
Copyright  
 

by  
 

Rachel Nicolle Matthews 
 

2005



The Dissertation Committee for Rachel Nicolle Matthews 

certifies that this is the approved version of the following dissertation: 

Pavlovian Conditioning Alters Reproductive Fitness 

 In Sperm Competition and Sperm Allocation Paradigms 

Committee:  

 

___________________________________ 
Michael Domjan, Supervisor 

 
___________________________________ 

David Crews 
 

___________________________________ 
Francisco Gonzalez-Lima 

 
___________________________________ 

Yvon Delville 
 

___________________________________ 
George Holden  

 



Pavlovian Conditioning Alters Reproductive Fitness in Sperm 
Competition and Sperm Allocation Paradigms 

 

by 
 

Rachel Nicolle Matthews; B.S. 

Dissertation 
 

Presented to the Faculty of the Graduate School of 
The University of Texas at Austin 

in Partial Fulfillment  
of the requirements 
for the Degree of 

Doctor of Philosophy 
 

The University of Texas at Austin 
December 2005 



For Papa.   
You’re my Rock. 

 



v

Acknowledgements 
 

I would like to thank the National Institute of Mental Health and the University 

of Texas at Austin for their financial support. I would also like to thank Micheal 

Domjan, Emily Gean, Adem Can, Mary Ramsey, Mark Krause, Cecil Harkey, 

Scott Bailey, and the members of the David Crews, Francisco Gonzalez-Lima and 

Michael Domjan lab for their help over the years. 



vi

 

Pavlovian Conditioning Alters Reproductive Fitness in  

Sperm Competition and Sperm Allocation Paradigms 

 
Publication No. _____________ 

Rachel Nicolle Matthews, Ph.D. 

The University of Texas at Austin, 2005 

 
Supervisor: Michael Domjan 

 
Sperm competition results when sperm from rival males compete to 

fertilize the ovum of a single female. Typically, paternity rates are proportional to 

the amount of sperm available during fertilization windows. Two males mating in 

immediate succession with the same female, transferring similar quantities of 

sperm, will each sire about 50% of the offspring. The greater the delay, the 

greater the percentage of offspring sired by the second male.  Males engaging in 

multiple copulations with different females will have exponentially decreasing 

fertilization success. Manipulations that enable one male to transfer more sperm 

should provide a paternity advantage, independent of delay or depletion. In a 

series of experiments, reproductive success was increased with the presentation of 

a Pavlovian signal prior to copulation. 
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In a study with domesticated quail (Coturnix Japonica), presentation of a 

Pavlovian signal permitted one of two competing males to predict copulatory 

opportunity. Using microsatellite-based DNA fingerprinting to identify paternity, 

signaled males sired 72% of the offspring as compared with control males when 

no delay was imposed. If five hours separated the two males, the first male sired 

26% of the offspring under baseline conditions. Providing a Pavlovian signal 

overcomes the temporal delay, allowing the first male to sire 43% of the 

offspring.  

 Further analysis examined the role of Pavlovian conditioning in sperm 

allocation when a male copulates with two females, separated by a 15-min or 5-

hour delay.  Baseline rates of paternity increased when a Pavlovian signal 

preceded the initial (24% to 42%) or second female (6% to 26%). No difference 

was found when a 5 hour delay was imposed between females.  

Pavlovian conditioning is a common learning process affecting a variety 

of sexual behaviors, including sperm output.  It has been shown that Pavlovian 

conditioning provides reproductive advantage in both sexual competition and 

sperm allocation paradigms. These effects are independent of other factors 

emphasized in previous explanations, such as mating system or sperm 

morphology, and were probably mediated by an impact on how sperm were 

released from sperm stores.  
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Chapter 1   

 Introduction 

 
Sexual selection is the evolution of traits that confer an increase in 

reproductive advantage to offspring.  This process selects for specific genes from 

the variation that exists within the general population.  Traits that increase or 

provide opportunistic means for copulation are transferred to offspring, thus 

propagating and perpetuating the evolution of those traits.  Ultimately, it is the 

choosiness of mates and the ability to fertilize that directs sexual selection. 

Difficulty in defining a selective feature occurs when synergistic forces result in 

the co-occurrence of traits such as aggression and reproductive periods, or sperm 

length and mating systems.  This variance towards the selection of any one trait 

makes inter-specific comparisons markedly difficult, though instructional.  Inter-

specific comparisons are unable to define a single selective force, however, 

learning from past sexual experience can both promote reproductive fitness and 

circumvent many detrimental facets, independent of features such as mating 

system, phenotype or sperm morphology.  
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Sperm Competition 

Sperm competition is the competition between rival sperm to fertilize the 

ova of a single female during a single reproductive cycle. Sperm competition is 

the result of extra-pair copulations, or copulations outside the pair-bond, that 

provide the female with multiple sets of sperm for potential fertilization.   The 

female is able to retain viable sperm inside storage tubules, allowing sperm of 

multiple males to mix and remain until fertilization opportunities arise. Random 

entry and exit into and out of sperm storage tubules makes sperm output and 

sperm proportions the greatest predictor in sperm competition.  The male with the 

greatest chance to fertilize the egg is the male with the greatest proportion of 

sperm available to leak out of the tubules at the most opportune time.  Any 

variable able to increase the proportion of sperm for one particular male over 

another will increase the reproductive success for that male.   

Aside from sperm proportions, multiple variables have been implicated in 

aiding a male’s ability to fertilize a female’s eggs during sperm competition.  

Variables such as sperm morphology, partner selection, and the ability to 

repeatedly copulate have been investigated as predictive factors in sperm 

competition.  However, a single variable has yet to uphold when compared across 

species, mating system, or evolved physiology.  Because any single variable 

increasing a male’s chance for fertilization is adaptive, and should be selected for, 
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the assumption follows that this variable should be selected for and identifiable 

across species and system.  Potentially, an umbrella factor such as learning from 

past experience, or Pavlovian conditioning, can serve as a predictor for which 

male will fertilize the egg during sperm competition. 

 

Competition Techniques 

Competition by rival males to fertilize a single egg begins prior to the 

initial copulation and continues past termination of the copulatory episode.  Intra-

sexual as well as inter-sexual competition involves techniques to both combat and 

defend against fertilization. Advantaged males, from mate selection through mate 

guarding, are more likely to sire offspring than males less selected or who fail to 

protect the female from rival males. Similarly, females choosing the most fertile 

male and gaining direct resources from her choice in addition to sperm will 

increase rates of reproductive success.  Sperm competition has as much to do with 

characteristics that increase the chance of copulation as much as techniques that 

increase sperm motility or morphology.  Therefore, each class of techniques 

should be evaluated, from pre-copulation to post-copulation, when investigating 

sperm competition. 
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Pre-copulatory techniques. 

Biased sex ratios (the number of fertile males compared to fertile females) 

result in intra-sexual competition and mate choosiness. This does not infer, 

however, that activities occurring prior to copulation are independent of sperm 

competition.  On the contrary, behaviors leading up to copulation that are directly 

related to sperm output, copulation efficiency, and copulatory partners, are 

important in the final equation of reproductive success. Pre-copulatory 

competition results in sexual selection of a sub-sample of the population based on 

genes that confer an increase in reproductive success. Specifically, paternity can 

be increased when females select males that win male-male interactions and are 

sexually efficient or most attractive.    

 
Mate choice 
 
Mate choice does not necessarily result in directional selection, or 

selection toward a specific trait. Mate choice is the nonrandom selection of a mate 

for copulation.  The non-random choice is based on one or more traits conveying 

quality of the potential mate.  Mate choice is responsible for selecting and 

maintaining secondary sexual traits and ornamentation such as plumage (Calkins 

& Burley, 2003), tail length (Anderson, 1992), and helping behavior by non-

genetically related males (Putland, 2001).  In Savannah Sparrows, for example, 
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the more a male helped, the more offspring that male sired with other females.  

Directional selection of enough secondary characteristics in concurrence with one 

another can lead to a phenotypically dominant sub-type.  Female rats actively 

choose to mate with and accept more intromissions from dominant, versus 

subordinate males, towards the end of the receptive period increasing the chance 

for fertilization by dominant males (Rolland, MacDonald, de Fraipont, & Berdoy, 

2003). 

Often directional selection results in an optimal range for a trait such as 

ornamentation (Møller, 2003), aggression (Preston et al., 2005), or size (Evans, 

Zane, Francescato, & Pilastro, 2003).  For example, the female stickleback has a 

red spot on her chest which males use as an honest indicator of health.  A dim 

spot may indicate illness and a bright spot may signify over-investment in the spot 

hindering the immune system. In both scenarios, potentially low rates of healthy 

offspring will dissuade males from selecting that female.  Selection for optimal 

redness occurs for both natural red spots and artificial spots painted onto the 

female’s chest (Candolin, 1999).  Finally, selection occasionally results in sexual 

dimorphism as seen in the bearded tits.  Females, but not males, select mates with 

long tails resulting in a tail length as a sexually dimorphic trait (Romero-Pujante, 

Hoi, Blomqvist, & Valera-Hernandez, 2002).  

Aside from selection of a specific trait, traits can be naturally selected for 
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based on their connection to a directly selected trait, either through pleiotropy, 

linkage or disequilibrium (Møller & Alatalo, 1999).  For example, in a species 

where attractiveness is selected for, immune systems increase within that 

population as an indirect benefit.  Finally, selection for indirect benefits can lead 

to sexually antagonistic co-evolution of traits.  Specifically, the selected trait aids 

one member of the copulation and hurts the other.  For example, in humans, hip 

width enables females to birth offspring. However, their width makes her 

incapable of running as fast as a male.  In another case of antagonistic co-

evolution, seductive males have traits beneficial in gaining multiple copulatory 

partners.  These same traits, however, are detrimental to the female who receive 

decreased sperm transfer and little, if any, paternal aid (Kokko, Brooks, Jennions, 

& Morley, 2003). 

 
Female choice  

 Females suffer not only if they mate too often, but also when they fail to 

mate at all.   In many species, promiscuous females die younger than sexually 

reserved females and females who fail to copulate will not sire offspring.  Thus, 

choices must be made toward partners able to maximize each copulatory session.  

Literature on female choice concentrates on direct versus indirect benefits 

received by the female after mate selection (Birkhead, Veiga, & Fletcher, 1995) 
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or the secondary characteristics of the selected male (Lande, 1981).  To say a trait 

is directly selected for assumes the trait is observable, able to be selected, and that 

the trait is the reason for the increase in fitness.   

Multiple arguments exist to explain the selection of male traits, including 

sexy son and good genes hypotheses.  The sexy sons hypothesis states that 

females choose attractive and manipulative males to ensure the same benefit for 

male offspring.  Sexy son results in increased fitness for the male offspring but 

decreased fitness for the female for reasons not completely understood (Pai & 

Yan, 2002). Another direct benefit, though not associated with a sexy son, is the 

receiving of nuptial gifts, or material goods provided to the female from the male 

(Kokko, Brooks, Jennions, & Morley, 2003).  The good genes mechanism 

promotes mating with elder members of the species, based on the idea that males 

able to live longer must have genetically superior traits.  While males choose 

females based on ability to rear the most offspring, females choose based on 

which male is the most fertile, the most rich in resources or able to contribute 

most to parental care.   

 
Male choice 

Male choice was originally believed to be the only choice that occurred 

during the interaction between males and females, especially during copulatory 
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solicitation.  Though not the only participant to make a definitive decision in 

partner selection, males base their decisions on competition risk, female 

availability, and social systems.  Initially, the availability and social status of the 

female play a role in mate choice.  Splendid fairy-wrens are socially monogamous 

and live in groups of 3 alpha and 3 subordinate males.  Dominant males mate with 

the best females, leaving the subordinates to mate with unselected females, 

resulting in decrease fitness for both members of the copulation pair (Tuttle & 

Pruett-Jones, 2004).  Finally, all things being equal, males will rely on physical 

indicators of the female’s health and reproductive history.  For example, male 

Drosophila hibisci will mate longer with mature females to offset the chance for 

sperm voiding.  However, if given a choice, the D. hibisci choose to mate with 

young virgins over older virgins and non-virgins (Elgar, Champion de Crespigny, 

& Ramamurthy, 2003; Polack, Starmer, & Barker, 2002).   

 
Intra-sexual Competition 

Pre-copulatory agonistic interactions between males have more influence 

on reproductive fitness than does post-copulation competition (Andrés, Gachot-

Neveu, & Perret, 2001).  Male-male competition, such as aggressive displays by 

the soay sheep during optimal insemination periods, occurs regularly.  Female-

female competition is less apparent, transpiring to ensure social standing, gain 
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solicitations and provide physical indicators of health.  Characteristically, the 

frequency of intra-sexual competition is based on the perceived risk of sperm 

competition. 

