high heterozygosity. Thus, these results suggest that the evolution of preferences 

for colorful (and therefore heterozygous) males might evolve in this population due 

indirect effects of producing high quality offspring. Moreover, because heterozygosity is 

a nonadditive genetic characteristic, persistent expression of such mating preferences is 

not expected to deplete heritable variation. 

 In the third study (Appendix C), I further investigated the reproductive 

consequences of parental genetic complementarity by examining the effects of offspring 

genetic diversity on early development. In particular, I tested the hypothesis that 
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increased homozygosity due to inbreeding might influence the ability of developing 

neonates to buffer development from environmental perturbations. Using detailed growth 

data for six morphological traits of offspring of known parentage, I found marked 

increase in morphological variation among progeny of highly related parents. By 

partitioning this variation into heritable and nonheritable components using a restricted 

maximum likelihood ‘animal model’, I found that this increase in variation was due to a 

greater contribution of environmental variance among offspring of highly inbred pairings, 

thus supporting the hypothesis of reduced developmental stability with greater 

homozygosity. Further, because environmental variation during development may also be 

due to maternal characters, such as allocation of resources to embryos, I examined 

whether parental relatedness influenced sensitivity of offspring development to egg size, 

a ubiquitous maternal effect in birds. Interestingly, I found a strong correlation between 

egg size and offspring morphology, but only in highly inbred offspring, suggesting 

greater sensitivity to maternal effects. Taken together these results suggest that because 

of the effects of heterozygosity on development, patterns of mate choice in relation to 

genetic complementarity are likely to have important consequences for evolutionary 

response to selection on morphological traits in this population. 
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ABSTRACT 

 Social environments describe organisms’ interactions with conspecifics and are 

critical determinants of individual fitness. Within a population, the fitness consequences 

of membership in a particular group often vary among aggregations, such as when a 

male’s success in attracting a female is affected by the phenotypes of other male group-

mates. Yet because social environments are largely defined by an individual’s own 

behavioral decisions, the significance of such a social effect for fitness should depend on 

the ability of individuals to seek out preferred contexts and avoid unfavorable ones. Thus, 

males might benefit from selectively associating with social environments that improve 

their relative attractiveness. Moreover, if the relative costs and benefits of social 

selectivity vary among phenotypes, individuals are expected to invest differentially into 

such behaviors. Here we examined male pairing success in relation to social lability (i.e., 

sampling of different social groups) in a free-living population of house finches 

(Carpodacus mexicanus), a highly gregarious species in which males display colorful 

plumage ornaments. Across the nonbreeding season, male social lability differed in 

relation to plumage coloration, such that less colorful individuals were more likely to 

occur in multiple different social groups compared to more colorful males that showed 

greater fidelity to a single group. As a result, by the onset of pair formation, highly labile 

males effectively increased their relative ornament elaboration by associating with 

conspecifics with lesser ornamental elaboration than expected by chance. Consequently, 

males that moved among multiple social groups experienced significantly greater pairing 

success than less social individuals with equivalent plumage coloration, thereby leading 
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to an overall dampening of sexual selection. The results are discussed in relation to the 

role of social behavior in evolutionary change, as well as the maintenance of genetic 

variation in sexual traits and the evolution of conditional mating strategies. 
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INTRODUCTION 

Organisms are commonly portrayed as passive participants in evolution, such that 

individuals represent little more than units of heritable variation, subject to sorting and 

filtering by their environment (i.e., selection, Lewontin 1978; Lewontin 1982). Yet there 

is overwhelming evidence of traits that afford organisms the ability to choose, modify or 

create the environment, and thus the selection they experience (Laland et al. 1999; 

Odling-Smee et al. 1996), most conspicuous of which are behaviors that allow 

individuals to preferentially associate with environments for which they are 

phenotypically well-suited (i.e., 'habitat selection', Bazzaz 1991; Cody 1985; Lack 1933; 

Orians and Wittenberger 1991; Rosenzweig 1981; Svärdson 1949). Such behaviors can 

have a variety of important evolutionary consequences including the retarding of 

evolutionary change when individuals are able to avoid environments in which they 

would experience low fitness (Badyaev 2005; Bogert 1949; Huey et al. 2003), as well as 

divergent evolution when traits are exposed to novel selective environments as a result of 

habitat selection (Duckworth 2006; Robinson and Dukas 1999; Wcislo 1989). Thus, 

studies that link individual choice of environment with consequences for selection are 

critical for understanding the role of behavior in evolution (Baldwin 1896; Duckworth 

2009; Sol et al. 2005). 

Whereas previous empirical and theoretical work has largely considered 

environment choice in relation to resource availability (e.g., Talbot and Kramer 1986), 

predation risk (e.g., Cody 1985; Rosenzweig 1981), or abiotic stressors (Badyaev 2005; 

Huey 1991), the social environment that an individual experiences is often overlooked 
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(Flack et al. 2006; Wolf 2003). Indeed, much as choice of breeding territory or nesting 

site defines the ecological context of reproduction, by selectively interacting with some 

individuals and avoiding others individuals can create their social environment, and 

hence selection, resulting from interactions with conspecifics.  

Social environment can have important influence on individual fitness when the 

density, phenotypic distribution, or demographic composition of interacting conspecifics 

within a group influences an individual’s success in attracting a mate (e.g., Farr 1980; 

Jirotkul 2000), an effect that is especially prevalent when female mate choice occurs via 

comparative evaluation of available males within a local pool (i.e., ‘best-of-n’ sampling 

tactic, Uy et al. 2000; Wagner et al. 2001; Wiegmann et al. 1996). For example, when 

mating success depends on attracting females to clusters of courting males (i.e., in a lek), 

relatively unattractive individuals might benefit from close associations with highly 

attractive males due to the increased number of visits by receptive females (Beehler and 

Foster 1988). Such a tactic, however, is expected to confer fitness benefits only when 

females mate multiply and there is little interaction between mates outside of mating 

context (Tarof et al. 2005). An alternative, but untested, hypothesis suggests that by 

preferentially associating with comparatively unattractive conspecifics, males might 

benefit by effectively increasing their relative attractiveness to prospecting females 

(Bateson and Healy 2005). In this study, we test this hypothesis with respect to the 

following predictions. First, because behaviors that involve searching for preferred 

contexts are assumed to be costly (Stamps et al. 2005), relatively unattractive males, 

which stand the benefit the most, should be more likely to invest into creating favorable 
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social environments compared to relatively attractive males. Additionally, as a 

consequence of increased access to matings for relatively unattractive males, such 

behaviors should also lead to a reduction in the strength of sexual selection on male 

secondary sexual ornaments (Shuster and Wade 2003). 

Empirical tests of these predictions require the ability to track the social 

behaviors, sexual ornament elaboration, and pairing success of numerous, simultaneously 

interacting individuals — thus presenting a particular challenge for studies in natural 

populations. The application of network theory, in which social behaviors can be 

represented in social networks (reviewed in Wey et al. 2008), can provide a robust 

methodology for not only assessing overall population social structure (Clauset et al. 

2004; Newman 2006), but also useful metrics from which patterns of individual 

behaviors across time and contexts can be inferred (Hanneman and Riddle 2005). For the 

purposes of our study, the extent to which individuals actively sample among different 

social environments should be reflected in their ‘betweenness centrality’ (Freeman 1979) 

which relates to frequency with which individuals interact with conspecifics in otherwise 

non-interacting social groups (McDonald 2007), a behavior that we will refer to as ‘social 

lability’, and that should reflect investment into sampling and searching for preferred 

social contexts. 

Here we use social network analysis to examine the relationship between male 

sexual ornament elaboration, social lability, and mating success in a wild population of 

house finches (Carpodacus mexicanus) — a highly gregarious species in which males 

display colorful plumage ornamentation that is important for mate choice (Badyaev and 
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Hill 2002; Hill 1991). In the non-breeding season, males and females interact in social 

flocks in which the majority of mate sampling is thought to occur, as well as mate choice 

(Hill 1993a; Thompson 1960) which previous studies in a natural population have shown 

to involve comparative evaluation of male characteristics by females (Oh and Badyaev 

2006). Further, pairs in our study population are subject to strong selection for early 

breeding (Badyaev et al. 2006; Hamstra and Badyaev 2009), suggesting an importance of 

small-scale social demographic composition for mate choice, as the extent of both female 

mate sampling and male social lability are likely to be constrained. Finally, house finches 

are year-round residents of their breeding environments (Hill 1993b), thus providing an 

opportunity to explicitly examine the link between social behaviors immediately prior to 

the breeding season and male mate success.  

We test the hypothesis that males may improve their mating success by 

preferentially associating with relatively unattractive conspecifics. First, we present 

networks describing overall social interactions during the non-breeding season and 

provide evidence of pronounced population social structure, characterized by small 

groups of closely interacting individuals, among which a significant proportion of pairing 

occurred. Second, to assess the presence of directionality in female choice, we estimate 

sexual selection on plumage coloration irrespective of male social behaviors and 

document a general mating advantage of more elaborate males. Third, we demonstrate a 

significant relationship between ornament elaboration and male sociality, such that less 

elaborate males exhibited greater social lability which subsequently led to association 

with clusters of relatively unattractive conspecifics by the onset of breeding. Finally, we 
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assess fitness consequences and report a strong interaction effect between male ornament 

elaboration and sociality in predicting male mating success, thus suggesting an important 

role of behavioral tactics in an individuals’ ability to shape their social environment and 

sexual selection. 

 

METHODS 

Field Methods and Study Population—We studied a resident population of wild house 

finches in southern Arizona from 2003-2006. Adults and juveniles within the study site 

were captured and assigned unique combinations of one aluminum and three plastic color 

bands to facilitate identification of individuals in the field. House finches in this 

population exhibit strong site fidelity, with little dispersal occurring after hatch year 

(Badyaev et al. 2008). The population was systematically censused year-round at 

approximately two day intervals, rotating between seven permanent trapping locations 

distributed uniformly across the 42 hectare study site. During the breeding season (late 

February – early August), pairs were identified by daily behavioral observations in the 

field or through attendance at monitored nests within the study site. Where possible, 

ambiguities regarding pair identities were resolved through microsatellite genotyping (Oh 

and Badyaev 2009). 

As reported in other populations (Hill 1993b; Lindstedt et al. 2006; Thompson 

1960), house finches in this site are highly gregarious and typically forage and roost in 

mixed-sex flocks of ca. 20-50 birds during the non-breeding season (KPO, personal obs.). 

Observations in the field suggest that, prior to the onset of the breeding season, flock 
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sizes generally decrease until, at the time of nest initiation (late February), mated pairs 

are generally observed isolated from larger social groups, although the period of mate 

sampling and pair formation often extends into April (KPO, personal obs). However, 

because shifts in behavioral patterns associated with nesting (e.g. mate guarding, 

incubation, parental care) during this period are likely to influence the overall social 

structure during this time period, we thus restricted our analysis to a period preceding any 

known nests. 

 

Social Network Analysis—To assess patterns of social behavior and overall social 

structure, we assembled a network of social interactions derived from undirected pairwise 

associations among individuals across the non-breeding season (August – February) for 

each year.  Social interactions were defined as occurring when two birds were captured at 

the same location within a two hour trapping session. In testing the validity of this 

method, we found that social associations determined from captures were highly 

concordant with associations observed in the field (N = 51 individuals, simple matching 

coefficient = 0.875, p < .05). However, because a certain proportion of social 

associations inferred from such methods in natural populations are expected to result 

from chance co-occurrence as opposed to any active social affinity, all pairwise 

associations were weighted using the half-weight index (HWI) which quantifies the 

strength of an association based on the frequency of a dyadic interaction (Cairns and 

Schwager 1987). Association indices were then compared to a null association rate 
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(HWInull, Whitehead 1995), which estimate the expected value if individuals were 

interacting at random:  

HWInull = nassoc/(N – 1) 

where nassoc is the average number of individuals captured together during a sampling 

interval and N is the population size (after Lusseau et al. 2005). Only those associations 

with values greater than HWInull were included in the final network. Network assembly 

and calculation of association indices were carried out using the SOCPROG 2.3 

(Whitehead 2009) and Ucinet 6 (Borgatti et al. 2002). Network graphs – in which social 

interactions can be visualized as a series of nodes (individuals) interconnected by edges 

(social interactions) — were generated using a spring-imbedding algorithm in NetDraw 

(Borgatti 2002). 

 The presence of structure within social networks was analyzed using two methods. 

First, we estimated the overall network clustering coefficient, a measure of the extent to 

which social behaviors across the population were characterized by dense groups of closely 

interacting individuals (Newman 2003b). To test for statistical significance of overall 

network structure, clustering coefficients for each year were compared to the mean values 

of randomly assembled networks (500 permutations) of matched size and density (Croft et 

al. 2004; Watts and Strogatz 1998). Second, we utilized an approach that detects structure 

in social networks by iteratively dividing individuals into groups in relation to the overall 

network modularity, Q (Newman 2003a), a measure of the difference between observed 

density of within-cluster associations and that expected in a random graph. Thus, this 

method not only infers the presence of social structure at the population level, but it also 
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identifies membership of individuals into distinct groups based on their patterns of social 

behavior. 

 

Plumage Ornament Elaboration—Carotenoid-based plumage color in house finches ranges 

from pale yellow to deep red/purple. To quantify elaboration of male breast plumage 

ornaments, individuals were photographed using an Olympus 5-megapixel digital camera 

(E-90) mounted on a tripod in a standard position (Badyaev and Duckworth 2003). 