 
Testes size 

Across multiple species, including primates (Anderson & Dixxon, 2002; 

Dixson, 1994), bats (Hosken, 1997) and insects (Balshine, 2001; Eberhart, 1985), 

sperm competition is positively related to testes size (for a review see Pitcher et 

al., 2005).  Larger testes evolve in mating systems where sperm competition is 

greatest, species living in confined quarters, or species that sire multiple offspring.  

When males invest highly in paternal care, especially during the incubation 

process, testes are smaller than counterparts not participating in the process 

(Pitcher et al., 2005).  While participating in the incubation process, males are less 

likely to be engaging in extra-pair copulations or competition of any kind. 

Furthermore, a positive correlation exists for testes weight and extra pair paternity 

(EPP) as seen in the zebra finch with an uncommonly low 4% EPP rates and 

exceptionally small testes (Birkhead & Fletcher, 1995;Tuttle & Pruett-Jones, 

2004).    
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Sperm production 
 

Sperm production is resource, nutrition, time, and energy consuming.   It 

is an ongoing process that occurs prior to and in preparation for copulation.  

Sperm production is independent of copulatory activity due to a death rate of 

nearly 4% of sperm each day.  Ejaculation helps maintain the freshest supply of 

sperm possible (Baker & Bellis, 1993a) by ridding sperm stores of dead and 

potentially less motile sperm.  Sperm production is not without cost (Jones & 

Elgar, 2004; Tuttle & Pruett-Jones, 2004), however, the need for fresh sperm 

outweighs that cost given that paternal success is based on the proportion of live 

sperm in a male’s ejaculate (Garcia-Gonzalez & Simmons, 2005).  

Pre-copulatory techniques such as sperm production and the increased cost 

associated with it, results in selective copulations, especially in the Drosophila 

bifurca. The D. bifurca’s sperm measures 58mm long, longer than the “giant 

sperm” of their cousin, D. melanogaster, and 300 times longer than human sperm 

(Pitnick, Spicer, & Markow, 1995).  Consequently, unlike most males who invest 

little to manufacture many small sperm, bifurca are highly selective in their 

inseminations.  In a strict Catch 22, increased tail length transfers more male 

mitochondrial DNA, however progeny produced per copulation is negatively 

correlated to tail length. Therefore, resources needed for tail production may take 
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away from fertility (Pitnick et al., 1995).  Another consequence of the longer 

sperm is the development of large testes comprising 11% of the bifurca’s body 

weight.  In addition, the length of time it takes to grow the testes results in delay 

of the male’s sexual maturation.  Females must copulate with older males until 

cohort males have matured, thus, younger males must survive longer into 

adulthood in order to ensure offspring.  Finally, males mating frequently will both 

transfer less sperm per female and divert resources from gamete production to 

other energy costing behaviors, such as mate guarding (Warner, Shapiro, 

Marcanato, Petersen, 1995).  The cost of production limits the division of 

available resources both in duration and capacity. 

 
Sperm variation 

 
Multiple species, including humans and insects, produce two or more 

variations of sperm; variance can be based on size, shape, or the ability to 

fertilize. Snails (Oppliger, Hosken, & Ribi, 1998) and butterflies (Cook & Wedell, 

1999) both produce eupyrene and oligopyrene sperm.  These apyrene sperm differ 

from eupryene, or nucleated sperm, in morphology, development and function.  

Only the eupyrene sperm are able fertilize the egg, whereas oligopyrene sperm are 

used to fill the female’s tract, mimicking satiated sperm storage tubules.  

Depending on the risk of sperm competition, the ratio of eupyrene to oligopyrene 
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sperm differs (Cook & Wedell, 1999).  In a male-biased situation, the number of 

oligopyrene is increased and a negative relationship exists between size and 

quantity (Oppliger et al., 1998).   

Normal and abnormal sperm cells are also found across species (Preston et 

al., 2005).  Abnormal cells are nucleated, but incapable of fertilization for reasons 

of morphological deficits.  Infertile humans often transfer a greater proportion of 

abnormal cells during copulation (Barker & Bellis, 1993a). For fertile males, a 

positive correlation exists between the proportion of abnormal sperm transferred 

during an ejaculate and sequence of ejaculate.  Animals able to copulate multiple 

times will transfer mostly abnormal sperm after the 5th ejaculate though they 

continue copulations until satiation (Lewis, 2004).  Rather than cease copulations 

and allow females to mate with other males, the male fills the sperm storage 

tubules with abnormal sperm prohibiting space for another male’s sperm and 

delaying re-copulation by the female. 

 Other varieties of sperm exist and each requires differences in duration of 

production, transport, and function.  Some sperm are lethal to both the female and 

to rival sperm (Birkhead, 1999) and other sperm are more effective at 

displacement than others (Price, Dyer, & Coyne, 1999). Finally, Kamikaze sperm, 

or sperm whose function is to kill rival sperm while killing itself, have received 

mixed reviews in the literature (Moore, Martin & Birkhead, 1999; Snook & 



13

Hosken, 2004).  Sperm can also be designed to coagulate and form a sperm plug 

or to dissolve the plug within seconds of transfer into the female (Dixson, 1994).  

Multiple sperm types promote the division of resources and nutrients necessary to 

diminish wasteful production.   

Overall, pre-copulatory techniques allow a species to maximize their 

chances of winning during sperm competition.  Competition amongst potential 

rivals leads to the development of the most efficient or optimal traits able to aid in 

sperm transport and fertilization. Pre-copulatory techniques are diverse and 

effective, however, comparisons both intra and inter-specifically leave a single 

predictive umbrella factor to be identified. A female may choose the most 

attractive male, but if he has recently copulated, he may transfer increased rates of 

abnormal sperm and decrease reproductive success.  Attractiveness, sperm type 

and even ejaculation quantity fail to indicate which male will sire the most 

offspring better than the single trait of sperm proportions.   Sperm proportions are 

altered on many accounts, but past experience may alter those proportions in 

favor of one male over another.  

 
Copulatory techniques

During copulation, multiple techniques from both the female and male are 
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utilized to both ensure and prohibit fertilization.   During this phase, females must 

remain defensive to solicitations to secure copulation with the best candidate.  

When pre-copulatory techniques such as avoidance and non-cooperation fail to 

deter the male, post-copulatory tactics such as sperm voiding may be performed.  

Females can void sperm to make room for fresh, motile sperm when upcoming 

copulations are signaled (Snook & Hoskins, 2004).  During copulation, females 

are limited in aiding the fertilization process for preferred male outside of timing 

the preferred partner’s copulation to coincide with the optimal insemination 

period.   While females are not incapable of manipulating the outcome of a 

copulatory episode, they are more likely to attempt defensive techniques both 

prior and subsequent to copulation.  

As opposed to the defensive role evoked by the female, males have 

multiple techniques for maximizing fertilization success.  Previously, the Raffle 

paradigm pervaded the fertilization literature, assuming males had equal 

opportunity for fertilization based on randomized sperm placement within the 

female reproductive tract.  New evidence found the Raffle paradigm to be 

incorrect on multiple levels and highlighted variance in reproductive success 

based on biases created by genetics, replenishment rates and sperm allocation 

abilities.  Genetics allow LE rats increased chance of insemination and paternity 

than Fisher 344 males because LE’s are able to copulate more frequently before 
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exhaustion halts copulations.  Consequently, on the offensive, males can utilize 

sperm allocation to maximize the likelihood of fertilization between multiple 

females.   Independent of method, competition during copulation focuses on the 

sperm, their allocation and function.  

 
Selective allocation  
 
Males can select the amount of sperm to transfer to the female in cases 

where mating with multiple females is beneficial or when the risk of sperm 

competition is high (Birkhead & Pizzari, 2002). Selective allocation, noted in 

insects, rodents, birds, fish, and mammals, results in increased sperm output 

without increasing copulation frequency when sperm competition is highly 

probable (delBarco-Trillo & Ferkin, 2004).  The most famous instance of sperm 

allocation, the Coolidge Effect, occurs when males increase sperm transfer to 

novel females after copulation with sexually familiar females.   

Most often, sperm allocation modifies output quantities, thus altering 

paternity models.  Other than the Coolidge Effect, humans alter patterns of sperm 

quantity contingent on the length of pre-ejaculate arousal; increased arousal 

duration results in increased sperm output (Pound, 1999; Pound, Javed, Ruberto, 

Shaikh, & Del Valle, 2002).  Other species alter output based on the social 

standing of the female, the risk from other males, and expectancy of copulation.  
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Similarly, frequently mating males transfer less sperm per female and divert 

resources from gamete production to other energy costing behaviors, such as mate 

guarding (Warner, Shapiro, Marcanato, & Petersen, 1995).  Again, sperm 

competition and other selective forces result in deviation from characteristic 

sperm transfer. 

Allocation occurs not only through variance in sperm quantity, but also 

through variation of sperm content.  Members of the order lepidoptera , including 

butterflies, have two types of sperm, apyrene and eupyrene.  Apyrene sperm 

constitutes between 50 – 90% of sperm and are unable of fertilizing an egg due to 

the lack of nucleated material.  Another reason to conserve eupyrene sperm is 

their sensitive to factors such as rival sperm, pH and storage length (Friedlander, 

1997).  Therefore, when the male has access to multiple females, the percentage 

of apyrene sperm transferred to the female is increased.  Females, unable to detect 

the difference between the sperm types inside satiated sperm storage tubules are 

less likely to mate with other males.  A second motivation for the increase in 

apyrene sperm is the decreased cost of production.  Especially necessary if the 

male is engaged in multiple matings, the increased transfer of low cost sperm 

conserves the nucleated sperm across more females.  Moreover, males transfer 

less eupyrene sperm to females who have engaged in multiple matings.  

Males will both select females and allocate time and/or sperm 
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differentially based on the risk of sperm competition.  Males have multiple means 

for detecting recent copulatory activity of a potential mate, thereby assessing risk 

potential.  Direct means, such as the detection of sperm or sperm plugs within the 

female gives immediate feedback about the risk of competition.  More indirect 

means, however, occur prior to copulation based on observation and assessment 

of proximity of rivals within the breeding area.  Finally, chemical communication, 

urine and other secretions alert males to the presence of rivals (delBarco-Tillo & 

Ferkin, 2004).  

Changes in behavior include increased sperm released per copulation 

(delBarco-Tillo & Ferkin, 2004) or the transferring of small, but less effective, 

sperm (Nicholls, Burke, & Birkhead, 2001; Oppliger, Hosken, Ribi; Stockley, & 

Preston, 2004). As illustrated by ‘stud’ bulls in husbandry facilities, decreased 

latencies to ejaculate and increased sperm transport occur when other males are 

present (Pound, 2002).  In humans, men become aroused quicker by watching 

polyandrous pornographic videos than polygynous pornography  (Pound, 2002), 

suggesting the need for quicker arousal when the chance of competition is 

imminent.  The relationship between the observer and the observed, however, 

plays a significant role in allocation and behavioral changes.  If the observing 

males are related to the copulating male, behavior is not altered as significantly as 

when the observers are strangers (Parker, 2000).  



18

For females, consequences exist for being a recipient of either allocated 

sperm or multiple inseminations by the same male.  Both transfers lead to 

decreased fertilization rates for the female.  Allocated sperm decreases 

fertilization rates due to increased proportion of abnormal or un-nucleated sperm.  

Similarly, multiple inseminations from the same male result in both decreased 

sperm transfer and opportunity to mate with other males.   Assuming any female 

copulating with multiple males provides less chance of paternity to any one male, 

males will decrease their energy, time and sperm expenditure for that female.    

 
Displacement & Incapacitation 

During displacement, a subsequent male removes sperm from an initial 

male (Price, Dyer, & Coyne, 1999).  This is different than incapacitation, which is 

the killing or hindering of rival sperm.  There is intra-specific variation in the 

ability to displace sperm.  Some species of Drosophila achieve complete 

displacement while others have minimal skills.  A factor of 10 may separate the 

highest displacing males from the lowest (Clark, 2002).  Consequently, males 

with higher displacement rates sire more offspring and have mates less likely to 

copulate with other males (LaMunyon & Ward, 1999).    Finally, self-

displacement can occur if intromissions continue after ejaculation, especially in 

humans (Coria-Avila et al., 2004).  The ‘suction-pump’ during intromissions is 
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inhibitory to sperm transportation.  The hyper-sensitivity and refractory periods 

that cease copulation in most species prohibit self-cuckoldry from occurring.  

Though the outcome of incapacitation is similar to displacement, 

incapacitation results in death of rival sperm.  Incapacitation might occur through 

Acps, unidentified seminal fluid peptides or accessory gland products (Birkhead 

& Pizzari, 2002; Pizzari, 2002;).  Procedural understanding of Acps is poor, 

thought they are believed to decrease a female’s receptivity.  Incapacitation can 

only occur for sperm stored longer than 2 days, prohibiting males from self-

inactivating (Birkhead, 2002).  Together, incapacitation and displacement provide 

alternative means to quantitative allocation differentials; thus males have yet 

another means to enhance their success during sperm competition.  

 

Last Male Precedence 
 
Another competition technique used during copulation is Last Male 

Precedence (LMP) in which the last male in a series to mate with the same female 

sires the most offspring.  For the promiscuous fruit fly, D. melanogaster, and 

other insects and invertebrates, the last male typically sires up to 80% of the 

offspring (Birkhead, 1999; Snook & Hosken, 2004;).  Last Male Precedence is 

explained in two non-competing theories, both based on the notion of proportions 

of sperm inside the sperm storage tubules either through displacement or sperm 
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death.  The first theory states that copulations separated by short delays result in 

displacement of the first male’s sperm; thereby the greater proportion of sperm 

available for subsequent fertilization is that of the second male.  Studies of LMP 

typically investigate the rates of paternity when females mate with only two 

males.  When a third male was added to the series, the last male continued to sire 

the most offspring when the interval between each male was minimal.  Though 

negligible delays do not allow exponential sperm death, they do allow 

displacement to occur and for the last male to puncture/remove the sperm plug 

placed by preceding males (Drenevich, 2003).  

The second theory accounts for delays by assuming exponential sperm 

death for the initial male creates a proportion advantage for the second male 

(Drnevich, 2003; Snook & Hosken, 2004).  Seemingly straightforward, the reason 

for the last male precedence when a delay is imposed is different for birds and 

mammals (Birkhead & Pizzari, 2002).  In birds, sperm is retained over longer 

periods of time, with insemination independent of ovulation and fertilization.  The 

male with the greatest proportion of sperm at each fertilization window will sire 

the most offspring. Greater intervals between males, result in greater sperm 

differentials and paternity rates for the last male (Birkhead, 1999).  For each hour 

the sperm is in the tract, there is a loss rate of .026+ .007 h-1.  Therefore, temporal 

delays result in routine Last Male Precedence for insects and birds.   
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In mammals, however, a combination of ovulation, sperm capacity and 

timing of insemination determine paternity (Coria-Avila et al., 2002; 

Schwagmeyer & Parker, 1990).  In fact, temporal delays between males increase 

the typical 75% paternity rate for the first, not second, male.  Only if the second 

male copulates for extended periods of time, does paternity result in LMP. 

Extended copulations are theorized to displace the sperm or plug placed by the 

initial male.  When a sperm plug is removed, contractions are less likely to occur, 

decreasing the chance of fertilization for the initial male. The difference in 

temporal delays between species, and last male precedence as a whole, provides 

evidence that a common unidentified factor lead to intra-specific, though not 

extra-specific, co-evolution of morphology and physiology. 

 
Repeated Mating 

A final competition technique used by males during copulation is to 

copulate repeatedly, either with the same female or with multiple females (Lewis, 

2004). Consequences for repeat matings are equally beneficial and harmful, 

dependant on purpose.  A male providing repeated copulations to the same female 

renders her unable to copulate with another male during that time and increases 

his reproductive fitness (Warner, Shapiro, Marcanato, & Petersen, 1995).  

Through repeat copulations, the male transfers slightly more sperm than if given a 
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single copulation.  For example, male beetles increase fertilization rates from 62% 

to 76% when copulations are repeated (Lewis, 2004).    

Unlike the male, the female gains negligibly by re-mating with the same 

male due to sperm depletion (Warner et al., 1995).  Males provided two model 

females transfer significantly less sperm to the second model independent of 

temporal delays up to an hour (Birkhead & Fletcher, 1995).  To quantify, the 

zebra finch transfers about 8 µl of sperm during the initial copulation and a mere 

1.5 µl during the subsequent copulation.  Quantity is not the only variable altered 

during repeat copulations (Ambriz, 2002); for example, the velocity of sperm 

decreases by half for second ejaculates (Colegrave, Birkhead, & Lessells, 1995).    

While repeated copulations are eventually obstructive for most males and 

their partners due to depletion, other males benefit from this promiscuous 

behavior.  For some, commencement of breeding season signifies the selection of 

a mate for dominant males. As the season and copulations continue, depletion 

rates progressively decrease reproductive success for dominant males, allowing 

subordinate males to progressively increase success through extra-pair 

copulations (Birkhead & Pizzari, 2002).  This process allows conservation of less 

attractive and impaired traits that would otherwise be selected against.   

Females also gain during multiple copulations when each copulation is 

with a different male. When the female’s subsequent copulation is with a second 
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male, as occurs during extra-pair copulations, the second male sires up to 50% of 

the offspring.  This increase in paternity for the second male is based both on 

temporal delays between the males and increased sperm output from the second, 

or ‘rested’, male (Colegrave, Birkhead, & Lessells, 1995).   When copulations are 

with the same male, especially within a short period of time, re-mating is 

detrimental to both the sperm stores of the male and the fertilization success of the 

female.   

Similar to pre-copulatory techniques, sperm competition techniques used 

during the copulatory episode differ between species and mating system.   

Selective allocation of multiple sperm types or engaging in repeat copulations 

may predict paternity for promiscuous species where the risk of sperm 

competition is high, but remain useless in predicting paternity for monogamous 

species.  Similarly, a successful technique utilized by the avian species may fail to 

be either predictive or successful for a mammal. Again a single variable incurring 

predictive value during sperm competition has failed to be identified across 

species and taxa.  

Post-copulatory techniques 

After copulation terminates, sexual selection and sperm competition 

continues as males attempt to decrease the risk of competition and females 
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attempt to bias fertilization.  During post-copulatory competition, males work to 

reduce access of rival males to the female, and more pointedly, her ova (Birkhead 

& Pizzari, 2002).  They can reduce this access through decreased latencies to 

ejaculate again, mate guarding, or insertion of a sperm plug.  The female, on the 

other hand, can bias sperm competition by seeking out alternative males, timing 

copulations, or through cryptic choice.  Each member of the copulation pair has a 

vested interest in the outcome of the copulation, and that interest is maintained 

passed ejaculation.  

 
Replenishment rates 
 
Decreased latencies to replenish sperm supplies allow copulations to 

continue at optimal performance following refractory periods.   Mating before this 

period compromises success by transferring low quantities of sperm and increased 

ratios of abnormal to normal sperm cells (Jones & Elgar, 2004).  Replenishment 

rates vary vastly between species, but intra-specific variation is much lower.   

However, a slight difference within a species is often enough to bias paternity 

rates. This leads to directed selection for shorter replenishment latencies. 

Not surprisingly, the rate of replenishment is correlated to both mating 

system and testes size.  The more promiscuous a species, the more sperm is stored 

and ejaculated by the male.  Similarly, replenishment rates are quicker allowing 
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fierce competition during subsequent rounds of sperm competition.  The white 

winged wrens are socially monogamous but participate frequently in extra-pair 

copulations (Tuttle & Pruet-Jones, 2004).  White winged wrens store 

extraordinarily high quantities of sperm in their glomera (about 8 billion), all of 

which are transferred in one or two ejaculations.  Replenishment begins quickly, 

usually within 30 minutes, and is completed within 12 hours at a rate of 570 – 610 

per gram of testes/day. For comparison, the zebra finch has small testes, low rates 

of extra-pair copulations, and takes 4 – 5 days at a rate of 35 X106. per gram of 

testes/day to replenish.  In contrast, mammals, which are often monogamous and 

participate in relatively fewer copulations than most insect or avian taxonomies, 

are theorized to produce about 23 – 25 X106 per gram of testes/day (Tuttle & 

Pruett-Jones, 2004).    Typically, the ability to re-mate quickly increases 

reproductive success over those males slower to replenish.   

 
Mate guarding 
 
A second method of post-copulation competition prevents cuckoldry by 

limiting access to the female (Dickinson & Leonard, 1996; Møller, 1987).  Males 

will invest great energy in averting cuckoldry when the cost of guarding is less 

than the cost of raising extra-pair offspring.  Elasticity of this cost-benefit analysis 

is modified in species with increased paternal investment (Møller, Uppsala, & 
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Birkhead, 1991).  During mate guarding, males remain in close proximity to the 

female during peak receptive periods and participate in aggressive bouts with 

males attempting copulations (Preston et al., 2005).  When unsuccessful in 

stopping extra pair copulations, the guarding male can force a second copulation 

with the female in attempt to displace or dilute sperm from the previous male. 

During the guarded period, females are less able to copulate with other males; 

however, they are also harassed less by rival males and have more resources 

available to them.  Of course, extra-pair copulations are available should the 

female choose to sneak away.   

 Displays of mate guarding are most likely within monogamous mating 

systems, species with high paternal investment and communal social systems 

(Dickinson & Leonard, 1996).  In many species, including humans (Flinn, 1988) 

and birds (Møller, 1987), detection of offspring from rival males is negligible 

when foreign offspring substitute for their own.  Males, therefore, assume 

offspring in their own nest are genetically related and immediately invest energy 

and resources into those offspring (Dickinson & Leonard, 1996).  Males do not 

guard based on the resources the females are able to provide. Instead, guarding, 

seems to be exclusive to increasing reproductive success of one male over others 

(Flinn, 1988).  In fact, the duration of guarding varies based on the female’s 

likelihood of giving birth.  For example, soay sheep often die during the winter 
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months just prior to giving birth in early spring.  Males guard large females longer 

than small females assuming they are more likely to survive the winter freeze 

(Preston et al., 2005). 

 
Sperm Plug: function 
 
Another post-copulatory technique, sperm plugs, has been studied in 

multiple species, including 40 species of primates, insects, mosquitoes, rodents, 

and flies (Anderson, 2002; Eberhard, 1985).  Plugs have three functions: prohibit 

rival sperm from entering sperm storage tubules, retain sperm within the tubules, 

and promote utero-vaginal contractions.  Generally, after copulation, a firm 

gelatinous plug expands within the reproductive tract inhibiting the passing of 

rival sperm to the ova or perm storage tubules.  Sperm unable to reach the tubules 

are not stored and die within the tract.  A positive correlation exists between the 

sperm plug’s weight and the amount of sperm reaching the uterus (Coria-Avila et 

al., 2004).  Male chimpanzees illustrate the second reason for the sperm plug; 

placing the plug as close to the os cervix as possible maintains sperm at the site of 

fertilization (Dixson, 1994).  Most plugs increase the latency between copulations 

and prevent sperm from a closely mating second male ascend the reproductive 

tract.   Finally, though not typical, the visual detection of a plug prior to 

copulation is enough to deter rival males from copulating (Polak, Starmer, & 
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Barker, 2002). 

From the female’s perspective, little is gained from the plug and mature 

female Drosophila hibiscis expel their plug within 24 hours, whereas immature 

females wait 4 days for the plug to fall out or dissolve (Polak, Starmer, & Barker, 

2002).  Slight benefits are afforded the female when the plug is able to mimic the 

effect of the male’s penis. During copulation, utero-vaginal reflexes and 

contractions are the result of vaginal stimulation and distension provided by the 

male.  After the male ejaculates, the plug maintains distention and induces 

contractions needed for sperm transport (Coria-Avila et al., 2004). These 

contractions result in a ‘suck-pump’ effect, drawing sperm up the reproductive 

tract towards the ova (Kirkman-Brown, Sutton, & Florman, 2003).   

 
Sperm plug: composition 

The plug can be composed of sperm cells or a piece of the male’s anatomy.  

After a suicide copulatory episode, Apis mellifera honeybees leave the tip of their 

abdomen inside the female after it has exploded to prohibit future copulations. 

Subsequent males must remove the abdomen before inserting their own genitalia 

(Eberhard, 1985).  Similarly, male mosquitoes and flies leave a plug, rendering 

the female unable to copulate for the rest of her life (Eberhard, 1985).  Typically, 

however, sperm plugs, are manufactured by components within the semen.  Initial 
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components of semen trek up the tract in search of the egg, while latter portions 

coagulate to form a plug before liquefying 15 – 30 minutes later (Gallup, Jr. et al., 

2003).   Most plugs liquefy or eventually fall out of the female, but plugs can also 

be removed by subsequent males or diluted by vaginal secretions from the female.   