Resultant images were analyzed using SigmaScan 5.0 software (SPSS, Inc.) to calculate 

ornament area (mm2), intensity (a relative measure of gray-scale brightness which ranges 

from black [0] to white [255]), and hue (measured as an angle around a 255° color 

continuum). For all analyses presented here, values of hue and intensity were inverted and 

hue was subsequently log-transformed to achieve a normal distribution. Additionally, 

because all three measurements were intercorrelated, we used principal components 

analysis to describe overall plumage elaboration. The first two principal components (PC1 

and PC2) described 83% of the total variance in coloration (47% and 36% respectively). 

Large positive loading of ornament area and hue on the first principal component suggest 

that larger PC1 scores represent males with redder and greater ornament area. PC2 was 

primarily representative of relative ornament brightness, with intensity loaded positively 

such that small scores corresponded with whiter plumage and larger scores with darker 

plumage. 
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Sexual Selection Gradients—Patterns of sexual selection on male ornaments were 

analyzed by regressing pairing success on male plumage ornamentation (N = 307 males). 

Once mated, individuals form strong pair affiliations, and are commonly observed to 

breed with the same partner over multiple seasons (KPO, unpublished ms). Thus, to 

minimize any bias due to previous breeding and mate fidelity, we restricted our analysis 

to first breeding males that were known residents of the study site (Badyaev et al. 2008). 

Fitness functions were first visualized by fitting male mating success to trait values using 

a cubic spline model with binomial error and a smoothing parameter selected via the 

method of cross-validation (Schluter 1988). Standard errors were obtained from 

bootstrapping (500 iterations). Linear selection gradients (β) were estimated from 

standardized least squares regression coefficients (Lande and Arnold 1983) and statistical 

significance was tested using logistic regression in a generalized linear model with 

binomial error and a logit link function (PROC GENMOD, SAS 9.1, SAS Institute). 

Nonlinear selection gradients (γ) were estimated as the doubled quadratic regression 

coefficient (Lande and Arnold 1983). 

 

Male Social Behavior—As a measure of social lability, betweenness centrality (hereafter 

"BC", Freeman 1979) was calculated for all individuals within complete networks for 

each year. To control for differences in network size, values were standardized as a 

percentage of the maximum BC possible in each network (Hanneman and Riddle 2005). 

In relation to male behavioral pattners, we first tested the general prediction of greater 

social lability in males compared to female. Second, to assess the relationship between 
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sociality and ornament elaboration, male BC scores were regressed over the first two 

principal components of ornament elaboration in general linear models with year and 

frequency of individual recaptures as covariates.   

 While male social lability across the non-breedingg season may represent 

sampling a variety of social environments, the social context at the onset of pair 

formation should be most critical for mating success. Thus, we extracted subnetworks for 

the period of mate sampling and pair formation (January – February). Because patterns of 

association in such smaller networks can be more susceptible to biases due to random co-

occurrence, we excluded males that were only encountered once during this time period 

(after Lusseau et al. 2005). Subsequently, individuals within these subnetworks were 

assigned into social modules and male social lability (BC) were both carried out as 

above. To test whether males preferentially associated with conspecifics in relation to 

their own ornament elaboration, ‘focal males’ (known-age first-breeding individuals for 

which plumage elaboration had been quantified, N = 44) were divided into ‘low’ 

(plumage PC1 < annual population mean) and ‘high’ (plumage PC1 > annual population 

mean) elaboration groups. Sixteen of these males occurred in modules comprised of 

fewer than three males for which we had plumage measurements and were therefore 

excluded. For remaining individuals, we calculated the mean (exclusive of focal 

individual) plumage elaboration of the clusters in which each focal male occurred during 

this time period. Preference for social associations with respect to ornament elaboration 

was then tested by comparing the resulting group means with the null expectation, which 
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was calculated by averaging the mean within-group plumage elaboration scores of all 

clusters present in the subnetwork for each year. 

 

RESULTS 

Structure of Social Behaviors—Social interactions across the non-breeding season formed 

sparse (mean density = 0.055, SD = 0.021), yet strongly clustered networks in all three 

years (Fig. 1). Social behaviors were highly structured, with weighted clustering 

coefficients significantly greater than mean values from simulated random networks (500 

permutations) of matched size and density (Fig. 2, two-tailed t-test, all p < .001).  

The number of social clusters detected in each network was 20 (2004), 19 (2005), 

and 27 (2006), and overall network modularity (Q, Fig. 1) was 0.591, 0.687, and 0.599, 

respectively. The mean size of clusters was 28.18 individuals (SD = 18.26) and sex ratios 

within clusters were significantly male-biased (mean sex ratio = 1.20 males/1 female, 

difference from 1:1 ratio t(66) = -7.22, p < .001). Across the three years, the proportion 

of first-breeding females that paired with males from within their clusters (0.34, N = 58 

pairings) was significantly higher than expected under random mating (0.040, Fisher’s 

exact test, p < .001). 

 

Male Pairing Success in Relation to Ornament Elaboration—Among first year breeding 

males, the PC1 of ornament elaboration was a significant predictor of pairing success 

(Fig. 3a, selection gradient β = 0.147, p = .019). PC2 of ornament elaboration had no 

effect on mating success (Fig. 3a, β = 0.079, p = .20) and there were no stabilizing or 
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disruptive selection for either PC (Fig. 3a,b; PC1: γ = -0.020, p = .48; PC2: γ = -0.012, p 

= .72). 

 

Male Social Sampling in Relation to Ornament Elaboration—Across years, first breeding 

males on the whole exhibited greater social lability (BC) than first-breeding females 

(asymptotic Mann-Whitney test, z = -1.69, N = 1484, one-tailed p < .05). Among males, 

after controlling for effects of year (FYEAR(2,117) = 4.41, p = .014) and recapture 

frequency (FYEAR(1,117) = 39.6, p < .001), PC1 of ornament elaboration was negatively 

related to male social lability, such that males with greater ornamentation had fewer 

interactions with individuals in other social clusters (lower BC) compared to males with 

lesser ornamentation (Fig. 4a, FPC1(1,117) = 4.49, p = .036, bST = -0.18). PC2 of ornament 

elaboration did not correlate with BC (Fig. 4b, FPC2(1,117) = 0.12, p = .71, bST = 0.03), 

and thus only PC1 was retained in subsequent analyses. 

 By the onset of pair formation, first-breeding males were observed in social 

clusters where the mean ornament elaboration was lower than expected by chance, but 

only for males with ‘low’ ornament elaboration (Fig. 5, difference from population 

average: ‘low’, t(15) = -2.14, p < .05; ‘high’, t(11) = -1.44, p = .18). 

 

Fitness Consequences of Male Social Lability—Male mating success covaried with 

ornament elaboration (PC1, b = 0.15, p = 0.002), betweenness centrality (b = -1.09, p = 

0.019), and the interaction between these terms (b = 1.29, p = 0.04). The ‘fitness 
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landscape’ (Fig. 6) revealed two peaks of high pairing success that represented elaborate 

males with low social lability (BC) and less elaborate males with high social lability. 

 

DISCUSSION 

 Behaviors that enable organisms to choose their environment can have profound 

evolutionary consequences at the population level, including a slowing of evolutionary 

change in some traits when otherwise unfit phenotypes are shielded from selection 

(Bogert 1949; Huey et al. 2003; Plotkin 1988) and divergence in other traits if such 

behaviors expose individuals to novel selective environments (Duckworth 2009). There is 

growing evidence that males may actively seek out or create environments with physical 

properties that enhance their attractiveness or conspicuousness to females, often through 

amplification or background contrast (e.g., Endler and Théry 1996; Fuller 2002; Jones et 

al. 1994; Laland et al. 1999; Uy and Endler 2004). Similarly, when individuals’ 

probability of survival or reproductive success is linked to the phenotypes or 

demographic composition of conspecifics with which they interact, selection favors 

behaviors that enable preferential affiliation with particular social environments (Brown 

and Brown 2001). Because searching and sampling is often costly (Rosenzweig 1981; 

Stamps et al. 2005), the degree to which individuals engage in such behaviors should 

differ between phenotypes, such that greatest investment is expected in individuals that 

stand to benefit the most from a specific social context (Badyaev and Qvarnström 2002).  

In this study, we found that specific patterns of social behavior enabled some 

individuals to shape their environment of selection in a natural population of house 
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finches. As with many other gregarious species (Newman 2006; Wey et al. 2008), social 

structure in this population exhibited properties of ‘small-world’ networks (Watts and 

Strogatz 1998), with dense clusters of closely interacting individuals (Figs. 1,2) and few 

interactions between groups. The importance of these social clusters as arenas for mate 

choice was supported by a significantly greater frequency of pairings between individuals 

within clusters than expected by chance, along with male-biased sex ratios within groups. 

Across first year male recruits, ornament elaboration predicted mating success (Fig. 3), 

suggesting that less elaborate males should stand to benefit the most from created social 

environments that improve their relative attractiveness  (e.g., Bateson and Healy 2005; 

Møller 2002). Indeed, we found that the propensity to form associations with individuals 

in different clusters (i.e. social lability) was greater in less elaborate males, whereas more 

elaborate males interact mostly with individuals within their clusters (Fig. 4). 

Consequently, by the onset of pair formation, males with less elaborated ornaments were 

affiliated with social groups in which average elaboration was lower than expected by 

chance (Fig. 5). These results demonstrate that the interaction between highly structured 

social networks, directional female preferences, and distinct patterns of social lability 

among males of variable ornament elaboration produces a fitness landscape (Fig. 6) in 

which the overall strength of directional sexual selection was strongly influenced by 

individuals’ social behaviors. 

The ability of males to preferentially associate with specific social contexts 

should depend on individuals’ ability to reliably identify and select preferred social 

partners (Dall et al. 2005; Endler 1993). Our results indicate a preferential association of 
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less colorful males with other males that had, on average, less elaborate ornaments than 

expected (Fig. 5), a pattern that proximately might involve sequential sampling by a male 

of other male phenotypes encountered, which informs a subsequent decision whether to 

remain associated or seek other social partners. An alternative explanation that might 

produce similar patterns is that less elaborate males are competitively subordinate to 

more elaborate males, and thus the high degree of sociality is a result of frequent 

displacement of less elaborate males from social groups. However, this explanation is 

unlikely because less elaborate house finch males tend to be dominant over more 

elaborate males in agonistic interactions (Belthoff and Gowaty 1996; Duckworth et al. 

2004).  

The observed variation among males in social lability, despite its apparent 

contribution to mating success, suggests that such behaviors are likely to be costly 

(Brown et al. 1990). Such costs might include time and energy spent sampling as well as 

increased exposure to transmissible pathogens or parasites (Côté and Poulin 1995). With 

specific reference to mate choice, individuals with greater social lability might suffer 

reduced mating success when pairing involves an extended period of evaluation, and thus 

requires some degree of male fidelity to a particular social group of time. The necessity 

of prolonged courtship might explain the decrease in pairing success of highly 

ornamented males that exhibited high social lability (Fig. 6). Finally, the degree to which 

investment into searching for preferred social contexts might trade-off with components 

of male fitness outside of pairing could have significant consequences for male lifetime 

reproductive success. However, considering the high frequency of remating among 
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partners (KPO, unpublished ms), relatively low rates of extrapair paternity (Oh and 

Badyaev 2008), and pronounced over-winter adult mortality (Badyaev et al. 2008) in this 

population, we reasoned that pairing success during the first breeding year was likely to 

represent a major component of male fitness.  

The relationship between male social behavior and strength of selection observed 

in this study has several important implications for the evolution of male sexual 

ornaments and mating tactics. In addition to slowing the rate of evolutionary change in 

ornament elaboration, such effects may contribute to the maintenance of genetic variation 

in sexual ornamentation (Reinhold 2000). Recent empirical studies of variation in local 

demography (Kasumovic et al. 2008), female preferences (Chaine and Lyon 2008), or 

environmental conditions (Cockburn et al. 2008) have highlighted the important role of 

localized interactions between males and females in generating variable sexual selection 

regimes (e.g.,  Gosden and Svensson 2008). Also, recent theoretical work using a simple 

genetic model has demonstrated that when competitive ability is ‘non-transitive’ (i.e., 

competitive success of a genotype depends on genotypes it competes against), additive 

genetic variation in fitness-traits is maintained despite being subjected to persistent 

directional selection (Harris et al. 2008). 

Second, our findings suggest that social structure may contribute to population 

differences in the distribution of male sexual ornament variation. In house finches, the 

rapid range expansion of the species across North America over the last 150 years has led 

to the establishment of populations in diverse environments (Badyaev et al. 2002) with 

effective population sizes that often differ by several orders of magnitude (Hawley et al. 
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2006; Veit and Lewis 1996) as well as conspicuous variation in the mean, range, and 

variance of male plumage coloration (Hill 1994). As shown here, the importance of social 

groups for mate choice in large populations results from constraints on females’ ability to 

sample the complete range of male phenotypes. In contrast, in a previous study of a small 

isolated Montana house finch population (Oh and Badyaev 2006), females were able to 

effectively sample the entire range of available males at any given moment, suggesting 

that social lability would provide little benefit.  

Our results show that two distinct combinations of male traits have equivalent 

mating success (Fig. 6), a condition often associated with the evolution of alternative 

mating strategies (Gross 1996). Several aspects of house finch biology make this 

outcome unlikely because male plumage coloration is in part determined by the male 

condition at molt, as well as the abundance and types of diet-derived carotenoids (Hill 

1992) and individuals often differ in their degree of elaboration from one molt year to the 

next (Badyaev and Duckworth 2003). Thus, a more probable consequence is the 

evolution of a conditional mating strategy in which, depending on physiological status at 

molt, males make decisions to invest resources into distinct suites of behaviors that 

maximizes their fitness given their condition and residual reproductive value. Indeed, 

such plasticity in male reproductive tactics is evident in other populations where distinct 

combinations of male plumage color and parental care have equal fitness and where 

integration of ornamental elaboration and behaviors is mediated by a shared hormonal 

mechanism (Badyaev and Vleck 2007; Duckworth et al. 2003). 
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Finally, our findings have implications for the evolution of social structure itself. 