Reproductive success is a function of the plug and the properties of 

coagulation.  Decreased latencies for sperm to coagulate are positively related to 

reproductive success, as viscous and coagulated sperm are difficult for rival males 

to penetrate or remove.  Akin to factors associated to sperm morphology and 

ejaculate size, coagulation latencies are decreased in the more polygamous 

species.  Coagulation is also effected by copulation frequency.  In humans, males 

who had not copulated in more than two days had shorter latencies before sperm 

liquefied.  In addition, males who ejaculate frequently, typically a predictor of 

sperm competition risk, have decreased coagulation latencies (Gallup, Jr. et al., 

2003).  Again, protective measures are imperative when sperm competition is 

likely to occur, and the sperm plug is one method of insurance against cuckoldry.  

 

Female cryptic choice 
 

A third form of post-copulation competition, female cryptic choice, occurs 

when females influence fertilization while sperm are within the reproductive tract 

(Birkhead et al., 2004).  Cryptic choice transpires when mate choice is costly or 
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when the choice in males is based on both phenotype and genotype (Eberhard, 

1996).  Either way, the cryptic choice can result in either directional or non-

directional selection (Birkhead & Pizzari, 2002).  Directional selection of sperm 

occurs when chosen sperm is the same as the phenotypic traits of the chosen male.  

The result is the transfer of attractive alleles to offspring, thereby increasing 

fitness.  This process is known as sexy sons. In non-directional selection, females 

choose sperm based solely on genotype, independent of phenotype.  The chance 

of any particular trait being selected for is unlikely (Birkhead & Pizzari, 2002).   

Due to the subtle nature of the phenomena, direct cryptic choice is 

difficult to study.  Because of this, sperm selection was once thought to be 

manifest through unidentified ‘special mechanisms’.  Evidence for cryptic 

selection is available, though not robust (Birkhead & Pizzari, 2002, Eberhard, 

1996).  The comb jelly, Beroe ovata, provides some of the most direct evidence of 

cryptic choice.  Two sperm penetrate the egg of B. ovata, both of which are 

examined by the female’s pronucleus until it selects one with which to fuse.       

The ability for a female to manipulate the reproductive fitness of her 

partner while his sperm are within the reproductive tract is unconvincing to some.  

Alternative explanations for cryptic choice include sperm proportions, death and 

displacement (Colegrave, Birkhead, & Lessells, 1995).  Sperm death of one male 

leads to increased rates of fitness for the remaining male and those with the best 
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sperm are the same males likely to be selected for during mate selection.  While 

evidence is lacking both for the facilitative and prohibitive ability of the female to 

bias sperm, Eberhard (1985) provided evidence for the co-evolution of cryptic 

choice with female physiology.  Many others have illustrated the role of evolution 

in, not only cryptic choice, but also in mating systems and sperm competition.   

They key to a universal predictor may be found within the evolved structures of 

both the female and male reproductive physiology.  

 

The Role of Evolution   
 

Reproductive success is the result of co-evolved traits, both behavioral and 

physiological, synergistically maximizing the probability of fertilization. 

Specifically, reproductive success depends on traits enabling a species to interact, 

copulate, and rear young to maturation.  Over generations, these traits become 

standard within a species and are maintained by significance of function.  Though 

a solitary dynamic has yet to be acknowledged by the scientific community as a 

whole, numerous researchers agree that both female anatomy and sperm 

competition serve as the impetus for adaptation and change (Ball & Parker, 2003; 

Birkhead & Hunter, 1990; Clark, 2002; Eberhard, 1985). 

 Essential to a species’ likelihood of fertilization are the properties of 
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sperm competition. Sperm competition arises when sperm from rival males 

compete to fertilize the ova of a single female during a single reproductive cycle 

(Birkhead & Møller, 1992).  Sperm competition begins prior to copulation during 

mate selection and continues after the termination of the copulatory episode.  

During copulation, males attempt to optimize the quantity of sperm transferred to 

the female. Optimization can occur by increasing sperm output when risk is 

greatest or when the female is of highest quality, or by decreasing output to a 

single female when allocation between multiple females is beneficial.  In the 

event of sperm competition, biasing sperm output alters the proportion of sperm 

in the female’s reproductive tract, maximizing reproductive advantage.   As 

previously noted within each mating system, the perceived risk of sperm 

competition drives selection for behaviors and physiology.  

Sperm competition is prevalent in many species and taxa including 

insects, mammals, and avian species (Birkhead & Møller, 1992; Eberhard, 1996). 

Specifically, LaMunyon showed that butterflies and nematodes have competitive 

sperm types, Birkhead (1999) illustrated variations in sperm length and 

morphology in Drosophila, and Preston (2004) and colleagues demonstrated 

differences in sperm allocation with regard to mating systems in sheep.  Original 

investigations of sperm competition focused on traits of sperm quality and 

morphology that increase reproductive fitness, or the number of offspring sired by 
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a particular male.  Investigation then turned to physical traits of the male and, 

finally, cryptic female choice was examined.  Sperm competition as a 

consequence of anatomy and behavior, including Pavlovian conditioning, 

however, has only recently garnered attention as a possible key element involved 

in reproductive fitness (Kokko, Brooks, Jennions, & Morley, 2003; Møller, 1992). 

 

Co-evolution of physiology

Both internal and external genitalia vary greatly across species due to 

heterogeneous selection occurring both intra- and inter-sexually.  Female choice 

and internal fertilization are two of the selective forces in morphological 

differentiation (Eberhard, 1985).  Some argue that “internal courtship” between 

intra-specific reproductive organs prohibit extra-specific copulations from 

occurring and being successful.  Consequently, species undergoing external 

fertilization have more uniform reproductive structures (Eberhard, 1996).  Sexual 

organs are often a visual means to convey receptivity information to putative 

mates. In primates, for example, a female’s sexual skin will swell differentially 

relative to her menstrual cycle (Dixson & Mundy, 1994).  Therefore, males able 

to associate fertility with swollen skin are more likely to copulate at the most 

opportune time, thereby increasing reproductive success.  Both males and females 
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have evolved mechanisms to communicate reproductive information to potential 

partners. In conjunction with sex-specific changes, co-evolution of traits for the 

opposite sex must occur to maintain compatibility within a species.  

 
Evolved mechanisms: Female  

Female sexual behavior has been largely ignored until the last 10 years of 

research.  Instead, males were assumed to initiate copulation and select partners 

while females were passive participants.  Observation of the Shiner perch, 

however, led to a greater understanding of the behavioral and internal interplay 

between males and females (Shaw & Darling, 1985).  Female shiner perch lay 

eggs in the summer months.  Males, however, are only able to copulate in the 

winter.  To settle this conundrum, females copulate with males during the winter 

and provide nutrients to the sperm until summer when the sperm can fertilize the 

eggs. This observation served as the precursor to discoveries such as cryptic 

choice (Eberhard, 1985; Eberhard, 1996), copulation efficiency (Mahometa  & 

Domjan, 2005), and female pacing behaviors (Rolland, MacDonald, de Fraipont, 

& Berdoy, 2003).  

Evidence for co-evolution is found within the reproductive tract of many 

female mammals, reptiles, insects, and birds (Eberhard, 1996; Simmons & 

Kotiaho, 2002).   Located just inside the utero-vaginal junction are folds of lumen 
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able to store sperm called sperm storage tubules (SSTs).  Similar to the Shiner 

perch’s ability to retain sperm, SSTs store sperm until needed for fertilization.  

The length of storage varies greatly, even within a single species.  For example, 

avian sperm can be stored for periods ranging from 6 days in the ringdove to 72 

days in the turkey.  Co-evolution is evident by the positive correlation between 

the duration of sperm storage and length of the SSTs (Shugart, 1988).  In addition, 

the length of sperm storage is correlated with the size of the sperm, quantity of 

sperm in each ejaculate, and the frequency of copulation opportunities of the 

species.  

Competition within the female reproductive tract leads to changes in male 

traits (Miller & Pitnick, 2002), and the size and shape of the female’s 

reproductive tract facilitates the changes.  For example, males with short-tailed 

sperm compete equally with long-tail sperm if the female’s SSTs are short. 

However, when the SSTs are long, long-tailed sperm have an advantage, 

indicating that sperm length evolved as SST length got longer.  Again, male and 

female physiology must co-evolve to maintain compatibility within a species.   

 
Sperm Storage Tubules 
 
Often, sperm competition assumes that sperm of the highest quality or 

with the longest tail will traverse the oviduct quickest, reaching the infundibulum 
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and egg first (Gomendio & Rolden, 1991).  Typically, in avian species, an egg 

requires about 24 hours for development to transpire as it moves down the 

reproductive tract toward the uterus and cloaca.  After an egg is laid, the 

reproductive tract is unobstructed for 18 min before the first layer of calcification 

envelops the ova leaving it impenetrable to sperm.  Sperm enter the cloaca and, 

uninhibited, require 15 minutes to travel to the site of fertilization at the 

infundibulum.  Due to the 18 min fertilization window and 15 min traversing 

time, a male and female would have to interact and copulate within the specified 3 

minutes; this narrow window almost guarantees fertilization will not occur in an 

absolute ‘survival of the fittest’ manner (see Figure 1). 
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Figure 1.  Reproductive tract of a female Japanese quail, including time 

spend by the egg within each structure.  
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To ensure propagation of the species and fecundity, avian anatomy, for 

example, circumvents brief fertilization windows by storing viable sperm within 

sperm storage tubules (SSTs). Folds of lumen located just inside the cloaca at the 

utero-vaginal junction (Shugart, 1988), SSTs are found in various species (lizards 

- Conner & Crews, 1980; Beetles – Drnevich, 2002; birds – Shugart, 1988), and 

each has an optimal storage length and capacity.  The range of sperm storage is 

immense across species, including a short 6 days in the ring dove to 72 days in 

turkeys and a great 200 days in bats (Hoskens, 1997) depending on the size of the 

species, length of SSTs, size and quantity of sperm, and frequency of copulation 

opportunities (Bobr, Lorenz, & Ogasawara,1964).  For example, the Japanese 

quail has over 3,000 unbranched tubules located within 36 folds of lumen, with a 

storage capacity of approximately 150,000 sperm for 6.3 days.  The SSTs are 

relatively shallow due, evolutionarily, to their opportunity for frequent copulation 

with multiple partners (Birkhead & Møller, 1992).   

Sperm enter and are stored in random orientation within the tubules, not 

stratified or layered based on order of insemination (Price, Dyer, & Coyne, 1999). 

Stored sperm diffuse out of the tubules randomly, and fertilization rates are 

therefore proportionate to the amount of sperm available at each fertilization 

window. Though the removal of sperm from the SSTs is random, the order in 

which males copulate with the female is directly related to the chance that the 
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male will have his sperm stored.  For females with shallow SSTs, a single 

copulation will nearly satiate the tubules.  A second copulation completes 

satiation and prevents rivals from storing sperm (Lewis, 2004).   

Independent of when competition occurs, techniques have evolved to bias 

the outcome of reproductive fitness.  Before any physical interaction between 

males and females, organisms have acquired means to circumvent barriers by 

increasing aggressiveness, increasing testes size, and evolving morphological 

traits optimizing selectivity from the opposite sex.  During copulation, selection 

occurs due to the proportion of sperm within the female’s reproductive tract.  

These proportions vary based on maturity, prior ejaculations, temporal delays, and 

order of copulations.  Following copulation, competition maintains selection for 

the ability to repeat copulations quickly, replenish sperm production faster, and 

prevent access to your partner to ensure paternity.  Sperm competition is the 

competition between sperm to inseminate the ova of a single female; this 

competition, however, is only able to occur because of the ability of the female to 

store sperm from multiple males.  The competition begins before sperm are 

released from the body and continues days after sperm have been released, but is 

still based on the proportion of sperm found within the sperm storage tubules at 

each fertilization window.  
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Evolved mechanisms: Male 
 

Sperm traits responsible for reproductive success are numerous, including 

sperm length, size, shape, and overall morphology.  In mammals, ejaculate 

volume, sperm quantity, and the proportion of normal sperm are positively related 

to the probability of fertilization (Ramm, Parker, & Stockley, 2005).  Length of 

sperm has been correlated with the site of fertilization, with shorter sperm found 

in internally fertilizing species and longer sperm found if fertilization occurs 

outside the body (Balshine, Leach, Neat, Werner, & Montgomerie, 2001).   

In addition to the length of sperm, the location of sperm deposit is 

important.  The closer to the egg that sperm are deposited, the more likely 

fertilization is.  For example, male and female Chelymorpha alternans (tortoise 

beetles) have co-evolved organs for optimal reproduction, including a longer 

penis to enable navigation inside deep spermacathecal ducts (Birkhead & Pizzari, 

2002). The chimpanzee has selected for increased penile length to maximize 

intromission depth (Dixson, 1994), as has the only avian family, Anatidae, to 

develop an intromittent organ (Coker et al., 2002; Winterbottom, Burke, & 

Birkhead, 2001).  Simultaneous evolution of sex-specific traits requires a common 

mechanism, such as female physiology, to direct selection (Møller, 1991).   

Not only have existing features undergone modification, but novel 

mechanisms have been developed, including the sperm plug.  Briefly, males of 
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most species do not transport sperm directly onto the egg. Instead, sperm are 

retrained in sperm storage tubules until they trek the reproductive tube en route to 

the infundibulum for fertilization (Birkhead & Møller, 1992).  Vaginal 

contractions, typically caused by vaginal stimulation, aid in sperm transport from 

the SSTs up the tract to the fallopian tubes (Eberhard, 1985). To ensure sperm 

retention and prevent ejection by the female, males often leave a plug (Polak, 

Starmer, & Barker, 2002).  The sperm plug has evolved to not only aid in sperm 

retention, but to also facilitate contractions by keeping the vaginal canal 

expanded. In fact, female contractions are more important than sperm motility for 

positioning of the sperm within the tract (Møller, 1991).  Plugs, penis length, and 

sperm size evolved based on the reproductive tract of each species allowing 

internal compatibility and ensuring reproductive success for the most compatible 

males.  

 
Human Sperm Competition 

 
Sperm competition is not just a factor in non-human species.  Human 

females are also able to store sperm for brief periods of time, though techniques 

used in human sperm competition are mostly pre-copulatory.  Considered a 

monogamous species, humans have evolved mechanisms to circumvent sperm 
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competition, both behavioral and physiological.  Humans have also developed 

psychological mechanisms to aid in the detection of sperm competition, again 

involving a pre-copulatory method.  

Human males have evolved mechanisms to detect infidelity and the means 

to circumvent such actions.  Behavioral and psychological changes arise at the 

suspicion of sperm competition.  Behaviorally, males may engage in abuse, 

divorce, and rape either before or after the female is found to be pregnant 

(Shackelford et al., 2003).   Sexual behaviors also change akin to those found in 

other mammalian and rodent species. Sexually, males will ejaculate more sperm 

during intercourse the longer their partners have been absent, independent of 

length since last copulation.  Psychologically, the more time a male spends away 

from the female, the higher he rates her attractiveness and how attractive other 

men think she is, independent of relationship satisfaction (Shackelford et al., 

2002).  Each measure indicates that the longer the male-female pair are separated, 

the greater chance of sperm competition for the original male.   

 
Evolution: male 

Genital evolution, the result of sexual selection, occurs in multiple species 

including insects, birds and humans. Like other mammals, humans have evolved 

anatomical and physiological features to ensure paternity despite potential extra 
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pair matings (Gallup Jr. et al., 2003).  The length and width of the human penis, 

along with the enlargement of the posterior glans is unique to the species, greatly 

dissimilar from the chimp.  The glans possibly evolved to remove foreign sperm 

via thrusting quickly and deeply into the female’s vagina.  Circumcision reduces 

the shaft just posterior to the coronal ridge, making it more pronounced, enabling 

the removal of more sperm during the suctioning process (Gallup Jr. et al., 2003).  

The use of artificial vaginas and penises has shown that deeper and quicker 

thrusting in combination with the coronal ridge, results in greater amounts of 

sperm being removed from the female.  This is consistent with the surveys 

showing men thrust deeper and faster after extended separation from their 

partners.  

Just as thrusting can remove rival sperm, thrusting past ejaculation enables 

removal of one’s own sperm.  Evolved mechanisms to protect against this include 

hypersensitivity of the penis post-ejaculation, loss of erection following 

ejaculation and finally, a refractory period prohibiting subsequent ejaculation.  

Human refractory periods range from 30 min to 24 hours depending on age and 

health of the male. Interestingly, one measure of the Coolidge Effect is a decrease 

in the refractory period that accompanies the ability to mate with a sexually 

unfamiliar female. In the presence of a different female, the male cannot undergo 

self-semen displacement and therefore a quicker recovery of function aids in the 
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ability to inseminate a second female (Gallup, Jr. et al., 2003) and continue 

competing for paternity. 

 
Ejaculates 

Human ejaculates are structured to convey paternal success.  Initial drops 

of semen aid in transport and provide protection from rival semen. At the end of 

an ejaculate, spermicidal semen forms a protective layer over the transferred 

sperm (Gallup, Jr., 2003).  The duration to ejaculation can also affect paternal 

success.  In humans, the duration from insertion to ejaculation ranges from 2 

minutes to 1 hour, with a mean of 8 minutes (Michael, Gagnon, Laumann, & 

Kolata, 1994 in Gallup, Jr. et al., 2003).  Premature ejaculation is characterized by 

latencies closer to 1.1 second (Gallup, Jr. et al., 2003).   Masters and Johnston 

said premature ejaculation was the result of conditioning; males, whose first 

sexual experience was rushed for fear of discovery or the female’s pain, were 

conditioned to ejaculate quickly.   

The chance for premature ejaculation increases for all males after 

extended stretches between copulations.  Premature ejaculation may be 

evolutionarily adaptive for multiple reasons.  With regard to sperm competition, 

increased duration without copulation signifies a decreased chance of engaging in 

sperm competition and the need to quickly participate.   Also, longer bouts of 
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copulation lead to increased chance of predation, detection, or the female’s 

decision to stop the copulation.  Other research suggests, however, that longer 

copulations increase the chance of the female having an orgasm, thereby 

increasing sperm retention and transport toward the ova. 

Copulations are not the only cause of ejaculation.  Self-release of sperm 

through masturbation, though seemingly wasteful, is beneficial (Barker & Bellis, 

1993a).  Masturbation during long periods of abstinence ensures young and 

healthy sperm for future copulations.  Ejaculates containing stored sperm have 

decreased motility and increased rates of abnormal cells.  Therefore, masturbation 

allows males to be prepared to engage in sperm competition with the most 

optimal sperm available. 

 Finally, sperm viscosity in humans varies, just as in primates and rodents.  

In humans, failure to copulate for two days decreases latencies for sperm to 

liquefy after forming a viscous plug.  Conversely, males ejaculating regularly 

have increased duration of coagulation because more frequent copulations 

indicate a risk of sperm competition.  As the risk of competition increases, so do 

protective measures (Gallup Jr. et al., 2003)   

Heteroparity 

Heteroparity, or heteropaternal superfecundation, occurs when a set of 
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fraternal twins are the offspring of different fathers.  If a female copulates with 

more than one male within a very short time, there is a chance than each male can 

father a child (Gallup Jr. et al., 2003).  Not only can a woman have children by 

different fathers, but she can also bare the child of someone with whom she has 

never had sexual intercourse.  In this scenario of fertilization by proxy, Male A 

and Female A have intercourse directly after Female A has sex with Male B.  

Hypothetically, Male A could remove the sperm of Male B with his coronal ridge, 

then proceed to immediately copulate with Female C. Inside of female C, sperm 

from Male B could be transferred, inseminating her with sperm from a male with 

whom she has never had a sexual encounter.  Unlikely due to hygienic tendencies 

of humans, fertilization by proxy, or self-cuckoldry, is mostly noted in insects.  In 

cases of sexual rituals such as orgies, however, this scenario would be possible 

(Gallup Jr. et al., 2003).   

Males have evolved multiple mechanisms to increase their chance of 

paternity during sperm competition.  From differences in ejaculation latencies to 

variance in sperm consistencies, paternity rates for humans can be biased similar 

to other species.  A single factor, behavioral or psychological, has yet to be 

detected as the universal winning variable in sperm competition.  Just has males 

have evolved mechanisms, so have females developed methods for biasing the 

outcome of multiple copulations.  
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Evolution: female 

The evolution of bi-pedalism may have lead to instances of nocturnal 

copulations and post-copulatory cuddling to refrain the female from vertical 

positioning after copulation. Sperm retention is poor when females stand due to 

the perpendicular nature of the reproductive tract.  For human females, remaining 

in a vertical position aids in sperm migration and initial placement within the tract 

(Gallup Jr. et al., 2003). Typically, females will void up to 35% (up to 3ml) of the 

ejaculate within 30 minutes of the copulation. If she fails to stay in a horizontal 

position, however, she increases this percentage and decreases the chance for 

fertilization (Baker & Bellis, 1993b).   

Orgasm 
 

Female orgasms are hypothesized to work in one of two manners: Poleaxe 

hypothesis states that orgasms induce fatigue and sleep keeps females in the 

horizontal position.  The second theory is the “up-suck” hypothesis.  According to 

this hypothesis, the female orgasm sucks sperm further into the cervix when 

uterine contractions occur (Baker & Bellis, 1993b). Support for each theory cite 

research indicating female orgasms occurring within one minute of or during the 

male’s ejaculation result in a greater retention of sperm than if she has an orgasm 

outside of this range (Baker & Bellis, 1993b).  
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As repeatedly illustrated, a single predictor of paternity when two or more 

males mate with a single female has failed identification.  Sperm competition 

occurs across all species, mating systems, and copulations.  Males are able to 

compete for paternity due to the ability of females to store sperm for extended 

periods of time from multiple males.  The best chance a male has to fertilize an 

egg, is to have the greatest proportion of sperm within the sperm storage tubules.  

The manner in which the greatest proportion of sperm come to rest within the 

tubules for the advantaged male is directly related to techniques exploited prior to 

copulation and maintained past ejaculation.  These techniques, though imperative 

for paternity, fail to hold up when compared across species or mating system.  

 

Mating Systems 

The goal of copulation is fertilization and, ultimately, the transfer of 

genetic material to offspring.   This objective, however, is compromised if other 

factors influence the typical sequence of events.   Conspicuous factors including 

low sperm transfer, a lack of cooperation between copulation partners, and re-

mating all bias results of the copulation episode. Less obvious, though 

significantly influential in competition, is the mating system of the organism.  

Mating systems can prejudice the availability of partners, impede sperm 
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replenishment, and enhance the perceived risk of sperm competition.  

Unfortunately, inconsistencies between taxa and mating systems have lead to 

difficulties in detecting universal mechanisms fundamental to reproductive 

success.   

The sexual behavior in a mating system may be characterized by 

copulation frequency, formation of pair-bonds, and mating strategies.  Mating 

systems develop around sex ratios, resource availability, and parental investment.  

To ensure success within a system, each mating system has evolved a 

characteristic set of traits, both behavioral and physiological to promote 

reproductive fitness.  These traits involve increased attractiveness, social standing, 

access to resources, and sperm output.  Over the last 30 years, research on extra-

pair copulations (EPC) and extra-pair paternity (EPP), or copulations and 

paternity outside the social pair, has shed light on what the desired traits are 

within each mating system (Griffith, Owens, & Thuman, 2002; Fridofsson, 

Gyllensten, & Jakobsson, 1997).  Extra-pair copulations, once considered the act 

of promiscuous females, are widespread occurrences among all mating systems, 

monogamous or otherwise (Birkhead & Pizzari, 2002; Dickinson & Leonard, 

1996).  The pace of sexual selection for each mating system is variable with 

higher selectivity occurring in promiscuous species where competition is fierce.  

However, even within a system of fierce competition, no single factor serves as an 
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honest predictor for fertilization during sperm competition.  

 
Monogamy  

Over 90% of bird species practice monogamy, allowing avian species to 

serve as a model of sexual behavior for humans (Birkhead & Møller, 1992). In a 

monogamous social system, long-term pair bonds are formed, ensuring offspring 

for the males and providing paternal investment (money, shelter, help) to the 

females.  Consequently, both monogamy and high paternal investment result in 

restricted potential reproductive rates, or decreases in the maximum rate for 

producing offspring (McCoy, Jones, & Avise, 2001; Preston et al., 2005). One 

manner in which the female can overcome this decrease in fertility is to mate 

outside the pair bond.  