In particular, our results suggest that patterns of complex and reticulate interactions 

observed in animal societies should be viewed as an emergent property of diverse 

individual behavioral tactics resulting from distinct solutions to the fitness costs and 

benefits of social behavior (Parrish and Edelstein-Keshet 1999), and thus the notion of 

social structure as a fixed and inherent property of a particular species is generally not 

warranted. Rather, differences within and among populations in social structure should be 

tied to differences in demography or environmental conditions. For example, in our study 

system, if the costs of social lability were to increase (e.g., the introduction of a socially 

transmissible pathogen), a general prediction is of greater fragmentation of social groups 

as a high degree of social lability would increase an individual’s exposure to the 

pathogen. 

In conclusion, here we have presented evidence that, by preferentially associating 

with certain conspecifics, individuals may effectively determine their environment of 

sexual selection. These results suggest that studies of sexual selection in gregarious 

species should consider the effects of social structure on estimates of sexual selection and 

predicted evolutionary change (Bogert 1949; Duckworth 2009; Huey et al. 2003).  
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Figure 1. Empirically derived network of social interactions in a wild population of house 

finches during the non-breeding season, 2004-2006. Red and blue nodes represent two 

distinct clusters of highly interconnected individuals (other groups omitted for clarity), 

inferred using method of optimal modularity (See methods). Q is overall graph 

modularity index and numbers below graph indicate total number of individuals and total 

number of associations. Graphs generated using spring-embedding algorithm.  
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Figure 2.  Average weighted clustering coefficient of observed (filled circles) and 

simulated random (open circles) networks across four years. Error bars indicate standard 

error of the mean from 500 permutations. 
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Figure 3.  Mating success in relation to principal components of plumage coloration 

among first-year male recruits (2004 – 2006, N=262 males). Graphs are cubic splines of 

fitness functions, with dashed lines indicating bootstrapped standard errors. β, directional 

selection gradient; γ, stabilizing selection gradient; * p < .05. 
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Figure 4.  Social sampling (betweenness centrality) in relation to ornament elaboration in 

first year breeding males (N=122), 2004 – 2006. Values on ordinate are residual scores 

controlling for variation between years and frequency of recapture. Solid lines represent 

least squares regression. 
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Figure 5. Box plots of mean ornament elaboration (PC1) within social clusters in which 

first-breeding males of relatively low (PC1<population median) and high 

(PC1>population median) ornament elaboration were observed prior to onset of breeding 

(Jan-Feb). Non-zero value of dependent variable indicates significant deviation from 

random choice of social groups. Dashed lines within boxes indicate means while solid 

lines are medians. Upper and lower box boundaries are 25th and 75th percentiles; positive 

and negative error bars indicate 10th and 90th percentiles, respectively. Individual points 

represent outliers. *, significant difference from zero (p < 0.05). 

*



 
 
 

54 

 

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

-2

-1

0

1

2

0.00
0.02

0.04
0.06

0.08
0.10

Pa
iri

ng
 S

uc
ce

ss
 P

ro
ba

bi
lit

y 

Male
 C

olo
r E

lab
or

ati
on

(P
C1)

Standardized Betweenness

0.0 
0.2 
0.4 
0.6 
0.8 
1.0 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Pairing success in relation to social sampling (betweenness centrality) and 

ornament elaboration (PC1) among first year breeding male house finches (N=44). 

Landscape surface derived using local bisquare smoothing algorithm with polynomial 

regression. 
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APPENDIX B: THE EVOLUTION OF MATE CHOICE FOR GENETIC BENEFITS: 

SINGLE-LOCUS EFFECTS AND THE HERITABILITY OF HETEROZYGOSITY IN 

A PASSERINE BIRD 
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 ABSTRACT 

 Components of individual viability, survival and attractiveness to mates are 

commonly observed to increase with heterozygosity, suggesting that mate choice for 

relatively heterozygous individuals might be favored on the basis of material benefits. 

Yet others have argued that such a preference might also evolve when it results in the 

production of high quality, heterozygous offspring, though the mechanism by which 

heterozygosity could be inherited is not immediately clear. However, recent theoretical 

work has suggested that mate choice for heterozygosity based on genetic benefits can 

evolve readily under surprisingly relaxed conditions, such as when the heterozygosity-

fitness correlation is due to overdominance at a small number of loci and a proportion of 

rare alleles at fitness-related loci are rare (e.g., due to population structure with limited 

gene flow). These predictions, however, have rarely been tested explicitly in natural 

populations, and thus their biological significance for mate choice is not clear. We 

examined genetic benefits of male heterozygosity in a wild population of house finches 

(Carpodacus mexicanus). Using multilocus microsatellite genotyping, we assessed the 

frequency of rare alleles and the prevalence of single locus (‘local’) versus genome-wide 

heterozygosity-fitness correlations in relation to both offspring and adult survival, as well 

as male ornament elaboration and female fecundity. Across 16 loci, we detected little 

evidence of heterozygote advantage from genome-wide effects, but instead a 

predominance of positive local effects on each of the fitness components, including male 

ornament elaboration, thereby providing a potential phenotypic indicator of 

heterozygosity. Second, we found that, while both sexes were equally heterozygous, 



 
 
 

57 

 

variation in heterozygosity among males was correlated with the number of rare alleles, 

whereas variation in female heterozygosity showed no such relationship. Interestingly, 

this led to significant resemblance between offspring and paternal, but not maternal 

heterozygosity, thereby suggesting a role of sex-biased demographic processes (e.g., 

dispersal) in maintaining a non-additive genetic benefit for mate choice of elaborate, and 

thus heterozygous males. The implications for sexual selection and the maintenance of 

genetic variation are discussed.
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INTRODUCTION 

 Elucidating the link between heterozygosity and fitness is of fundamental 

importance in evolutionary biology (Harrison 1962; Lande 1988; Mayr 1942; Robertson 

and Reeve 1952), particularly with respect to the evolution of mate choice. Positive 

associations between  heterozygosity and condition or vigor occur due to dominance or 

overdominance (Charlesworth and Charlesworth 1987; Turelli and Ginzburg 1983) and 

imply variation in the quality of potential mates (Brown 1997), such that more 

heterozygous individuals might provide access to superior resources (e.g., food, nest 

sites, or territories) and thus preference for heterozygous mates should be favored on the 

basis of direct benefits (Price et al. 1993). Furthermore, mate choice for such individuals 

could be facilitated when variation in heterozygosity is assessable by phenotypic 

indicators, as has been shown in a variety of secondary sexual traits (Aparicio et al. 2001; 

Foerster et al. 2003; Reid et al. 2005; van Oosterhout et al. 2003).  

Considerably less clear is whether preference for heterozygous mates might 

evolve due to effects on offspring genetic quality (i.e., 'indirect' benefits, Andersson 

1994). More precisely, one hypothesis suggests that choosy individuals might benefit if 

mating with relatively heterozygous partners results in the production of relatively 

heterozygous offspring (Brown 1997; reviewed in Kempenaers 2007). Support for this 

hypothesis would have significant implications for explaining mate choice across a 

diversity of taxa, especially for those in which choosiness does not yield obvious material 

benefits (Andersson 1994). On the one hand, because offspring inherit only half of their 

alleles from each parent, the mechanism by which heterozygosity, a non-additive genetic 
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quality, could be transmitted is not immediately clear. Indeed, previous theoretical studies 

of mate choice for heterozygosity have largely concluded its evolution to be unlikely 

(Irwin and Taylor 2000; Lehmann et al. 2007; Partridge 1983). On the other hand, 

correlations between parent and offspring heterozygosity have been reported in several 

natural populations (Mitton et al. 1993; Reid et al. 2006; Richardson et al. 2004) and 

more recent theoretical work (Fromhage et al. 2008; Neff and Pitcher 2008) has shown 

that preference for heterozygous mates can evolve readily, given certain conditions are 

present. Specifically, heterozygosity can be ‘heritable’ when a proportion of alleles at 

fitness-related loci are rare within the population (Mitton 1993), and thus preference for 

heterozygous partners will, on average, result in a high proportion of heterozygous 

offspring. This pattern will be especially pronounced when rare alleles occur 

predominantly in one sex, as this further reduces the probability of pairing between two 

heterozygotes that both carry rare alleles. In contrast, when allele frequencies are 

uniform, choice of heterozygous mates would not, on average, result in greater offspring 

heterozygosity compared to random mating (Fromhage et al. 2008). In natural 

populations, rare alleles often result from limited gene flow among genetically structured 

populations (Slatkin 1985), and in some cases can be maintained at low frequencies due 

to stochastic processes (i.e., genetic drift), suggesting that the evolution of mating 

preferences for heterozygosity based on indirect benefits should be particularly likely 

when heterozygosity-fitness correlations are determined by a relatively small number of 

loci (Neff and Pitcher 2008). Yet despite the implications for explaining the evolution of 

mate choice for heterozygosity, the role of such a mechanism in generating genetic 
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benefits has rarely been tested in natural systems (but see Reid et al. 2005; Reid et al. 

2006). 

As knowledge of the genes underlying heterosis is often unavailable a priori, 

investigations of heterozygosity effects on fitness in natural populations commonly 

examine diversity at noncoding genetic markers (for reviews see: Britten 1996; David 

1998; Hansson and Westerberg 2002). Since marker loci are assumed to be selectively 

neutral, positive heterozygosity-fitness correlations (HFCs) should generally reflect 

overdominance at chromosomally-linked coding loci (i.e., associative overdominance, 

Ohta 1971; Zouros et al. 1988), and heterozygosity averaged across multiple marker loci 

has been interpreted as a measure of inbreeding (Coltman et al. 2003). However, recent 

critiques (Balloux et al. 2004; Coltman et al. 2003; Pemberton 2004) have argued that the 

power to detect genome-wide inbreeding effects from relatively few marker genotypes 

may be limited, and HFCs may instead indicate effects of overdominance at single loci in 

the chromosomal vicinity of individual marker loci ('local' effects, David et al. 1995). 

Thus, when general effects of inbreeding can be ruled out, analysis of locus-specific 

HFCs may allow fine-scaled inference into the role of both positive (overdominance) and 

even negative (underdominance) effects of heterozygosity at different loci (Lieutenant-

Gosselin and Bernatchez 2006). Furthermore, such detail may permit more general 

contrasts, such as whether the same loci influence fitness at different life history stages or 

in different sexes.   

 Here we examine the hypothesis of mate choice for heterozygosity based on 

indirect benefits in a wild population of house finches (Carpodacus mexicanus), a 
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socially monogamous passerine bird in which males display elaborate plumage 

ornaments, which have previously been shown to be involved in mate choice (Oh and 

Badyaev 2009b). Specifically, we test whether a combination of sex-biased rare alleles 

and single-locus heterozygosity-fitness correlations might lead to parent-offspring 

resemblance in heterozygosity, thereby providing a mechanism for genetic benefits of 

choosing heterozygous mates. We first show that multilocus microsatellite genotypes in 

this population are unlikely to reflect general inbreeding effects, but rather the effects of 

chromosomally linked regions at each marker. Second we document numerous 

significant local HFCs in relation to five different fitness components: survival to 

independence, overwinter survival, body condition, male plumage ornament elaboration, 

and female clutch size. In contrast, we find no evidence of general (estimated from 16 

loci) heterozygosity-fitness correlations. Third, we show that heterozygosity is correlated 

with the presence of rare alleles in males, but not females. Finally, we report significant 

correlation between offspring and paternal heterozygosity, suggesting that pairing with 

heterozygous males will likely result in a genetic benefit for choosy females.  

 

METHODS 

Study population—We studied a resident population of wild house finches in a ca. 42 

hectare study site in southern Arizona from 2003-2007. The study site is largely bordered 

by unsuitable finch breeding habitat, which along with site fidelity and pronounced social 

structure (Oh and Badyaev 2009b), have contributed to measurable genetic divergence 

with neighboring populations (Badyaev et al. 2008). Adults and free-flying juveniles 
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within the study site were captured year-round and assigned unique combinations of one 

aluminum and three plastic color bands to facilitate identification of individuals in the 

field. We took standard morphological measurements on all adults, from which relative 

body condition was calculated as the residuals from a least squares regression of body 

mass on tarsus length (Ardia 2005; Schulte-Hostedde et al. 2005), standardized to a mean 

of zero and standard deviation of one for each sex separately.  

 

Breeding Biology—During the breeding season (late February – early August), pairs were 

identified by daily behavioral observations in the field and nesting attempts were 

followed from initiation through fledging (for details see Oh and Badyaev 2008). Female 

house finches in this population lay clutches that range from 2-6 eggs, thereby providing 

an accurate measure of fecundity. For individuals that bred multiple times, and to control 

for any seasonal effects (Badyaev et al. 2006), we included only the first clutch of the 

first breeding year of each female. Nests were closely monitored near the time of fledging 

(ca. day 15-17 posthatch) to determine individuals’ survival to independence. Mortalities 

known to have resulted from nest predation were excluded from analysis. As has been 

previously shown, independent assortment of parental alleles can lead to full siblings that 

differ significantly in heterozygosity, with corresponding effects on fitness (Bierne et al. 