Extra-pair copulation outside a monogamous pair, once considered a rare 

event, is commonplace and monogamy is relative, not absolute.  On average, the 

monogamous western Bluebird hatch 1/3 of EPC offspring per nest and have 

minimal paternal investment (Birkhead & Møller, 1992; Dickinson & Leonard, 

1996).  In comparison, male members of the Sygnathidae family, including 

pipefish and seahorses, carry the eggs of the offspring within a pouch until 

hatching and the rate of EPC is the lowest of all species (Pagel, 2003).  

Consequently, in lieu of habitual EPP and wasted resources raising non-genetic 
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offspring (Møller, 2003), organisms have evolved mechanisms for detection of 

infidelity, along with methods to circumvent such an event. 

Both morphological and behavioral traits characteristic of monogamous 

species have developed, including shorter and less motile sperm (Balshine et al., 

2001), smaller testes (Pitcher, Dunn, & Whittingham, 2005), and increased 

intromissions prior to ejaculation (Eberhard, 1985), as compared with other 

mating systems.  Each characteristic would be disadvantageous in a system where 

sperm competition is high. However, in a system where pair bonds are formed or 

cohabitation occurs in seclusion, the risk of sperm competition is low.  Resources 

are directed towards the gathering of food, raising offspring, and resource 

protection rather than sperm production, aggressive bouts, or mate guarding.   

Polygamy and Polygyny  

In a polygamous, or promiscuous, species, either sex mates with multiple 

partners of the opposite sex.  Predominate is the polygynous system where males 

mate with more than a single female.  In this mating system, reproductive success 

for the male is based on a trade off between fertilization success and time invested 

(Schwagmeyer & Parker, 1990).  An extreme example of this occurred when a 

group of 7 male chimpanzees collectively initiated over 80 copulatory episodes 

with the same female (Dixson, 1995).  As the chance for fertilization decreases, 
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the male spends less time with any single female.   The methods used to ensure 

paternity in a promiscuous system must be different than those within a 

monogamous system.  

The high risk of sperm competition within the polygamous mating system 

has lead to a variety of morphological changes including increased sperm size and 

length, spermatogenic tissue (Tuttle & Pruett-Jones, 2004), and penis length 

(Dixson & Mundy, 1994). The polygamous cichlids, for example, have longer 

sperm than their monogamous cousins (Balshine et al., 2001).  Similarly, 

polygamous primates, have developed sperm with a larger midpiece, the portion 

of sperm containing mitochondrial DNA (Anderson & Dixson, 2002).  Increased 

quantity of spermatogenic tissue enables faster sperm production, quicker 

replenishment, and greater storage capacity of sperm (Tuttle & Pruett-Jones, 

2004). 

With regard to behavioral changes, polygamous males are often more 

aggressive and territorial than monogamous counterparts. Male soay sheep 

increase aggressive bouts during the females optimal insemination period (OIP).  

During bouts of head to head combat, larger males often win, leading to sexual 

selection of both larger and more aggressive males. They are less likely, however, 

to engage in post-copulatory competition techniques such as mate guarding and 

repeat mating (Møller, Uppsala, & Birkhead, 1991), whereas sperm plug use is 
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more frequent.  Behaviors providing high return with minimal time investment are 

the keystone of the polygamous male’s competition techniques. 

 
Polyandry  

Polyandrous species are those in which female promiscuity is prevalent, 

often due to a higher male-biased sex ratio. While multiple copulations guarantee 

fertilization, consequences incurred include early death for the female and lack of 

resources provided by a steady partner (Pizzari, 2002).  The adaptive and 

evolutionary significance of female polyandry, therefore, is unknown though 

there is an acquisition of nutrients, sperm, fresh mates and offspring diversity. 

Some polyandrous females will solicit and copulate with up to 10 males during 

their optimal insemination period, to ensure a fresh and adequate supply of sperm.   

As the female controls the frequency of copulations, she directs selection for new 

traits and behaviors in both sexes.  

Behavioral characteristics of a polyandrous species vary in relation to 

other social systems, including increased solicitations by both males and females 

and higher ejaculation frequencies (Pizzari et al., 2003).   Male morphological 

adaptation, specific to polyandry and independent of body weight and sperm size, 

include larger testes (Pitcher et al., 2005), more sperm per ejaculate (Dixson, 

1995), longer sperm and increased sperm motility (Gomendio & Roldan, 1991).  
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Female promiscuity and heightened risk of sperm competition has led to the 

evolution of traits, both behavioral and morphological, specific to that single 

mating system and non-transferable to species of others systems.  

Lekking 

The lekking mating system occurs when males seek out and congregate in 

a territory, or lek, waiting for females (Widemo & Owens, 1995).  Females make 

decisions about male fitness based on lek size and distribution of resources 

(Kokko et al., 1999). Neither the leks nor the males provide resources for the 

females aside from fertilization; as a result, females leave the lek directly after 

copulation (Anderson, 1992).  Fish, few mammals, and arthropods engage in the 

lekking system where mating success is high and paternal investment low.  The 

lack of intra-sexual competition results in non-directed selection; therefore, 

physiology and behavior have great variation without true specification for the lek 

system. 

The differences found within each mating classification are the result of 

variables that are ostensibly system-specific.  However, a more general 

phenomenon directing these changes is the risk of sperm competition.   The 

greater the risk, as associated with polygynous and polyandrous species, 

development of faster, more motile sperm, larger testes, and longer intromittent 
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organs occurs.  Each of these traits is advantageous in the quest for reproductive 

fitness.  In contrast, mating systems with decreased risk of sperm competition fail 

to incur the same features.  Directed selection does not benefit the male, therefore 

he fails to evolve. Evolution is vital in procuring offspring and continuing to 

increase reproductive fitness when paternal risk is high.  

Though a single variable has yet to be identified, a ubiquitous umbrella 

process such as learning through past experience might act as a mediating variable 

to increasing paternity rates.  Learning is a function of associations and of 

experience.  To experience prior copulations and learn from them with regard to 

the best technique to implement or best methods for solicitation, can increase 

paternity rates by increasing the chance for copulation or sperm proportion.  

 

The Role of Past Experience 

 
General Learning Theory has its foundation in behavioral models, 

including those of sexual behavior illustrative of sexual selection and reproductive 

fitness.  Fitness stems from the ability to adapt and learn about an environment, 

enabling predictions about future interactions.  The adaptive significance of 

sexual conditioning has garnered interest with anticipation of isolating 

mechanisms, both behavioral and neural, of sexual behavior (Akins, 2004; Dukas, 
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2005).  Conditioning results in physiological and behavioral modifications of 

species-typical sexual responses, both consummatory and appetitive (Gutiérrez & 

Domjan, 1996; Pfaus, Kippin, & Centeno, 2001). Consumatory and appetitive 

behaviors aid in preparation for copulation and modification of either can increase 

the reproductive fitness.   Learning from past experience aids an organism for 

future interactions in similar situations.  

Conditioned sexual behavior develops if a signal or Conditioned Stimulus 

(CS) is repeatedly paired with access to a sexual partner, which serves as the 

Unconditioned Stimulus (US). A distinctive environment or experimental context, 

for example, can be paired with sexual reinforcement for male quail or rats, with 

the result that the context comes to stimulate testosterone and leutinizing hormone 

release (Graham & Desjardins, 1980), increased responsivity to female cues 

(Domjan, Green, & North, 1989), increased cloacal sphincter movements 

(Holloway, Balthazart, & Cornil, 2005) and increased sperm release (Domjan, 

Blesbois, & Williams, 1998). In the absence of a signal, males rely on the sight of 

the female to indicate potential copulatory opportunity. Having a CS signal 

upcoming access to a female, however, induces anticipatory behaviors prior to her 

arrival. Males able to anticipate having access to a female approach her sooner 

and initiate copulation more quickly (Gutiérez & Domjan, 1996).   The three 

findings important to Pavlovian sexual behavior are decreased latencies to 
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copulate, increased sperm transfer and increased fertility rates for males presented 

with a Pavlovian signal prior to the presentation of the female.    

Potentially, a variable such as conditioning, able to increase sperm 

transfer, can increase paternity rates by biasing sperm proportions inside the 

sperm storage tubules.  Independent of the species, sexual selection directs the 

behavioral and morphological traits enabling propagation of the species.   This 

interplay is often subject to the mating and social system faced by the organism.  

Each mating system has evolved a characteristic set of traits providing continued 

success for the species, albeit, individual differences provide the means for 

continual directed selection.  Directed selection results in morphological variation 

between species including size, motility, and sperm type as well as behavioral 

variation exhibited as aggression and guarding or the seeking out of extra pair 

copulations.   

Development of new characteristics and the selection within the current 

repertoire of behaviors can be analyzed from the perspective of sperm 

competition.   Sperm competition begins prior to copulation with the selection of 

mates, dictating phenotypic selection as well as behavioral selection.  Direct 

competition within the female’s reproductive tract leads to sperm of various size, 

type and ability to fertilize.  Males continue competing after ejaculation by re-

mating, guarding, and replenishing quickly.  
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Independent of the means for competition and the selection thereafter, 

learning about the situation can serve as an alternative means for increasing 

fitness.  Adapting to the receptive behavior of the female or the aggressive nature 

of the male can increase a male’s chance for reproductive success.  Similarly, 

prior experience with a female teaches males what cues and behaviors are 

associated with a sexually mature versus virgin female.  A male is more likely to 

fertilize a clutch if he is the only male mating with a female, so learning behaviors 

of a virgin female would increases his fitness.  Also, learning which stimuli are 

associated with upcoming copulatory interactions allows for preparation, which in 

quail and other species results in increased sperm transfer and reproductive 

success.  

The failure to isolate a single honest predictor of sperm competition is due 

to the lack of inter-specific consistency for any one trait.  As indicated by the 

division of mating systems, the sperm with the longest tail does not always ‘win’ 

the race, even in a species with high risk of sperm competition that has lead to the 

evolution of long sperm tails. Likewise, larger testes in polygynous species does 

not maintain that the male with the largest testes will father the most offspring, 

but simply that he is more likely than a monogamous cousin with substantially 

smaller testes.  Two factors, however, that are consistent in the outcome of sperm 

competition are the reproductive tract of the female and the proportion of sperm 
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transferred by the male related to other males.   A female able to store sperm for 

extended periods of time from rival male allow each male to compete for 

fertilization of her ova.  Random entry into and out of the storage tubules allows 

the chance for fertilization to hinge on the proportion of sperm available from 

each male.  

Previous experiments from out lab have indicated that presenting a signal 

previously associated with an excitatory stimulus, such as a female, will increase 

sperm transfer and fertility rates.  If the increase in fertility rates is due to a 

substantially greater proportion of that male’s sperm being stored by the female, 

competition against a male transferring baseline rates of sperm should provide the 

advantage to the signaled male.   Initially, the assumption was made that Japanese 

quail conformed to previous baseline rates of paternity for two males copulating 

with a single female.  Based on that assumption, any deviation from equal 

paternity would be the result of increased sperm transfer based on the presentation 

of a signal presented prior to copulation.   After comparing paternity rates of a 

signaled male to a competing control male, investigation occurred into the 

assumption that Japanese quail would conform to baseline rates of other avian 

species previously reported.  Again, the assumption is that two males transferring 

the same amount of sperm should share equally in paternity due to random entry 

and exit into the sperm storage tubules.  If, however, the sperm transferred is 
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altered for either male, paternity rates should change accordingly.   Similarly, 

another experiment was conducted to identify what role, if any, Pavlovian 

conditioning had on sperm allocation during repeat copulations.  Pavlovian 

signals can increase sperm transfer during a single ejaculation, but questions 

about a second ejaculation and implications for reproductive advantage remained.  

Therefore, fertility rates of two females copulating with a single male, one of 

which was preceded by a signal, were compared.  An increase in sperm transfer 

will increase fertility rates; this should be especially true if the male is able to 

increase sperm transfer during the second ejaculation from baseline.   
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Chapter 2 
Experiment 1: 

 

Pavlovian Conditioning Provides Paternity Advantage in Sperm Competition 

 

Most of the sperm competition literature concerning avian species is based 

on studies of zebra finches or chickens. Japanese quail are a model species for the 

observation of sexually learned behaviors due to well-defined sexual behaviors, 

willingness to copulate, and lack of satiation effects.  Previous studies have shown 

that male zebra finch share equally in paternity of a clutch if other manipulations 

fail to be induced. The first experiment was conducted to measure any deviation 

in paternity rates from the theoretical 50/50 found in other avian species.  

Experiment 1 also allowed for the development of DNA markers and subsequent 

testing during DNA fingerprinting.  
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DNA fingerprinting is the last in a series of molecular attempts to identify 

paternity.  Originally, phenotypic variation was used to distinguish offspring of 

putative fathers.  One of the first molecular techniques to identify paternity 

utilized allozymes, or allelic variations.  A lack of polymorphisms, however, 

provide exclusion of paternity rather than assignment of paternity (Lubjuhn, 

Epplen, & Epplen, 1996) leading to Restriction Fragment Length Polymorphisms 

(RFLPs).  RFLPs digest segments of DNA with restriction enzymes prior to 

replication through polymerase chain reaction (PCR).  RFLPs provide crude 

comparisons between offspring and potential fathers using variable lengths of 

DNA positioned meticulously in an electrophoresis gel. Shortly thereafter, Short 

Tandem Repeats employing polymorphic patterns of 3 or 4-nucleotide repeated 

sequences were used as markers for highly polymorphic sequences to indicate 

paternity (Westneat, 1990).    

Finally, the advent of microsatellite markers allowed unordered DNA 

sequences flanking a repeating sequence of interest to serve as a marker for 

paternity.  Microsatellites increased heterozygosity of loci and decreased mutation 

during PCR analysis over minisatellites (Fridolfsson, Gyllensten, & Jackonbsson, 

1997).   First identified within the avian species using barn swallows and 

flycatchers, microsatellites cannot be substituted between species but provide 

clues to heterogeneous loci.  Microsatellite markers were developed for the 



63

Japanese quail to minimize type II errors and increase exclusion rates over known 

minisatellite markers.  Twelve markers were developed and 8 were selected based 

on similarity of annealing temperature and number of cycles required during PCR.  

Experiment 1 was conducted to test if Japanese quail conform to results provided 

by other avian species with respect to paternity rates and to test the accuracy of 

the designed microsatellite markers.  

Sexual selection is based on the evolution of traits that increase 

reproductive fitness. How learning or an individual’s past experience may 

influence this process has not attracted much experimental attention. In particular, 

few have considered that Pavlovian conditioning may be a significant factor in 

sexual selection and reproductive fitness (Adkins-Regan & MacKillop, 2003; 

Hollis et al., 1997). Instead, physical and behavioral characteristics such as 

plumage (Calkins & Burley, 2003), tail length (Anderson, 1992), and parenting 

behavior (Putland, 2001) have been proposed as predictors of sexual selection. 

However, each of these factors is likely to operate in unique ways in a particular 

species. In contrast, a common learning process, such as Pavlovian conditioning, 

might facilitate sexual selection in a variety of species.  The idea that male 

Japanese quail signaled with a Pavlovian cue will sire more offspring in a sexual 

competition situation than control males unaware of upcoming copulatory 

opportunity was tested.  
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Typically when two males mate in quick succession with the same female, 

they transfer similar quantities of sperm and share equally in paternity of the 

offspring (Birkhead & Møller, 1992).  Potentially, a Pavlovian CS can bias the 

outcome of sperm competition by having copulation signaled for one of two 

males mating with the same female. If Pavlovian conditioning provides an 

advantage by increasing the likelihood of fertilization, males who are able to 

anticipate copulatory opportunity should sire more offspring than control males. 

Paternity was determined using Microsatellite-based DNA analysis to decrease 

Type II identification errors (Hanotte, Bruford, & Burke, 1992). 

 
Methods

Subjects 

Japanese quail are within the order of Galliforms, family Phasianidae and 

are indigenous to Japan, China, Korea and Indonesia.  Japanese quail are socially 

monogamous but reproductively promiscuous and participate in opportunistic 

extra-pair copulations.  Typical of promiscuous species, the testes of Japanese 

quail total 11% of their body weight (Jones & Lin, 1993) enabling high transfer 

rates of sperm per ejaculate, about 1.57(x106 ).  Japanese quail are excellent for 

the study of sexual conditioning due to high thresholds of sexual satiation and 

quick recovery.  
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Japanese quail begin sperm recovery within 1 hour and near completion 

by the thirteenth hour (Birkhead & Møller, 1992).  Physiologically, male Japanese 

quail have a sexually dimorphic swelling inside the cloaca replacing the 

archetypal intromittent organ.  Inside the cloaca, mucoproteins transformed into 

foam, aid in the transfer and viability of sperm during ejaculation (Holloway, 

Balthazart, & Cornil, 2005).   Japanese quail make for an interesting species in 

which to study sexual learning behavior and, specifically, sperm competition due 

to characterized sexual behavior and physiology.  

Fourteen female and 28 male adult, domesticated quail (Coturnix 

japonica) served in this experiment at 7 and 4 months of age, respectively, 

without consequence due to the difference in ages. Male Japanese quail are 

sexually mature around 45 days of age, but standard minimal age of male subjects 

is typically 60 days.  Female Japanese quail lay an egg about every 24 hours with 

less consistency as the female ages.  Japanese quail rely mostly on their senses of 

vision and hearing with poorly developed taste and olfaction capabilities.   

Development of discrete contexts required discrimination on multiple sensory 

modalities to ensure differentiation by the quail.  

 
Apparatus 

Experimental chambers (90 cm x 66 cm x 115 cm) were made of sealed 
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plywood with wire mesh floors. One chamber had green side walls and a flat floor 

and was located in a noisy room two inches off the ground (context Green); the 

other chamber was painted white, had a tilted floor and was located in an isolated 

room elevated three feet in the air (context Tilt). The chambers were divided in 

half by an opaque barrier that separated the male from the female.  The barrier 

had a doorway at floor level, which could be opened to allow the male and female 

to copulate. In the male’s cage, in front of the female access door, a 35.6 x 25.4 

cm rectangle area was designated as the ‘approach zone’.  The approach zone is 

indicative of the male’s predictive capacity that a female will appear through the 

door.  

Prior to the sexual competition test, male quail were trained individually to 

respond to a contextual cue as a signal for copulatory opportunity. During this 

training, they were alternately placed in one of two distinctive experimental 

chambers. When placed in the signal context, they were permitted to copulate 

with a female quail. In contrast, when placed in the control context, they were not 

given access to a female.  

For the sexual competition test, each female was mated with two males in 

succession. For one of the males, the test copulation was preceded by placement 

in the signal context. For the other male, the test copulation was preceded by 

placement in the control context. (The order in which the signaled and control 
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males were allowed to copulate with the same female was counterbalanced).  

 
Behavioral training 

 On each of 5 days prior to sexual conditioning, both male and female 

birds were placed in the Green and Tilt contexts for 30 min, separated by a 

minimum of 4 hours, to habituate them to the experimental contexts and to 

handling.   

Females then received one CS–US pairing on each of 5 days in each 

context. Five days is sufficient to develop an excitatory association towards a 

Pavlovian signal.  For each trial, they were placed on one side of the experimental 

chamber (CS) for 1 min before the door to the male’s compartment was opened, 

providing a 5-min copulation opportunity (US).  

Males were also placed in the Green and Tilt contexts during alternate 

trials. On signal trials, the males were placed in one of the experimental chambers 

for 1 min and then received access to the female (US) for 5 min. They were then 

returned to their home cage 5 min later. On control trials, males were placed in 

the alternate experimental chamber for 11 minutes and never received access to 

the female US. The assignment of the Green and Tilt chambers as the signal and 

control contexts was counterbalanced across subjects.  

Copulation partners were switched around so that each male/female 
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pairing during conditioning and testing involved new partners. Following training, 

females were giving the standard, conservative 14-day clean out period without 

access to males to allow voiding of all sperm prior to testing.  

 
Testing 

During the test trial, two males were permitted to copulate with the same 

female. One of the males received access to the female in his signal context, and 

the other male received access to the female in his control context. Each context 

exposure lasted 1 min, followed by 5 min access to the female. Whether the 

signaled male or the control male was permitted to copulate first was 

counterbalanced across subjects with a 15 min delay between males (see Figure 

2).  Across all experiments, 15 min is considered immediate successive 

copulations between males.  This is as close to a ‘no delay’ group as realistically 

allowed due to changing out subjects, setting up video equipment and navigating 

subjects between contexts.  
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Figure 2.  Experiment 1 test design 
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Egg collection 

Eggs were collected for 10 days starting two days after testing to ensure 

sperm from both males was available for fertilization.  Eggs were incubated at 

99.5°F.  After five days of incubation, all eggs were opened for examination of 

embryonic development.    

 
Blood DNA isolation 

Blood (100 µl) was taken from all males one month prior to the first day 

of habituation. Blood was suspended in lysis buffer and stored at 4°C.  DNA 

isolation occurred using standard Qiagen (Genomic DNA Extraction Kit, 2001) 

protocol. Briefly, 200ul lysis/blood solution and 800ul Phosphate-buffer saline 

(PBS) were combined, followed by a lysis/dH20 rinse (x3).  Protease completed 

the digestion, followed by buffer washes and elution. Finally, the DNA product 

was dissolved in TE buffer (pH 8.0) and stored at -20°.

Embryonic tissue DNA isolation 

DNA Fingerprinting was performed on 38 of the collected eggs.  Tissue 

was removed, immediately frozen on dry ice and stored at –20°. DNA was 

isolated from tissue using standard Qiagen (DNeasy Tissue Extraction Kit, 2003) 

protocol.  Briefly, 25 mg of embryonic tissue underwent Proteinase K digestion 
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followed by a series of buffers and ETOH rinses. The final elution was stored at 

4°. Re-suspended blood- and tissue-based DNA was further digested overnight 

using alu1.  

Pilot studies revealed 8 digest/primer combinations with an exclusion 

power of 99%. Selected primers were based on specificity, independence, and 

similarity of annealing temperatures. M13 probe was used on forward primers. 

Standard PCR protocol was carried out with 1 µl ( at 100ng/µl concentration) 

digested DNA , 1µl forward/m13 primer (at 1µM), 1µl reverse primers (at 

1.5mM), 1µl FAM marker (at 1.5mM) and 6µl PCR Supermix (Qiagen, CA, 

2003). Using a PTC-200 (MJ Research, Reno, NV), 29 cycles were conducted at 

an initial annealing temperature of 95° and a resting temperature of 70°. Diluted 

PCR product (1:4; product:sterile H20) was mixed with 8.5µl Formalin and .5µl

ROX (size standard) before being submitted for genetic analysis and mapping 

(GeneMapper software, Applied Biosystems, 2002).  

Scoring behavioral data 

Anticipatory behavior was measured by recording the time spent by the 

male in front of the female’s door prior to release of the female. Male copulatory 

behavior was measured by recording the frequency of species typical mating 
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behaviors, including grabbing the neck of the female, mounting her back, and 

making cloacal contact movements. Latencies to initiate copulation were 

recorded, as well as each male’s copulatory efficiency, which was defined as the 

number of cloacal contacts divided by the sum total of grabs, mounts, and cloacal 

contacts (Domjan, Mahometa, & Mills, 2003).  Data were scored from videotaped 

records of the trials and reliability was assumed after scoring as indicated by 

multiple other analysis ran in the lab (Hillard, Domjan, Nguyen, & Cusato, 1998) 

Significance for all statistical tests was set at the .05 alpha level. 

 

Results

Males in the context predictive of copulation spent more time in the 

approach zone prior to the release of the female than males in the neutral context. 

The mean duration near the female door (+standard error) was 33.1 sec (+4.2) for 

the signaled males and 13.8 sec (+2.9) for the control males (t=11.64, P<.01). 

Copulation in quail begins with the male grabbing the back of the female’s head, 

mounting on her back, and making cloacal contact, to transfer sperm. Males that 

were placed in the context that was predictive of access to a female were quicker 

to initiate cloacal contact responses  (M = 3.7 sec (+7) than males that were 

placed in the control context (M=19.1 sec (+3.6) prior to the test copulation (t=

5.99; P<.01).  However, no differences in copulatory efficiency or the frequency 
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of grabs, mounts, or cloacal contacts were found between males copulating in the 

Tilt and Green contexts (all F’s<1.0). Similarly, no significant differences were 

observed in these behavioral measures between the signal vs. control contexts 

(F’s 1,27 = 3.09, 3.11, .25, P > .08, for grabs, mounts, and cloacal contacts, 

respectively).  Correlation analysis found a negative moderate linear relationship 

between latencies to initiate copulation and egg fertility (r =-.45) (see Figure 3). 

Of the 78 eggs laid by the test females, 39 eggs contained embryonic 

tissue. Genetic analysis indicated that 28 of these (72%) were sired by the 

signaled males and 11 were sired by the control males. Ten of the 14 females that 

participated in the experiment produced more eggs fertilized by the signaled male 

than the control male (Wilcoxon signed-ranks T=13.5, P<.05) (see Figure 4).  