2000; Hansson et al. 2001). Thus we included offspring from the same parents in tests for 

HFCs. Reanalyzing the data with heterozygosity averaged among siblings did not 

qualitatively change the results, and thus we report the analysis including all individuals.  
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Overwinter survival—The midwinter months (November – January) are characterized by 

annual lows in average body mass across the population as well as a high prevalence of 

communicable diseases (e.g., avian pox, KPO personal obs), and are correspondingly a 

period of significant mortality (Badyaev et al. 2008). Thus, overwinter survival to the 

first breeding attempt represents a critical determinant of fitness. As house finches in this 

population exhibit strong site fidelity, with little dispersal occurring after hatch year, 

survival can be reliably estimated from presence or absence during routine censusing (Oh 

and Badyaev 2009b; see also Badyaev 2005). Thus, individuals that were observed as 

residents in the population following autumnal dispersal and settlement (August-

October), and then subsequently re-sighted at the onset of pair formation and breeding 

(January) were considered to have ‘survived’ (Badyaev et al. 2008).  

 

Male Plumage Ornament Elaboration—Male house finches display carotenoid-based 

plumage coloration that varies between pale yellow and deep purple. Quantification of 

male breast plumage elaboration was carried out in a method described previously (for 

details see Oh and Badyaev 2009b). Briefly, individuals were captured following 

completion of molt and photographed in a standard position (Badyaev and Duckworth 

2003) to produce digital images from which ornament area, intensity, and hue were 

calculated. All three measurements were intercorrelated, thus we used principal 

components analysis to describe overall plumage elaboration. The first two principal 

components (PC1 and PC2) described 83% of the total variance in coloration (47% and 

36% respectively). Large positive loading of ornament area and hue on the first principal 
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component suggest that larger PC1 scores represent males with redder and greater 

ornament area while PC2 was primarily representative of relative ornament brightness. A 

recent study of male mating success in the population (Oh and Badyaev 2009b) suggested 

a prominent role of PC1, whereas PC2 showed no significant correlation, and thus here 

we focused exclusively on the former.   

 

Microsatellite Genotyping—We collected blood samples (40–60 µl from adults, 5-15 µl 

from nestlings) from each individual by brachial venipuncture and genomic DNA was 

extracted using a commercial kit (Gentra Systems, Minneapolis, MN). All adults and 

offspring were genotyped at 16 highly polymorphic species-specific microsatellite loci 

(Hofi53, HofiACAG07, HofiACAG25, Hofi16, Hofi29, Hofi10, Hofi70, HofiACAG01, 

Hofi30, Hofi39, Hofi19, Hofi35, Hofi69, HofiACAG15, Hofi07, Hofi26; Oh and Badyaev 

2009a). PCR was carried out using fluorescent-labeled primers (Applied Biosystems, 

USA) and product was analyzed by capillary electrophoresis in an ABI Prism 3730 DNA 

analyzer. Discrete microsatellite allele sizes were determined using Genotyper software 

(Applied Biosystems, USA). Tests departures from Hardy-Weinberg proportions were 

carried out using the program GenePop v3.4 (Raymond and Rousset 1995).  

 If multilocus heterozygosity at marker alleles is indicative of overall inbreeding, 

an implicit assumption is that heterozygosity should be correlated across loci. Thus, one 

proposed test of general inbreeding effects involves a comparison of multilocus 

heterozygosity (MLH) values estimated from partitioned subsets of loci, with the 

prediction of a strong positive relationship ('heterozygosity-heterozygosity' correlation, 
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Balloux et al. 2004). Accordingly, loci were randomly divided into groups of eight, 

resulting in two estimates of heterozygosity for each individual that were subsequently 

used in a correlation analysis. The process was then repeated for 1,000 permutations to 

estimate mean and standard deviation of the correlation coefficient.  

 

Local Heterozygosity-fitness Correlations—Fitness effects of heterozygosity at single loci 

were assessed using two-tailed Fisher’s exact tests for discrete components (survival to 

fledging, overwinter survival) and two-tailed t-tests for continuous variables (male 

plumage coloration, body condition, clutch size). Following an approach utilized in a 

similar context (Lieutenant-Gosselin and Bernatchez 2006), the experiment-wide 

significance of local HFCs was evaluated by comparing the observed number of 

significant (P ≤ .05) associations to the expected number of false positives (E(FP)=4.0), 

calculated by multiplying the number of hypotheses (5 fitness components) by the 

expected number of false positives (type I errors) per contrast after 16 independent tests 

(0.8 at α = 0.05).   

 

General Heterozygosity-fitness Correlations—To examine potential genome-wide effects 

of HFCs, we calculated multilocus heterozygosity for individuals across all 16 loci and 

tested the resulting values in relation to each of the five fitness components. For linear 

variables (condition, male plumage ornamentation, clutch size), we calculated the 

standardized linear regression coefficients (bST) and associated p-values. The same 

analysis was carried out for discrete fitness components, except that statistical 
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significance was tested using logistic regression in a generalized linear model with 

binomial error and a logit link function (PROC GENMOD, SAS 9.1, SAS Institute). 

Additionally, for a more focused analysis of loci implicated in the single-locus tests, the 

same regression analyses were repeated using MLH estimated using only loci for which 

statistically significant local HFCs were detected.  

 

Sex-biased Prevalence of Rare Alleles—The prevalence of rare alleles in the population 

was examined as a potential contributor to parent-offspring heterozygosity correlations, 

with the implicit assumption that rare marker alleles are likely to be linked to rare alleles 

at fitness-related loci. In relation to this study, a relevant question to ask is whether 

variation among individuals in heterozygosity is correlated with the number of rare 

(population frequency < 0.01) alleles, as this would suggest that choice of heterozygous 

partners would be more likely to yield heterozygous offspring. Moreover, because such 

effects are expected to be greatest when rare alleles appear more frequently in one sex, 

we examined males and females separately. Finally, as the distribution of rare alleles 

among individuals at any given point is subject to a variety of local ecological and 

evolutionary processes (e.g., nonrandom mating), and because we were interested in the 

possible role of gene flow in introducing rare alleles (e.g., Reid et al. 2006), we limited 

our analysis to immigrant males or females (i.e., individuals were not observed at the 

study site as juveniles). Since we could not be certain of natal population for adults that 

were residents at the beginning of our study (2003), these individuals were excluded from 

these analyses. 
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Parent-offspring Heterozygosity Correlations—The resemblance between offspring and 

parent heterozygosity was assessed by calculating the correlation coefficient between 

progeny and maternal as well as paternal MLH (Mitton et al. 1993). Additionally, we 

tested the correlation between offspring and ‘mid-parent’ heterozygosity (i.e., mean of 

parental MLH). Whilst clearly such a relationship is not directly interpretable in the 

traditional sense of quantitative trait heritability, contrasting such a relationship with 

single-parent correlations may provide insight into the relative contribution of mothers 

and fathers to the any observed patterns. All of the above tests were performed using 

MLH calculated from both full genotypes (16 loci) as well as restricted (loci identified as 

significant in local HFC analysis). Also, to account for the occurrence of siblings with the 

dataset, we repeated all correlation analyses using average MLH of all offspring from 

each unique pairing. The results, however, were qualitatively identical to those reported 

above, and thus we only present the individual-based analyses.  

 

RESULTS 

Characterization of Microsatellite Genotypes—Across loci, the mean number of alleles 

was 23.2 (range = 9 to 31) and mean observed heterozygosity was 0.83 (range = 0.45 – 

0.95). One locus (Hofi30) showed significant departure from HWE, though subsequent 

evaluation showed that this had no significant effect on the probability of detecting 

significant HFCs at this locus (χ2 = 0.096, df = 1, Fisher’s exact test, P > .90). Across 

individuals, the mean multilocus heterozygosity was 0.85 (SD = 0.089). Comparison of 
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MLH estimated from randomly selected subsets of 8 loci showed very low correlation 

(mean r2 = 0.177%, SD = 0.265%, 1000 permutations). 

 

Single-locus HFCs—Analysis of single-locus heterozygosity revealed significant positive 

effects for at least one locus in each of the fitness components (range = 1-3 loci per 

component, mean = 2, SD = 0.71), with the greatest number of HFCs (N = 3) observed 

for clutch size. In total, 10 significant positive HFCs occurred across 7 of the 16 different 

loci: Hofi53 (2), HofiACAG25 (1), Hofi29 (1), Hofi70 (1), Hofi30 (1), HofiACAG15 (3), 

Hofi07 (2). This distribution of HFCs did not indicate overall bias in occurrence of 

significant HFCs for any particular locus (χ2 = 19.5, df = 15, exact P = .23). Overall, 

significant positive HFCs were observed with greater frequency compared to expected 

false positives (χ2 = 9.47, df = 1, Fisher’s exact test, P = .006).  

 In an assessment of more general patterns, and irrespective of statistical 

significance for individual tests, positive effects of single-locus heterozygosity tended to 

be greater than expected by chance, with 47 out of the 80 comparisons (60.3%) indicating 

positive HFCs compared to 31 (39%) negative (Fig. 1, asymptotic test of cumulative 

binomial probability, Z = 1.81, P = .070). Two tests (HofiACAG01 × survival to fledging, 

Hofi70 × overwinter survival) showed no differences in mean fitness in relation to 

heterozygosity.   

 

Multilocus HFCs—Multilocus heterozygosity estimated from 16 loci ranged from 0.38 to 

1.0 (mean = 0.84, SD = 0.11). Results of linear and logistic regression analysis revealed 
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no significant effect of MLH on any of the five fitness components (survival to fledging: 

bST = 0.001, logistic regression P = .98; overwinter survival: bST = -0.012, logistic 

regression P = .84; male plumage color elaboration, PC1: bST = -0.038, P = .76; clutch 

size: bST = 0.087, P = .44; condition: bST = 0.021, P = .73). When restricted to the 7 loci 

for which we detected significant local HFCs (hereafter MLH7), there were similarly no 

significant effects of heterozygosity on survival to fledging (Fig. 2a, bST = 0.10, logistic 

regression P = .19) or overwinter survival (Fig. 2b, bST = -0.09, logistic regression P = 

.50). However, MLH7 showed a significant positive effect on adult body condition (Fig. 

2c, bST = 0.13, P = .034) and male plumage elaboration PC1 (Fig. 2d, bST = 0.22, P = 

.04), suggesting that more heterozygous males had relatively redder, larger plumage 

patches. For clutch size, linear regression revealed no significant effect of MLH7 (bST = 

0.09, P = .29, R2 = 0.01), though a plot of the results suggested curvilinearity in the 

relationship, with females of intermediate heterozygosity producing the largest clutches. 

Thus, we subsequently fit a polynomial regression, which showed a significant quadratic 

term and explained a greater amount of variation in clutch size (Fig. 2e, FMLH = 5.58, P < 

.02; FMLH
2

 = 5.09, P < .03; FMODEL(2,123) = 3.09, P < .05, R2 = 0.05).  

 

Heterozygosity in relation to rare alleles—In our analysis of allele frequency 

distributions, we observed an average of 6.44 ± 3.08 rare alleles per locus (range 1 to 12). 

In a group of adults (N=170) that were not known to have fledged from nests in our study 

population, the mean number of rare alleles did not differ significantly between males 

and females (F1,168 = 0.59, P = .44), nor did mean heterozygosity (F1,168 = 1.43, P = .23). 
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However, we found that rare alleles contributed differentially to heterozygosity of males 

and females in that individual MLH was positively correlated with the proportion of loci 

that harbored rare alleles in males (Fig. 3a, r(71) = 0.25, P = .038), but not females (Fig. 

3b, r(99) = -0.01, P = .94). 

 

Parent-offspring MLH Correlations—The relationship between parental and offspring 

heterozygosity was assessed for 93 offspring of 64 unique pairings for which we could 

molecularly confirm paternity (for details see Oh and Badyaev 2008). Offspring MLH 

was significantly positively correlated to paternal MLH, regardless of whether estimated 

from full genotypes (Fig. 4a; Spearman’s ρ = 0.24, P < .02) or only at the 7 loci 

exhibiting positive local HFCs (Fig. 4a; ρ = 0.25, P < .02). Neither maternal MLH (Fig. 

4b; MLH: ρ = -0.01, P = .96; MLH7: ρ = -0.06, P = .55) nor ‘mid-parent MLH’ (Fig. 4c; 

MLH: ρ = 0.15, P = .14; MLH7: Spearman’s ρ = 0.13, P = .23) were correlated with 

offspring heterozygosity. We also observed a pronounced negative correlation between 

heterozygosity of mates, but only in relation to MLH7 (r = -0.34, P < .006, N = 64) and 

not the MLH from complete genotypes (r = -0.09, P =.48).  

 

DISCUSSION 

 The evolution of directional mating preferences for genetic benefits represents an 

area of active interest in evolutionary biology (Jennions and Petrie 2000; Kotiaho and 

Puurtinen 2007), especially in relation to the commonly observed fitness benefits of 

heterozygosity (Kempenaers 2007). One way that individuals might increase offspring 
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heterozygosity is through mating with genetically dissimilar partners (Tregenza and 

Wedell 2000), yet it is generally unclear how such self-referential mating preferences can 

evolve (Shuster and Wade 2003), or how individuals might identify genetically 

complementary mates. Indeed the few empirical examples suggest that such mate choice 

occurs in relation to predictably recurring ecological or demographic processes that sort 

genotypes across time (Oh and Badyaev 2006) or space (Foerster et al. 2003; Hoffman et 

al. 2007) as opposed to active directional choice on individual mate qualities per se. In 

contrast, the hypothesis of mate choice for heterozygosity argues that elaboration of 

sexual ornaments often correlates with individual heterozygosity (e.g., Aparicio et al. 

2001; Foerster et al. 2003; Reid et al. 2005; van Oosterhout et al. 2003), thereby 

providing a means by which high quality mates might be identified (Brown 1997), and a 

directional mating preference that could be favored by selection. Moreover, observations 

of parent-offspring heterozygosity correlations (e.g., Mitton et al. 1993) suggest a 

potential genetic benefit of such pairings, though this is likely to be conditional upon 

mechanisms that maintain uneven allele frequencies at a relatively small number of 

fitness-related loci (Fromhage et al. 2008; Neff and Pitcher 2008).  

Here we used a five year study of free-living house finches and microsatellite 

genotyping to test the above predictions in relation to parent-offspring resemblance in 

heterozygosity and the evolution of mate choice for heterozygous partners. First, we 

found little correlation in heterozygosity estimated from randomized subsets of marker 

loci, suggesting that the markers used in our study were likely to reflect effects of 

heterozygosity at closely linked functional loci as opposed to genome-wide 



 
 
 

72 

 

heterozygosity (Balloux et al. 2004). Correspondingly, we detected multiple, 

predominantly positive local HFCs at seven loci in relation to fitness components at two 

different life-history stages, adult physiological condition, and female fecundity (Fig. 1). 

Importantly, we also showed positive local HFCs with respect to male ornament 

elaboration, which implies that, by choosing more colorful males, females may also mate 

with more genetically diverse partners. In contrast with numerous other studies of 

heterozygosity in wild populations (e.g., Coulson et al. 1998; Foerster et al. 2003), we 

found no effects of multilocus heterozygosity (estimated from full 16-marker panel) on 

any of the fitness components measured, though positive relationships were revealed 

when MLH estimates were restricted to the seven loci identified in the single-locus 

analyses (Fig. 2). In examining the prevalence and distribution of rare alleles as a 

condition for the heritability of heterozygosity, we showed that multilocus heterozygosity 

was correlated with the number of rare alleles in males (Fig. 3a), though no such pattern 

was observed among females (Fig. 3b). Thus, while males and females were equally 

heterozygous on average, the origin of heterozygosity appears to be distinctly sex-biased. 

Consequently, when females mated with relatively heterozygous males, their offspring 

were more likely to inherit rare alleles compared to matings with less heterozygous 

males. Accordingly, we found that offspring shared similar levels of heterozygosity with 

their fathers, but not mothers (Fig. 4), thus representing one of the few empirical 

examples of a genetic benefit of mate choice for heterozygosity in a natural population. 

The contrasting results between analyses of local versus general HFCs suggest 

that heterozygosity and fitness interact in complex ways that are not always be 
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predictable. Indeed, some loci tested showed tendencies for negative effects on fitness 

components, though these were generally weaker compared to positive effects, and none 

were statistically significant (Fig. 1). Such patterns are consistent with previous studies of 

local HFCs (Bensch et al. 2006; Hansson and Westerberg 2008; Lieutenant-Gosselin and 

Bernatchez 2006; Markert et al. 2004; Syed and Chen 2004; Tiira et al. 2006) suggesting 

that the effects of overdominance at individual loci are likely more common than has 

previously assumed. It is important, however, to recognize that while our results suggest 

no evidence of inbreeding effects, this does not mean that inbreeding did not occur, but 

rather that genetic variation due to such mating patterns was not captured by 

heterozygosity at our marker loci (Balloux et al. 2004). Indeed, genome-wide inbreeding 

effects and local HFCs may often co-occur, and thus additional work is need to 

disentangle the two (e.g., Hansson et al. 2004). 

Consistent with recent theoretical work (Fromhage et al. 2008; Neff and Pitcher 

2008), our results highlight the importance of rare alleles in generating parent-offspring 

correlations in heterozygosity. A variety of factors may be responsible for maintaining 

these alleles at low frequencies, which would otherwise be expected to increase as a 

result of heterozygote advantage (and thus no longer be rare). Biased mutation rates at 

fitness-related loci has been suggested as one possible mechanism, though previous tests 

have shown this to favor the evolution of mate choice for heterozygosity under only very 

restrictive conditions (Lehmann et al. 2007). Alternatively, rare alleles might be 

maintained by selection if individuals that are homozygous for a rare allele have reduced 

fitness relative to homozygotes for more common alleles (i.e., asymmetric 
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overdominance). This, however, is expected to lead to selection against choice for 

heterozygous partners, as such matings would result in a greater number of offspring that 

are homozygous for the less fit rare allele (Irwin and Taylor 2000). And while this 

explanation cannot be excluded entirely in our study, it implies a fitness penalty for 

choosing more ornamented (i.e., more heterozygous) males, which seems improbable 

given the previously reported evidence of general preferences for colorful males in this 

species (Hill 2002; Oh and Badyaev 2009b). Instead we argue that rare alleles that 

contribute to the resemblance between parent and offspring heterozygosity in our study 

are likely the result of limited gene flow with neighboring populations and are maintained 

at low frequencies by genetic drift arising from stochastic variation, which is expected to 

be particularly important given the relatively small number of loci observed to influence 

fitness (Neff and Pitcher 2008). This interpretation is corroborated by distinct 

distributions of rare allele among heterozygous males and females, which suggests sex-

biased demographic processes (e.g., dispersal). Indeed, a similar mechanism has been 

proposed as the mechanism underlying correlated parent-offspring inbreeding 

coefficients in an island population of song sparrows (Melospiza melodia, Reid et al. 

2006). 

Overall, our study has several important implications for understanding mate 

choice and the evolution of male secondary sexual characters. First, unlike most models 

of directional mate choice on male ornaments, preference for heterozygosity, a non-

additive genetic quality, is not expected to deplete genetic variation in male traits (Pamilo 

and Pálsson 1998), a thus can provide a potential resolution to the lek paradox (Neff and 
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Pitcher 2008). As a corollary, when variation in male ornaments is due to non-additive 

effects, directional change in ornament elaboration over evolutionary time (e.g., ‘run-

away’ evolution) is expected to be considerably slowed. 

Second, while these results demonstrate both a fitness benefit of choosing 

heterozygous partners and a means by which male heterozygosity may be assessed 

phenotypically, mate choice is likely to vary if different matings provide distinct fitness 

benefits (Jennions and Petrie 1997). Specifically, it is often difficult to fully rule out any 

direct (material) benefits accrued by choosy individuals (Kokko et al. 2003). Indeed, 

male house finches in our study population differ in the amount of resources they provide 

their mates through behaviors such as allofeeding during incubation (Stein et al. 2009), 

and thus heterozygous males might be favored as partners if they feed their mates more 

frequently. If true, this would imply stronger selection favoring preference for 

heterozygous partners, as females would stand to gain multiple fitness benefits from the 

same mating. In such cases, the relative importance of different types of mating benefits 

for lifetime fitness should depend crucially on the female’s own reproductive strategy and 

resource investment into current versus future breeding attempts (Badyaev and 

Qvarnström 2002). Similarly, mate choice may vary with respect to female condition if 

searching and sampling potential partners is costly. In our study we observed a significant 

negative correlation between the heterozygosity of mates, which might result if highly 

homozygous females, which are expected to benefit the most from pairing with 

heterozygous males, make greater investment into searching compared to more 

heterozygous females (Mazzi et al. 2004). Alternatively, if intermediate levels of 
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heterozygosity (Bateson 1980; Waser and Price 1989) are favored at specific loci (e.g., 

Mhc) not captured by the markers used in our study, highly heterozygous females might 

be favored to select less heterozygous partners (e.g., Aeschlimann et al. 2003). Indeed, 

the quadratic relationship between heterozygosityand clutch size (Fig. 2e) is consistent 

with such an explanation. At the population level, such variation in mate choice might 

result in a cycling of the relative importance of direct and indirect fitness benefits of mate 

choice for heterozygosity over time in response to environmental or demographic 

changes (Neff and Pitcher 2005; Oh and Badyaev 2006).  

 In conclusion, we have demonstrated a mechanism for genetic benefits of 

choosing heterozygous partners in a natural population. While the generality of these 

finding warrants further study, we show that non-additive genetic quality can be 

transmitted to offspring under relative common parameters—genetic structure with 

limited gene flow and strong fitness effects from heterozygosity at a relatively small 

number of loci. Thus, we suggest that similar patterns are likely to be revealed in other 

studies of mate choice in natural populations, particularly those that consider local 

heterozygosity-fitness correlations. 
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Figure 1. Proportion of loci demonstrating positive (shaded) and negative (white) single-

locus heterozygosity-fitness correlations across five components. Cross-hatched areas 

represent proportion of independent positive tests that were statistically significant. 

Condition and survival fitness components include both sexes whereas plumage 

coloration and clutch size each include only males and females, respectively. 
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Figure 2. Relationship between multilocus heterozygosity (estimated from 7 loci that 

demonstrated significant local HFCs) and five fitness components. Ordinate for survival 

components (a,b) are coded as 1 (survived) or 0 (did not survive). Solid lines represent 

significant relationships from regression analysis. In graphs with multiple overlapping 

values (a,b,e), bubble diameters are proportional to number of observations at a given 

point. bST is the standardized regression coefficient. P-values for binary variables (a,b) 

calculated from logistic regression. 
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Figure 3. Correlation between multilocus heterozygosity and proportion of loci in 

individuals’ genotypes containing rare alleles for immigrant (a) males and (b) females. 

Solid line indicates significant correlation. 
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Figure 4. Correlation between offspring multilocus heterozygosity (MLH) and (a) 

paternal, (b) maternal, and (c) midparent (average of maternal and paternal values) MLH. 

Filled circles represent MLH estimated from full genotypes while open triangles 

represent values from restricted dataset (7 loci that exhibited significant local 

heterozygosity-fitness effects). Solid lines indicate significant correlations for each 

estimate of MLH: thick line = 16-locus, thin line = 7-locus.
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APPENDIX C: EVOLUTION OF ADAPTATION AND MATE CHOICE: PARENTAL 

RELATEDNESS AFFECTS EXPRESSION OF PHENOTYPIC VARIANCE IN A 

NATURAL POPULATION 
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ABSTRACT 

 Mating between relatives generally results in reduced offspring viability or 

quality, suggesting that selection should favor behaviors that minimize inbreeding. 

However, in natural populations where searching is costly or variation among potential 

mates is limited, inbreeding is often common and may have important consequences for 

both offspring fitness and phenotypic variation. In particular, offspring morphological 

variation often increases with greater parental relatedness, yet the source of this variation, 

and thus its evolutionary significance, are poorly understood. One proposed explanation 

is that inbreeding influences a developing organism’s sensitivity to its environment and 

therefore the increased phenotypic variation observed in inbred progeny is due to greater 

inputs from environmental and maternal sources. Alternatively, changes in phenotypic 

variation with inbreeding may be due to additive genetic effects alone when 

heterozygotes are phenotypically intermediate to homozygotes, or effects of inbreeding 

depression on condition, which can itself affect sensitivity to environmental variation. 

Here we examine the effect of parental relatedness (as inferred from neutral genetic 

markers) on heritable and nonheritable components of developmental variation in a wild 

bird population in which mate choice is often constrained, thereby leading to inbreeding. 

We found greater morphological variation and distinct contributions of variance 

components in offspring from highly related parents: inbred offspring tended to have 

greater environmental and lesser additive genetic variance compared to outbred progeny. 

The magnitude of this difference was greatest in late-maturing traits, implicating the 

accumulation of environmental variation as the underlying mechanism. Further, parental 
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relatedness influenced the effect of an important maternal trait (egg size) on offspring 

development. These results support the hypothesis that inbreeding leads to greater 

sensitivity of development to environmental variation and maternal effects, suggesting 

that the evolutionary response to selection will depend strongly on mate choice patterns 

and population structure. 
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INTRODUCTION 

The evolution of adaptation depends on the production of new phenotypic and 

genetic variation, selection acting on this variation, and the inheritance of favored 

phenotypes (Fisher 1930). Whereas developmental variation is the proximate source of 

organismal diversity, it is a product of both heritable and nonheritable inputs which can 

each have distinct consequences for adaptive phenotypic change (e.g., West-Eberhard 

2003). In particular, the degree to which phenotypes reflect additive genetic effects (i.e., 

narrow-sense heritability) strongly influences the rate and magnitude of the evolutionary 

response to selection (Roff 1997). However, the expression of additive genetic variation 

differs widely among populations (Hoffman and Parsons 1991), environments (Merilä 

1997), and even age classes (Charmantier et al. 2006), implying that the efficacy of 

selection will vary accordingly. Thus, identifying the sources of developmental variance 

and the mechanisms determining their relative contributions is of fundamental 

importance for evolutionary studies. 

Inbreeding leads to increased offspring homozygosity, which can have important 

consequences for not only fitness (Charlesworth and Charlesworth 1987; Keller and 

Waller 2002), but also patterns of genetic and developmental variation (Wright 1921; 

Lerner 1954). In particular, inbred offspring often exhibit greater morphological variation 

compared to outbred individuals (Yezerinac et al. 1992; David et al. 1997; Deng 1997; 

Réale and Roff 2003). And while theory predicts that natural selection should strongly 

favor behaviors that minimize inbreeding (Blouin and Blouin 1988; Pusey and Wolf 

1996), matings between relatives might nevertheless occur when individual mate choice 
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is constrained, suggesting that any effect of inbreeding on developmental variation should 

be particularly relevant in natural systems where mate sampling is costly (e.g., Johnsen et 

al. 2000; Foerster et al. 2003) and opportunities to breed are limited (e.g., Keller and 

Arcese 1998; Kruuk et al. 2002). However, because the increased phenotypic variation 

associated with inbreeding has rarely been partitioned into its heritable and nonheritable 

components (but see Whitlock and Fowler 1999; Kristensen et al. 2005), its source, and 

thus evolutionary significance, remain unclear.  

One proposed explanation suggests that inbreeding might affect an organism’s 

ability to buffer development from environmental extremes (e.g., variation in abiotic 

conditions, energetic demands, or resource availability; Lerner 1954). Specifically, inbred 

offspring are expected to have lesser diversity of allelic products important for 

development (e.g., metabolic enzymes) and consequently, a reduced range of 

environmental conditions in which stable growth can be maintained, thereby resulting in 

greater variation of offspring phenotypes compared to outbred progeny (reviewed in 

Mitton and Grant 1984). At the population level, such patterns should be reflected by 

reduced trait heritabilities with greater inbreeding, as additive genetic variance will be 

masked when developing phenotypes are strongly influenced by environmental variation 

(reviewed in Hoffman and Merilä 1999). Interestingly, in many taxa, environmental 

variation during development may also be due to maternal characters, such as allocation 

of resources to embryos and postnatal care (Kirkpatrick and Lande 1989; Mousseau and 

Fox 1998). Thus, effects of inbreeding on developmental stability might also lead to 
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differential maternal effects, which are often implicated in rapid adaptive evolution (e.g., 

Badyaev 2005a; Rasanen and Kruuk 2007). 

While the role of developmental stability has received the most attention (Mitton 

and Grant 1984; Hall 2005), the increased morphological variation observed with 

inbreeding might alternatively be explained by additive genetic effects alone when 

heterozygotes are phenotypically intermediate and thus less variable than homozygotes, 

which can be homozygous for different alleles (Chakraborty and Ryman 1983; Leary et 

al. 1983). Moreover, it is not known whether the effects of inbreeding result from action 

of loci directly involved in trait development, or via general effects of inbreeding 

depression on offspring condition, which often itself affects sensitivity to environmental 

variation (Merilä 1997; Hoffman and Merilä 1999). The few studies that have attempted 

to resolve such questions have largely relied on laboratory populations in which 

controlled breeding designs can be implemented (e.g., Whitlock and Fowler 1999). 

However, such methods involve severely inbred lines that are unlikely to be 

representative of mating patterns in natural populations.  

As an alternative approach, comparing the effects of inbreeding on components of 

developmental variation in traits with distinct growth patterns might provide insight into 

the underlying mechanism. In particular, if greater morphological variation associated 

with inbreeding is due to increased sensitivity to environmental and maternal effects 

during development (i.e., Lerner 1954), then the greatest effect should be observed in 

late-maturing traits that experience a wider range of environmental and maternal inputs 

over a longer time period and thus accumulate greater variation from these sources 
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compared to earlier-maturing traits ('environmental variance compounding hypothesis', 

Wilson et al. 2005; Wilson and Réale 2006). In contrast, if the effect of inbreeding on 

morphological variation is primarily due to additive effects (i.e., Chakraborty and Ryman 

1983), no relationship is expected between developmental timing and the magnitude of 

inbreeding effect on phenotypic variance components. 

Here we examine the effects of parental relatedness on morphological variation 

and expression of heritable and nonheritable variation in a wild population of house 

finches (Carpodacus mexicanus). In this study system, mate choice for unrelated mates is 

partially constrained by seasonal and social variation in availability of genetically 

unrelated partners (K.P. Oh and A.V. Badyaev, ms in preparation; Oh and Badyaev 

2006), suggesting that effects of inbreeding on developmental variation should be 

particularly important. First, we show that offspring of closely related parents (as inferred 

from neutral genetic markers) have greater phenotypic variation compared to offspring 

from families with lesser parental relatedness. Second, we use a restricted maximum-

likelihood ‘animal model’ to partition this variation into heritable and nonheritable 

components. Third, we investigate the mechanism by which parental relatedness might 

affect phenotypic variation by assessing traits’ responses (i.e., change in variance 

components) to inbreeding in relation to growth patterns, as well as testing for general 

effects of inbreeding depression on offspring condition. Finally, we ask specifically how 

parental relatedness influences developmental sensitivity of offspring to variation in egg 

size, a ubiquitous maternal effect in birds. We discuss the implications of these findings 
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for understanding mechanisms of adaptive evolution across genetically structured 

populations. 

MATERIALS AND METHODS 

Field methods & morphological measurements—We studied house finches in a native 

population in southern Arizona during 2002-2006. Birds were trapped year-round and 

assigned unique combinations of one aluminum and three colored plastic bands which 

enabled the identification of individuals in the field. The social structure in the study 

population is characterized by small gregarious flocks in which the majority of courtship 

and pair formation occurs. In a concurrent study we have shown that constraints on mate 

sampling imposed by the size and composition of these flocks can lead to biased patterns 

of mate choice with respect to relatedness (K.P. Oh and A.V. Badyaev, ms in 

preparation). During the breeding season (February – July), house finches form 

monogamous pair affiliations and partners were identified through daily behavioral 

observations and nest attendance. We followed nesting attempts from nest initiation 

through fledging and obtained complete genetic data for 133 families (75 in 2005 and 58 

in 2006). Nestlings were measured using Mitutoyo calipers to the nearest 0.01mm 

(skeletal traits) and a digital balance to the nearest 0.1g (body mass) every other day until 

the youngest nestling was age 7-8 days posthatching, the stage at which most traits have 

undergone rapid growth and have begun to approach asymptotic size (Badyaev et al. 

2001a). Nests were then checked every 4-6 days until fledging at approximately day 16. 

For the growth analysis, we also used morphological data from older ages, as many 

nestlings used in this study were subsequently recaptured as free-flying juveniles and 
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later as adults during regular population censuses (for details see Badyaev et al. 2005) . 

We measured bill length from tip of maxilla to anterior edge of nares, bill depth in a 

vertical plane over both upper and lower mandibles at anterior edge of nares, bill width at 

anterior edge of nares, wing chord (unflattened), tarsus length, and body mass. Left and 

right measures were averaged for tarsus, and measurement error for all traits was 

estimated by calculating repeatabilities based on variance components derived from one-

way ANOVA (Lessells and Boag 1987). Repeatabilities of measurements ranged from 

0.753 ± 0.040 S.E. (bill width) to 0.953 ± 0.008 S.E. (tarsus length). As genotypes (see 

below) were analyzed outside of the breeding season, all interactions with the nests and 

nestling morphological measurements were conducted blind with respect to relatedness of 

parents. 

 

Genetic analyses—We collected blood samples (40–60 µl from adults, 5-15 µl from 

nestlings) from each individual by brachial venipuncture and genomic DNA was 

extracted using a commercial kit (Gentra Systems, Minneapolis, MN). DNA from blood 

samples were used to molecularly sex all nestlings by amplification of an intron of the 

CHD1 genes on the sex chromosome (Griffiths et al. 1996). All adults and offspring were 

genotyped at 15 highly polymorphic species-specific microsatellite loci (Hofi53, 

HofiACAG07, HofiACAG25, Hofi16, Hofi29, Hofi10, Hofi70, HofiACAG01, Hofi39, 

Hofi19, Hofi35, Hofi69, HofiACAG15, Hofi07, Hofi26). PCR was carried out using 

fluorescent-labeled primers (Applied Biosystems, USA) and product was analyzed by 
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capillary electrophoresis in an ABI Prism 3730 DNA analyzer. Discrete microsatellite 

allele sizes were determined using Genotyper software (Applied Biosystems, USA).  

The resulting genotypes were used to estimate relatedness (r) between mates, a 

value that expresses the genetic similarity between two individuals relative to random 

individuals within a reference population (reviewed in Blouin 2003). An important caveat 

to consider when interpreting values of r is that, while estimates provide a quantitative 

variable related to probability of identity by descent, the dependence on allele frequencies 

sampled from a reference population suggests that r-values are often not directly 

interpretable as genealogical relationships (e.g., full sibs, half sibs, cousins; Rousset 

2002). In this study, pairwise relatedness estimates were calculated for all adults using 

MER software (Wang 2002) which implements a method of moments estimator that 

performs well across a range of population sizes and is particularly robust to biases due to 

sampling error (van de Casteele et al. 2001).  Estimates of allele frequencies were 

calculated from the genotypes of breeding adults and associated standard errors were 

determined by bootstrapping over loci (30,000 iterations). Whereas r is a continuous 

variable, previous work has suggested that its relationship with phenotypic variation 

might be nonlinear, with the greatest effects observed at extreme values (David 1999). 

Thus, for the contrasts presented in this study, pairs were pooled (King 1985; David et al. 

1997) into either ‘typical’ or ‘high’ relatedness groups by simulating all possible pairings 

between males and females present within the study site each year and generating a 

distribution of relatedness values, from which we calculated the median and associated 

95% confidence interval. Actual pairings were then categorized as either ‘high’ (> upper 
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95% C.I. of the median) or ‘typical’ (< upper 95% C.I. of the median). Following Keller 

and Arcese (1998), comparisons of mean and distribution of pairwise relatedness values 

between observed and expected mating patterns were performed using Mann-Whitney U 

and Kolmogorov-Smirnov two-sample tests respectively.  

Recent studies have suggested that marker-derived measures of parental 

relatedness may be poor predictors of true inbreeding (Balloux et al. 2004; Pemberton 

2004). Therefore, to further assess the validity of our classification, we calculated the 

inbreeding coefficient (FIS) for the offspring of pairings between partners with ‘high’ 

versus ‘typical’ relatedness using FSTAT software (Goudet 2001). 

Genotype data were also used to confirm paternity of attending parents at each nest (for 

details of paternity analysis see Oh and Badyaev 2006). The marker loci used yielded a 

combined exclusion probability of >0.999 (Jamieson and Taylor 1997). Within the 

families used in this study, we identified 31 offspring that were sired by extrapair males. 

We did not however, detect any discrepancies between offspring and maternal genotypes, 

confirming that intraspecific brood parasitism does not occur in this population.  

 

Morphological variation—To assess offspring morphological variation in relation to 

parental relatedness, we implemented the univariate form of the median-ratio Levene’s 

test (Levene 1960) which constructs the variable: 

( ) ( )iiii xxxy Md /  Md     −=  

where xi is the trait value of the ith individual, and Md(xi) is the sex-specific population 

median trait value. Compared to other measures of relative variation (e.g., coefficient of 
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variation, F test) this metric is particularly robust to small samples sizes and departures 

from normality (Schultz 1985). Resultant values were compared between offspring from 

‘high’ and ‘typical’ relatedness families using a general linear mixed model (PROC 

MIXED; SAS 9.1.3, SAS Institute, Cary, NC) with nest identity as a random effect and 

adjusting the denominator degrees of freedom using Satterthwaite’s correction. To avoid 

pseudoreplication, only the first breeding attempt from each pairing was included in this 

analysis.  

 

Estimation of variance components—Offspring phenotypic variance in each trait (VP) 

was partitioned into causal components using an ‘animal model’ (Kruuk 2004) of the 

general form: 

VP  =  VA  +  VCE +  VR 

where VA represents additive genetic variance, VCE is common environmental variance 

(e.g., common nest effects), and VR is represents residual (i.e., unmeasured) effects. A 

total of 583 birds (104 sires, 99 dams, 380 offspring) with known familial relationships 

were used to construct a pedigree consisting of 133 full-sib and 16 half-sib groups. Data 

were obtained from multiple (two to five) broods for 26 of the unique pairings, along 

with single broods for the remaining 61 pairs. Variance component estimates and 

associated standard errors were calculated separately for ‘typical’ and ‘high’ relatedness 

families using restricted maximum-likelihood implemented in ASReml Release 2.0 

software (Gilmour et al. 2006). First, we used PROC GLM to identify relevant fixed 

effects. In order to enable comparison of variance components among traits, any fixed 
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effect term that was significant in at least one trait was included in models for all other 

traits, which resulted in the inclusion of the following terms: year, nestling sex, nestling 

age, presence of nest ectoparasites (Badyaev et al. 2006), and brood size, along with nest 

identity (nested within female identity) as a random effect (VCE). We also considered a 

second model in which nest identity was replaced with two terms, maternal identity and 

paternal identity, to estimate variance due to parental effects. However, this second 

model resulted in comparatively large estimates of residual variance (VR) and lower 

overall model log-likelihood values. Moreover, when nest identity was added back into 

the model, estimates of parental variance were generally reduced overall and most did not 

differ significantly from zero, suggesting that maternal and paternal variances were being 

overwhelmed by the nest environment component (Kruuk 2004; McCleery et al. 2004). 

Thus, here we only report variance component estimates generated from the first model, 

in which variance due to nest identity necessarily includes both common environmental 

effects and nongenetic parental effects, as well as any nonadditive genetic effects (e.g., 

dominance and epistasis), though the latter are generally expected to be low for 

morphological traits (reviewed in Roff 1998; Merilä and Sheldon 1999). To avoid 

negative variance components, negative values were fixed at zero. Significance of each 

random effect was tested using a likelihood ratio test in which two times the difference in 

log-likelihood scores between the full and reduced models approximates a χ2 distribution 

with one degree of freedom (Kruuk 2004). Similarly, significance of differences in 

variance components between ‘typical’ and ‘high’ relatedness families was tested by 

combining all individuals into one model with ‘relatedness category’ (REL) as an 
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interaction term for each random effect (e.g., REL × Nest ID). A likelihood ratio test was 

then performed using the difference between log-likelihood of this model, and a reduced 

model in which a single random effect of interest was constrained to be the same across 

all individuals (Shaw 1991).  

 

Offspring relative condition—Nestling condition was calculated as size-corrected body 

mass, a metric thought to reflect lipid reserves (Merilä et al. 2001), survival (Brown and 

Roth 2004) and offspring quality (Altwegg et al. 2000) in wild birds. Relative condition 

was calculated as the residuals from a least squares regression of mass on tarsus length 

for each sex separately and values were standardized to a mean of zero and standard 

deviation of one. While this approach has recently drawn criticism (e.g., Green 2001), its 

validity has been empirically reconfirmed as a general measure of body condition across 

several vertebrate taxa (Ardia 2005; Schulte-Hostedde et al. 2005) and especially 

appropriate for developing birds prior to onset of flying. To control for possible seasonal 

differences, only the first breeding attempt from each pair was included in this analysis.  

 

Trait developmental timing—We used nonparametric locally weighted least squares 

regression (LOWESS, Cleveland and Devlin 1988) to fit growth curves to longitudinal 

data for each trait, separately for males and females. This approach is well-suited for 

unbalanced growth data, and unlike parametric methods, requires no assumption of the 

particular form of the curve and is thus well suited for comparisons among traits (Moses 

et al. 1992). For the purposes of this study, we were primarily interested in assessing the 



 
 

 
104 

 

sequence of trait maturation, which can be approximated for each trait as the period of 

rapid growth that occurs around the point of inflection (Tmax) on a sigmoid curve 

(Ricklefs 1973; Atchley 1984). This was determined from pseudo-velocity curves that 

were constructed by dividing the differences in sequential predicted trait values by the 

differences in ages (Coellho 1985), and fitting a curve to the resulting points using 

LOWESS smoothing (Badyaev et al. 2001b; Setchell et al. 2001). As resulting values 

were not normally distributed, concordance between timing of trait maturation and effect 

of inbreeding (% of VP in ‘high’ relatedness group - % of VP in ‘typical’ relatedness 

group) observed for additive (VA) and common environmental (VCE) variance was tested 

using Kendall’s τ nonparametric measure of association.  

 

Maternal effects—For a subset of nestlings in each group (‘typical’ relatedness: N = 50, 

‘high’ relatedness: N = 76) we tested the effects on trait size of maternal allocation to 

eggs. In order to avoid potentially confounding effects of post-hatching environment 

(e.g., sibling competition; reviewed in Williams 1994), we used trait values from early in 

development (day 2). Female house finches in this population lay one egg per day 

between 0500 and 0900 until the clutch is completed and egg size is not affected by 

laying order (KPO, unpublished ms). During this period, we visited nests daily and 

photographed freshly laid eggs along with a 1mm ruler on a specialized egg stand using a 

5 megapixel full sensor digital camera mounted in a standardized position and backlit 

with a ring flash. This provided high-resolution digital images that were analyzed using 

SigmaScan Pro 5.0 software (SPSS, Inc.) to measure total egg cross-sectional area (in 
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mm2). In previous study, we have verified the measurements produced by this method to 

accurately represent egg size (for further details of method see Badyaev et al. 2005). The 

effect of egg size on morphology was assessed using least squares regression (PROC 

REG, SAS 9.1.3) of trait size (residuals after controlling for variation due to year) on egg 

size.  

 

RESULTS 

Estimation of pairwise relatedness—Simulations of all pairwise combinations yielded a 

normal distribution of relatedness values, with a slight right-hand skew (mean = -0.030, 

median = -0.038, range = -0.298 to 0.716). Comparison with distribution of relatedness 

values for observed pairings (mean = -0.011, median = -0.014, range = -0.203 to 0.228) 

revealed that partners were more related than expected from simulations (Z = 2.75, P < 

0.006, two-sided). Shape and location of distributions of relatedness values also differed 

between observed and expected (D = 0.15, P < 0.005). Categorization of observed 

pairings based on simulated distribution resulted in a ‘typical’ relatedness group (mean r 

= -0.069 ± .006 S.E.) of 67 unique pairings (186 offspring in 76 broods), and a ‘high’ 

relatedness group (mean r = 0.056 ± .006 S.E.) of 52 unique pairings (131 offspring in 57 

broods). Post hoc evaluation of inbreeding coefficients using offspring genotypes showed 

that the two groups differed in level of inbreeding (FIS, ‘typical’ = 0.006, P = 0.27; FIS, ‘high’ 

= 0.018, P = 0.04). Extrapair paternity and remating with different partners caused three 

sires and eight dams to appear in both ‘typical’ and ‘high’ relatedness groups.  
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Effect of parental relatedness on morphological variation—Analysis of relative 

morphological variation revealed an effect of parental relatedness across traits (Fig. 1). 

Compared to families with ‘typical’ parental relatedness, offspring of families with ‘high’ 

parental relatedness had significantly greater variation in all traits (bill length: F1,93.5 = 

4.80, P = 0.031; bill width: F1,89.7 = 8.95, P = 0.0036; wing length: F1,88.2 = 7.88, P = 

0.0062; tarsus length: F1,90.1 = 8.84, P = 0.0038; body mass: F1,88.6 = 4.25, P = 0.042) 

except bill depth (F1,85.7 = 0.00, P = 0.95).  

 

Variance components—Results of mixed-model analysis revealed distinct variance 

component structure with respect to parental relatedness (Appendix 1, summarized in 

Fig. 2). Among offspring with ‘typical’ parental relatedness, phenotypic variation 

consisted of high and statistically significant additive genetic variance (VA) and 

heritabilities for bill length, bill depth, and body mass, but only moderate values for bill 

width, wing length, and tarsus length (Appendix 1, left side). In contrast, among offspring 

from ‘high’ relatedness pairings, none of the traits had significant additive genetic 

components (Appendix 1, right side). Differences between groups with respect to 

common environmental variance (VCE) were largely reversed; variation in the ‘high’ 

relatedness group had a relatively high and statistically significant environmental 

component in all traits (as indicated by a significant effect of nest identity), while only 

bill length, bill depth, and wing length showed significant variance due to common 

environment among individuals from ‘typical’ relatedness families. Of particular note, 

VCE for body mass in ‘typical’ families was fixed at zero, suggesting a negative value. 
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When the model was rerun with no constraints, this value converged on a small negative 

value (-0.02 x 10-2 ± 0.21 x 10-2). However, when carried through subsequent analyses, 

the results did not change qualitatively and thus we only report results using the 

constrained value. Likelihood ratio tests indicated that groups did not differ in additive 

genetic variance, but differed in environmental variance for wing length, tarsus length, 

and body mass (Appendix 1, far right column).  

 

Parental relatedness and offspring condition—Although offspring of more related 

parents had greater phenotypic variation (Fig. 1), we found no evidence of a direct effect 

of inbreeding on nestling condition; comparison of offspring from families with ‘high’ 

versus ‘typical’ relatedness revealed no significant differences in residual body mass 

(F1,72 = 0.21, P = 0.65).  

 

Response to inbreeding in relation to trait developmental timing—Growth and pseudo-

velocity curves from nonparametric regression are shown in Figure 3 (for clarity, only the 

period from days 1-20 is shown for each trait). As in previously studied house finch 

populations (e.g., Badyaev et al. 2001b), all traits exhibited growth patterns that were 

approximately sigmoidal. However, timing of peak velocity differed among traits, 

ranging from day 1 (male bill depth, Fig. 3B) to day 14 (male wing length, Fig. 3D). 

Additionally, the sequence in which different traits reached peak velocity differed 

between males (Tmax,bill depth<Tmax,bill length<Tmax,bill width<Tmax,tarsus length<Tmax,body 

mass<Tmax,wing length) and females (Tmax,bill width<Tmax,tarsus length<Tmax,bill depth<Tmax,bill length< 
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Tmax,body mass<Tmax,wing length; Fig. 3). Tests of association between timing of trait maturation 

and response to inbreeding (i.e., % of VP in ‘high’ relatedness group - % of VP in ‘typical’ 

relatedness group) in additive genetic variance revealed no significant concordance for 

neither males (Fig. 4A, Kendall’s τ = 0.20, P > 0.1) nor females (Fig. 4B, τ = -0.33, P > 

0.1). However, response to inbreeding was positively correlated with timing of trait 

maturation with respect to common environmental variance, such that the difference in 

VCE between ‘high’ and ‘typical’ relatedness was greatest among later-maturing traits in 

males (Fig. 4C, τ = 0.73, P < 0.04) but not females (Fig. 4D, τ = 0.20, P > 0.1).  

 

Parental relatedness and sensitivity to maternal effects—The effect of maternal 

allocation to egg size on offspring morphology differed between ‘typical’ and ‘high’ 

relatedness groups (Table 1). Among offspring from ‘high’ relatedness families, larger 

eggs resulted in significantly larger trait size for bill length, wing length, tarsus length, 

and body mass (Table 1), but egg size did not covary with morphology of offspring from 

‘typical’ relatedness families. 

 

DISCUSSION 

The extent to which phenotypic variation reflects additive genetic effects has 

important implications for evolutionary response to selection (Falconer and Mackay 

1996). However, because large contributions of environmental or maternal variance can 

overwhelm other sources of variation, the expression of additive genetic effects will 

depend on the sensitivity of developing organisms to variation in the biotic and abiotic 
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environment (Schmalhausen 1949; Lerner 1954). Specifically, diversity of allelic 

developmental products, such as enzymes, might affect individuals’ ability to buffer 

development from extreme environmental perturbations, suggesting that the contribution 

of environmental and maternal inputs to phenotypic variation may be affected by level of 

inbreeding. Here we tested this hypothesis by examining the influence of parental 

relatedness on expression of additive genetic and environmental variation in growth in a 

wild population of house finches.  

Our study produced four main results. First, consistent with the hypothesized 

effect of inbreeding on an organism’s sensitivity to environmental variation, offspring of 

highly related parents had greater morphological variation than those from families with 

lower parental relatedness (Fig. 1). Second, partitioning of phenotypic variation 

suggested that these differences resulted from a marked increase in common 

environmental variance (VCE) coupled with a tendency for lower additive genetic variance 

(VA) among offspring of parents with relatively high relatedness compared to families 

with less related parents (Fig. 2, Appendix 1). Indeed, among ‘high’ relatedness families, 

estimates of VA did not differ significantly from zero for any traits, while VCE was 

significantly greater compared to ‘typical’ relatedness families for three of the six traits. 

Third, our results suggest that these patterns are due to an effect of allelic diversity on 

offspring sensitivity to environmental and maternal variation, as opposed to more general 

deleterious effects of inbreeding on offspring physiological condition, which previous 

studies have shown to influence expression of heritable genetic variation directly (Merilä 

1997; Hoffman and Merilä 1999). This interpretation was corroborated by a positive 
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association between timing of trait development (Fig. 3) and magnitude of response to 

inbreeding—later-maturing traits exhibited an increasingly greater difference between 

‘typical’ and ‘high’ relatedness groups in variation due to environmental effects in males 

(Fig. 4C), but not in females (Fig. 4D) or with respect to differences in VA (Fig. 4A,B). 

Finally, our analysis of maternal allocation to egg size demonstrated that the observed 

increase in morphological variation in the ‘high’ relatedness families was partially due to 

greater sensitivity to maternal effects (Table 1).  

 While the effect of intraindividual genetic diversity on sensitivity to 

environmental variation has been suggested in earlier work (Mitton and Grant 1984; 

Deng 1997; Réale and Roff 2003; Kristensen et al. 2005), this study provides novel 

insights in several respects. First, whereas the necessity for detailed pedigrees has largely 

constrained previous studies to inbred laboratory lines, the use of molecular marker-

derived estimates of relatedness in this study allowed us to examine naturally occurring 

variation in 

inbreeding. For such studies, within population comparisons are generally preferred to 

contrasts between populations, which may involve differences in environmental or 

genetic variation (Mitton 1993; Whitlock and Fowler 1996), or divergence in trait 

canalization. The few studies that have examined inbreeding effects on phenotypic 

variation within natural populations have typically compared morphological variation 

among groups of randomly sampled individuals that differ in heterozygosity at a few 

allozyme loci (Mitton 1978; Fleischer et al. 1983; Yezerinac et al. 1992), which is not 

likely to represent genome-wide diversity (Mitton and Pierce 1980) and thus, might 
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confound the effects of inbreeding on developmental stability with additive genetic 

effects (Chakraborty and Ryman 1983). Recently, the precision of neutral molecular-

marker derived metrics in estimating inbreeding has been questioned (e.g., Pemberton 

2004), and while we cannot rule out entirely the effects of a small number of linked loci, 

the utilization of pairwise relatedness estimates derived from fifteen highly polymorphic 

microsatellite loci in this study likely captures a greater proportion of genome-wide 

variability and inbreeding history compared to previous studies of wild populations 

(Blouin 2003; see also significant FIS among ‘high’ but not ‘typical’ families).  

 Since the effect of heterozygosity on developmental stability was first proposed 

(Lerner 1954), several alternative mechanisms for the relationship between inbreeding 

and phenotypic variation have been put forth including additivity at linked quantitative 

trait loci (Chakraborty and Ryman 1983) and deleterious effects of inbreeding depression 

on physiological condition (Hoffman and Merilä 1999). While none of these mechanisms 

are mutually exclusive (David 1999), elucidating their relative importance is critical for 

predicting traits’ response to selection. In this study, we first tested whether the observed 

pattern of increased environmental variance with greater parental relatedness was 

mediated by an effect of inbreeding on physiological condition, which itself has been 

shown to result in larger environmental variance components (Merilä 1997; Hoffman and 

Merilä 1999). However, we found no differences between offspring from ‘typical’ and 

‘high’ relatedness females, and while there might be aspects of viability (e.g., non-

specific immune response, Saino et al. 1997) that were not directly assayed in our 

analysis, such characters are typically captured by overall body condition in birds (Møller 
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and Saino 2004). Second, we capitalized on differences among traits in developmental 

timing (Fig. 3) to make inferences regarding sources of the increased variation observed 

in inbred families. Specifically, we reasoned that if inbreeding leads to increased 

sensitivity during development, the largest effect should be observed in late-maturing 

traits that are exposed to a greater range and duration of environmental inputs and are 

thus expected to accumulate more environmental variation compared to earlier-maturing 

traits. Alternatively, increased common environmental variance in late-maturing traits 

might result not from the direct accumulation of environmental inputs per se, but rather 

as a consequence of developmental integration (e.g., shared resources or developmental 

precursors) with early-maturing traits such that variation is magnified across ontogeny 

(Cheverud 1996). Regardless, our results (Fig. 4C) suggest that increased common 

environmental variance (VCE) in ‘high’ relatedness families was at least in part due to 

greater input of environmental variation during development in males, though the role of 

nonadditive genetic effects (e.g., dominance, epistasis) cannot be excluded entirely. 

Interestingly, the earliest-maturing trait (bill depth) that was least-affected by parental 

relatedness (i.e., smallest change in VCE between groups) was also the trait in which no 

significant change was observed in phenotypic variance (Fig. 1B), and one of the traits 

unaffected by variation in maternal allocation to egg size, even among offspring from 

‘high’ relatedness pairings (Table 1). The absence of a similar relationship between trait 

developmental timing and change in variance components due to inbreeding in females 

(Fig. 4D) may be due to differences between sons and daughters in sensitivity to maternal 

effects. Indeed, previous work in this species has suggested that sex-specific sensitivity to 
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maternal effects facilitated the rapid evolutionary change of sexual dimorphism observed 

in newly established populations (Badyaev 2005a). 

The effect of inbreeding on the expression of heritable and nonheritable variation 

has several important implications for evolutionary studies in natural populations (Hall 

2005). At large scales these results imply that populations that differ in levels of 

inbreeding will have distinct responses to selection (Reed et al. 2003). And while the 

direct consequences of inbreeding on additive genetic variation are well known from 

population genetics models (Whitlock and Fowler 1999), this study suggests specifically 

that such effects can be mediated via an effect of inbreeding on developmental variation. 

Second, when the relatedness of mates varies over time or space within a population, the 

response to selection will be similarly heterogeneous. For example, in previous work with 

this species, we found pronounced seasonal patterns in availability of unrelated mates 

(Lindstedt et al. 2006; Oh and Badyaev 2006), suggesting that selection on heritable 

variation should similarly vary across the breeding season. As a corollary to this, the 

increase in environmental variance with parental relatedness should also influence the 

maintenance of genetic variation in traits under strong selection. In populations or 

breeding contexts with relatively high parental relatedness, selection may act largely on 

nonheritable variation, thereby preserving unfit genotypes that might otherwise be 

removed by natural selection (Alatalo et al. 1990). Finally, the results from our analysis 

of trait growth patterns suggest that the effects of inbreeding on morphological variation 

are likely to vary in relation to trait developmental timing. In particular, a greater increase 



 
 

 
114 

 

in environmental and maternal variation in late-developing traits may serve as a general 

prediction for future studies of inbreeding in natural populations.  

Despite robust evidence of a relationship between parental relatedness and 

developmental stability, one unexplored question is whether the increased environmental 

variation can be adaptive (Badyaev 2005b). Increased phenotypic variation among 

offspring can be favored as a bet-hedging strategy, but only under conditions of large and 

unpredictable fluctuations in the adaptive landscape (Cooper and Kaplan 1982; Kaplan 

and Cooper 1984; McGinley et al. 1987; Young and Badyaev 2007), or when increased 

variation occurs exclusively in lineages that experience low fitness (Hadany and Beker 

2003). In our study, VCE represents not only variation due to ecological characteristics of 

the nest itself (e.g., proximity to food sources), but also variation due to maternal effects, 

which have been shown to strongly influence offspring phenotypes and fitness in this 

species (Badyaev 2005a). In birds, egg size is a maternal character known to have 

particularly pronounced effects on offspring phenotypes (Hipfner and Gaston 1999; Potti 

1999; Reed 1999; Maddox and Weatherhead 2008). In addition to determining resource 

and energy reserves available to developing neonates, egg size may also influence 

thermal properties during incubation and after hatching (reviewed in Williams 1994). 

Interestingly, in our study we found that egg size strongly affected offspring morphology 

from ‘high’ but not ‘typical’ relatedness pairings (Table 1). Thus, in this natural 

population, parental relatedness appears to influence the expression of maternal effects by 

determining offspring sensitivity during development, such that phenotypes of relatively 

inbred offspring are more affected than outbred offspring. Such variable efficacy of 



 
 

 
115 

 

maternal effects in relation to relatedness of mates is likely to have facilitated the rapid 

morphological adaptation of the house finch during the species’ range expansion across 

North America over the last 70 years (Badyaev et al. 2002; Badyaev 2005a) that was 

characterized by the establishment of isolated and often inbred populations (Wang et al. 

2003; Hawley et al. 2006).  

In conclusion, this study suggests that the relative contribution of heritable genetic 

and environmental sources to phenotypic variation can be affected by degree of parental 

relatedness, thereby providing a link between mating patterns and the evolution of 

adaptation. A better understanding of such effects and the underlying mechanisms should 

be particularly important for predicting an evolutionary response to selection in natural 

populations.  
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Table 1. Maternal effects (allocation to egg size) on offspring morphology in ‘typical’ 

(left column) and ‘high’ (right column) relatedness families. Shown are standardized 

regression coefficients (bST, in standard deviations) from least squares regression of 

nestling trait values (at day two post-hatching) on egg size.  

 
 Typical Relatedness  High Relatedness 
Trait βST P  βST P 
      
Bill length 0.03 0.88  0.37 0.001 
      
Bill depth 0.16 0.26  0.01 0.90 
      
Bill width -0.15 0.30  -0.08 0.49 
      
Wing length 0.16 0.26  0.31 0.006 
      
Tarsus length -0.15 0.30  0.27 0.02 
      
Body mass 0.00 0.98  0.34 0.003 
      
N 50   76  
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Figure 1.  The effect of parental relatedness on relative phenotypic variation in offspring. 

Families were categorized as having either ‘typical’ or ‘high’ parental relatedness (see 

Methods).  Numbers above the abscissa are samples sizes. Error bars are standard errors 

of the mean and solid horizontal line indicates no statistical significance between group 

means. 
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Figure 2. Variance components of offspring phenotypic variation, expressed as 

percentage of total phenotypic variance (VP) due to additive genetic (VA, white bars), 

common environment (VCE, light gray bars), and residual variance (VR, dark gray bars). 
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Figure 3. Growth (solid lines) and pseudo-velocity curves (dashed lines) for male and 

female house finches. Curves are derived from nonparametric (LOWESS) smoothing 

function. 



 
 

 
131 

 

 

 
 
 

 

 

 

 

AGE AT PEAK VELOCITY (DAYS)

0 2 4 6 8 10 12 14 16

D
IF

FE
R

E
N

C
E

 IN
 %

V
p 

(h
ig

h 
- t

yp
ic

al
)

-60

-40

-20

0

20

40

BL

BD

BW

WL

TL

BM

0 2 4 6 8 10 12 14 16
0

10

20

30

40

50

60

BLBD

BW

WL

TL

BMC. VCE 

A. VA 

0 2 4 6 8 10 12 14 16
-60

-40

-20

0

20

40

BL

BD

BW

WL

TL

BM

0 2 4 6 8 10 12 14 16
0

10

20

30

40

50

60

BLBD

BW

WL

TL

BM

B. VA 

D. VCE 

MALES FEMALES



 
 

 
132 

 

Figure 4. The relationship between timing of trait growth (age at peak velocity) and effect 

of inbreeding (difference between ‘high’ and ‘typical’ relatedness families) on percentage 

of phenotypic variance due to (A,B) additive genetic (VA) and (C,D) common 

environment (VCE) components in males (left column) and females (right column). Larger 

values on ordinate indicate greater effect of inbreeding on variance components. Solid 

line represents least-squares regression shown for illustrative purposes only (see results 

for nonparametric tests of association). BL, bill length; BD, bill depth; BW, bill width; 

WL, wing length; TL, tarsus length; BM, body mass. 
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APPENDIX D: ISOLATION AND CHARACTERIZATION OF SEVENTEEN 

MICROSATELLITE LOCI FOR THE HOUSE FINCH (CARPODACUS MEXICANUS)  

 

Published citation: Molecular Ecology Resources (2009) 9:1029-1031 
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ABSTRACT 

 The house finch (Carpodacus mexicanus) has emerged recently as a model 

species in studies of sexual selection, reproductive physiology, population genetics, and 

epizootic disease ecology. Here we describe seventeen highly polymorphic microsatellite 

loci for this species. In a sample of 36 individuals, we observed an average of 16 alleles 

per locus and heterozygosity ranged from 0.61 to 0.97. One locus showed significant 

deviation from Hardy-Weinberg proportions, but no significant gametic disequilibrium 

was observed among any of the loci. Amplification by PCR was optimized under similar 

parameters across loci, thereby facilitating multiplexing and rapid multilocus genotyping.  
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 The house finch—a North American cardueline finch—has emerged over the last 

two decades as a model species for field studies of sexual selection (Badyaev & Hill 

2002; Brush & Power 1976; Hill 2002; Oh & Badyaev 2006, 2008). In addition, the 

unprecedented expansion of this species’ range in North America over the last 70 years 

and associated adaptive radiation have made it a focus of studies in population genetics 

and evolutionary ecology (Badyaev & Hill 2000; Badyaev et al. 2002; Hawley et al. 

2006; Veit & Lewis 1996; Wang et al. 2003; Wootton 1987), emergent epizootic events 

(Dhondt et al. 2006; Duckworth et al. 2003a; Hawley et al. 2006; Lindstedt et al. 2006), 

and reproductive physiology (Badyaev et al. 2008; Duckworth et al. 2003b). Here we 

report the isolation and characterization of seventeen highly polymorphic microsatellite 

loci in the house finch.  

A blood sample was collected from a wild house finch captured near Missoula, 

Montana (46º59’N, 114º5’W), and genomic DNA extracted using the Puregene DNA 

Purification Kit (Qiagen Inc.) following standard protocol. An enriched library was made 

by ECOGENICS GmbH (Zürich-Schlieren, Switzerland) from size-selected genomic 

DNA ligated into TSPAD-linker (Tenzer et al. 1999) and enriched by magnetic bead 

selection with biotin-labelled (CA)13 and (ACAG)7 oligonucleotide repeats (Gautschi et 

al. 2000a,b). Of 384 recombinant colonies screened, 147 gave a positive signal after 

hybridization. Plasmids from 96 positive clones were sequenced and primers were 

designed for 21 microsatellites, of which 19 were tested for polymorphism. Of these, two 

loci yielded complicated allelic patterns that were difficult to interpret and were therefore 

excluded. 
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Polymorphism was assayed in a sample of 36 presumably unrelated individuals 

captured from a wild population in southern Arizona (32º15’N, 110º56’W). Genomic 

DNA was extracted from blood samples as described above. Microsatellite regions were 

amplified by polymerase chain reaction (PCR) in 10 µL reactions containing 20-50 ng 

template DNA, 225 µм dNTPs each, 0.125 µм of each forward and reverse primers, 1 U 

HotMaster taq polymerase and 1X buffer (5-PRIME, Inc.) resulting in final concentration 

of 2.5 mм Mg2+. In each primer pair, forward primers were labeled with fluorescent dyes 

(Table 1, Applied Biosystems). PCR was carried out using a Mastercycler thermal cycler 

(Eppendorf) under the following thermotreatment conditions: initial denaturation at 94°C 

for 2 min, followed by 25 cycles of denaturation at 94°C for 20 s, annealing at 60°C or 

63°C (Table 1) for 20 s, extension at 65°C for 45 s, and ending with a final extension at 

65°C for 45 s. Amplified products were resolved via capillary electrophoresis using an 

Prism 3730 DNA Analyzer (Applied Biosystems) and discrete alleles were called using 

Genotyper software (Applied Biosystems). Exact tests for deviations from Hardy-

Weinberg proportions and gametic disequilibrium were carried out using GENEPOP 

software (Raymond & Rousset 1995). To account for multiple comparisons in results, 

alpha was adjusted using a Bonferroni correction. 

 All loci were highly polymorphic, and number of alleles per locus ranged from 

seven to 23 (Table 1). Only one locus (Hofi30) showed significant deviation from Hardy-

Weinberg proportions (P < 0.003, Bonferroni correction for multiple comparisons). No 

significant gametic disequilibrium was observed among any of the loci. Across all loci, 

the combined exclusion probability (Jamieson & Taylor 1997) was >0.999, suggesting 
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that these microsatellites will provide robust genetic tools for assessing paternity in wild 

house finch populations. Moreover, the similarity in annealing temperatures across loci 

along with the wide range of fragment sizes (Table 1) should greatly facilitate PCR 

multiplexing, thereby enabling rapid generation of multilocus genotypes necessary for 

studies of population structure (Pritchard et al. 2000) or estimating relatedness among 

individuals of unknown pedigree (Queller et al. 1993). Thus, these markers will be 

especially useful for future studies aimed at inferring population history and detecting 

fine scale population structure across the recently expanded range of this species.  
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