The present findings demonstrate for the first time that prior individual 

experience in the form of Pavlovian conditioning can also have a significant role 

in sperm competition. When two males mate with the same female, the one who is 

able to predict (and presumably prepare for) copulatory opportunity is able to 

fertilize more of the eggs and sire more of the offspring. These findings show how 

learning and individual past experience can bias genetic transmission and the 

evolutionary changes that result from sexual competition. 
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Figure 4: Eggs fertilized by signal and control males divided by female.  
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Experiment 2: 

Pavlovian Conditioning Increases Reproductive Success for Disadvantaged 

Male After Temporal Delay 

The results of Experiment 1 show that baseline levels of paternity for 

males mating in immediate succession can be altered from the theoretical 50/50%.  

If the proportion of sperm available to randomly leak out of sperm storage tubules 

during fertilization windows is positively correlated with paternity rates 

(Colegrave et al., 1995), intentional manipulations of said proportions should 

result in skewed paternity rates.  Baseline paternity in other avian species is 

altered when a 5 hr delay separates the two males. This interval is enough to 

produce a significant change in paternity due to the exponential death rates of 

sperm in the sperm storage tubules.  Multiple computational models for rates of 

sperm depletion have been designed to quantify death rates in correlation to 

paternity (Colegrave et al., 1995).  A significant increase in paternity is given to 

males whose timing and/or order provide reproductive advantage.   
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Experiment 2 was designed to test both the actual baseline rates of 

paternity in Japanese quail as well as the effect of a temporal delay on paternity 

rates.  Previous research has shown that in zebra finches, a 5 hr delay was 

sufficient to bias paternity toward the second male.  I was interested in what 

effect, if any, a Pavlovian signal was have on males separated with a temporal 

delay.  The present experiment provided a single female with two males separated 

by a delay.  Three groups were tested; a No Delay group with 1 min between 

successive males, a Delayed Control group with a 5 hr delay between males but 

no Pavlovian signal, and a Delay Signal group.  In the Delay Signal group, the 

first male received copulation after the presentation of a Pavlovian signal 

followed 5 hrs later by a second un-signaled male.  Providing the signal in the 

Delay Signal group may increase sperm transfer enough to increase reproductive 

fitness for the disadvantaged first male.  

 
Methods

Fourteen female and 28 male adult, domesticated quail (Coturnix 

japonica) served in this experiment at 8 and 5 months of age, respectively.  

Experimental chambers Tilt and Green from Experiment 1 were used in addition 

to a third, neutral, chamber (180 cm X 80 cm X 120 cm) made of clear plexiglass 

twice the size of the other chamber with a flat wire mesh floor (context Plexi).  
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All chambers were divided in half by an opaque barrier that separated the male 

from the female.  The barrier had a doorway at floor level, which could be opened 

to allow the male and female to copulate. In the male’s cage, in front of the 

female access door, a 35.6 x 25.4 cm rectangle area was designated as the 

‘approach zone’.  The approach zone is indicative of the male’s predictive 

capacity that a female will appear through the door.   

 
Behavioral training  

Three weeks after Experiment 1, trials were conducted for five days with 

males using their respective Signal context from Experiment 1.  Males were 

placed in their signal context for 1 min and then received access to the female 

(US) for 5 min. They were then returned to their home cage 5 min later.  

Habituation also occurred in the control chamber.  All males were placed into 

context Plexi for 15 min between 7 a.m. and 9 a.m. and again between 6 p.m. and 

8 p.m. over a 4-day period for a total of 8 habituation sessions.   

Females not participating in the experiment were used as copulation 

partners during training to ensure each male-female pairing involved new 

partners.  
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Testing 

During the test trial, two males were permitted to copulate with the same 

female. For the No Delay group, males were placed into the control chamber for 1 

min followed by access to a female for 5 min.  The female was then removed and 

placed into a rest chamber for 15 min before placement into the control chamber 

with a second male for 5 min of copulatory access.   In the Delay Control group, 

context exposure in the control chamber lasted 1 min, followed by 5 min access to 

the female prior to her removal.  After a 5 hr delay, the female was presented to a 

second male in the same control chamber as the initial male, followed by 5 min of 

copulatory opportunity prior to her removal.  For the Delay Signal group, the first 

male was placed into his signal context for 1 min followed by a female for 5 min.  

After a 5 hr delay, a second male was presented to the same female in the control 

chamber for 5 min of copulatory opportunity (see figure 5). 

Tissue and DNA collection all occurred as in Experiment 1.  Egg 

collection occurred as in Experiment 1 except that the first 8 eggs laid by the 

females were collected, all of which occurred within ten days of testing for all 

females.  
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Scoring behavioral data 

Behavioral data were scored as in Experiment 1. 

 
Results

In the No Delay group, no differences were found in latencies to copulate 

(M=25.25 sec (+5.5), M=26.8 sec (+7.2) or for time spent in the approach zone 

(M=10.2sec (4.2); M=14.5sec (+3.7) between the first of second male that 

copulated with the same female. Males placed into the context predictive of 

copulatory access (M=27.8sec (+4.4) stood in front of the female’s access door 

longer than males in a neutral context (M=10.3sec (+2.3) (t=7.32, P<.01). 

Copulation in quail begins with the male grabbing the back of the female’s head, 

mounting on her back, and making cloacal contact, to transfer sperm.  Males that 

were placed in the context that was predictive of access to a female were quicker 

to initiate cloacal contact responses (M=5sec (+.3) than males that were placed in 

the control context prior to the test copulation (M=19sec (+4.8) (t=4.35, P<.05).  

However, no significant differences were observed in copulatory efficiency, 

grabs, mounts, and cloacal contacts between the signal vs. control contexts (F’s 

1,25 = 1.21, 2. 43, 1.22, .75  P > .13, respectively).  

Of the 350 eggs laid by the test females, 94 (27%) contained embryonic 

tissue. In the No Delay group, 31 eggs were fertilized.  The first male sired 17 
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(55%) offspring and the second male sired 14 (45%).  In the No Delay and Delay 

Control groups, a random distribution of paternity was found between the two 

males.  This is the result of random entry and exiting of the sperm into the sperm 

storage tubules (see Figure 6).  In the Delay Control group, the first male sired 9 

(26%) offspring and the second male sired 26 (74%).  Finally, the first (signaled) 

male in the Delay Signal group sired 12 (43%) offspring and the second (control) 

males sired 16 (57%).  No differences existed in the numbers of eggs fertilized by 

the first and second male in either the No Delay or Delay Signal group (P>.09), 

however, a significant difference between first males in Delay Control and Delay 

Signal groups was found (F1,25 = P<.02) (see Figure 7).  

These findings confirm the assumption from Experiment 1 that Japanese 

quail are similar to other avian species showing equal paternity for males mating 

in immediate succession.  These findings are also consistent with behavioral data 

from showing increased transfer of sperm for males receiving a Pavlovian signal.  

Experiment 2 illustrated that males, often disadvantaged due to temporal delays, 

can offset such decreases in paternity by learning the signals of upcoming 

copulation.   
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Figure 6.  Random distribution of paternity for two males mating with a single 
female with a 15 min or 5 hour delay.  
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Effects of a Pavlovian Signal on Delayed Copulation
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Discussion

Results from Experiment 2 show baseline paternity rates (without 

temporal delays) are near the theorized equal distribution. The figures I obtained 

were 55% and 45%.  A temporal delay of 5 hrs was sufficient to provide a 74% 

advantage to the second male. The Delay Signal group confirmed the results of 

Experiment 1 by showing that a Pavlovian signal increases paternity for the first 

male.  In this case the increase went from 26% to 43%.   While the signal did not 

provide an advantage to the first male, it enabled the first male to sire nearly as 

many offspring as the second male rather than suffer the usual decreased paternity 

that is evident in the absence of a signal.  Thus, Pavlovian conditioning increased 

reproductive success by overcoming temporal delays often employed by second 

males to ensure paternity.  

Sexual competition is one of the driving forces of evolution. Which of 

several competing males sires more of the resulting offspring depends on details 

of both insemination and fertilization. Although some have entertained ‘special 

mechanisms’ for active female selection of sperm from each insemination, 

fertilization is often a simple consequence of the anatomical details of the 

female’s reproductive tract.  In fact, all viable sperm may compete for the 

opportunity to fertilize an egg.  

The standard definition of sperm competition suggests sperm from more 
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than one male compete to fertilize the egg of a single female during a single 

reproductive cycle (Birkhead & Møller, 1980; Birkhead & Pizzari, 2002). Sperm 

with advantageous morphological traits such as large heads (LaMunyon & Ward, 

1999) and long tails (Simmons & Kotiaho, 2002) will traverse the oviduct more 

quickly and arrive first at the ova. In most avian species, including the Japanese 

quail, sperm require 15 min to travel from cloaca to infundibulum. Considering 

that an egg is available for fertilization for only 18 min before the first layer of 

calcium surrounds the follicle making it impenetrable to sperm (Birkhead & 

Møller, 1980).  This leaves little time for pure sperm competition in the form of a 

direct race between two sperm from entry at the cloaca to fertilization at the 

infundibulum.  

Female Japanese quail have evolved sperm storage tubules to ensure 

sperm from all ejaculations is available to potentially fertilize subsequent eggs.  

Due to the random entry and exit of sperm from the tubules, all males transferring 

sperm into the female have an opportunity to fertilize the egg.  The male with the 

greatest proportion of sperm inside the female has the greatest chance of having 

his sperm leak out of the tubules at the most opportune time.  Leaking out and 

traversing the oviduct during the brief fertilization window and ensuring paternity 

for one male over another is the result of the odds of the proportion of sperm 

available.   Factors that increase proportions for a specific male provide an 



87

advantage during reproductive success.  

Cryptic female choice (Birkhead & Pizzari, 2002), social system 

(Anderson, 2005; Gage, 2003), sperm size and motility (Briskie & Montgomery, 

1992) have all been entertained as possible explanations of sperm competition. 

Nevertheless, each account has multiple exceptions as seen in sperm allocation. 

Allocation of sperm type differs between dominant and subordinate males, but is 

further differentiated depending on a monogamous versus polygamous mating 

system (Pizzari et al., 2003).  For a male to fertilize a greater proportion of the 

eggs than his competitors, he must either copulate closer to the fertilization 

window (Lewis, 2004; Schwagmeyer & Parker, 1990) or provide greater 

quantities of sperm (Birkhead & Hunter, 1990).  

Sperm output in some species, including humans, is influenced by the 

threat of sperm competition, as determined by the number of surrounding males 

or time away from the female (Pound, 2002). Studies with isolated male-female 

pairs have shown that males can also increase total sperm transferred by 

increasing the frequency and efficiency of copulations (Shackelford, 2003; 

Domjan et al., 2003) or by learning to predict copulation opportunities (Adkins-

Regan, 2003; Mahometa & Domjan, 2005). Together, Experiment 1 and 2 provide 

evidence that Pavlovian conditioning increases reproductive fitness through 

learning of cues and stimuli associated with copulatory opportunity.  



88

Chapter 3 
Experiment 3: 

 
Pavlovian Conditioning Alters Reproductive Fitness  

During Repeat Copulations  

Sexual selection occurs as traits that increase reproductive fitness are 

transferred to progeny.  Evolution of said traits is typically researched from the 

perspective of phenotypic variation. Less researched are the effects of learning 

and adaptation on reproductive fitness, including Pavlovian conditioning (Adkins-

Regan & MacKillop, 2003; Hollis et al., 1997).  Potentially a facilitative force in 

reproductive fitness, learning what signals are related to future copulations can 

increase copulation efficiency and success of fertilization.   Previous experiments 

found Pavlovian signals to increase paternity for signaled males when competing 

against unsignaled, control, males.   The effect of Pavlovian signals on sperm 

allocation during repeat matings, however, remained unknown.  
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Repeat matings transpire in most species and provide the means to either 

increase sperm proportions within a single female or provide sperm to multiple 

females (Lewis, 2004).   Consecutive matings to the same female provide slight 

increases in fertilization success, but after the third ejaculation, transferred sperm 

undergo quantitative exponential decline.  Males are limited in their ability to 

mate repeatedly due to these detrimental effects of depletion.  Males who mate 

before the replenishment period is complete, compromise their chance of success 

by transferring low quality sperm (Jones & Elgar, 2004). The faster a male can 

replenish sperm stores, the faster copulations can resume at optimal levels.    

 Sperm replenishment costs time and resources; the allocation of sperm 

must therefore be based on factors indicative of the potential for sperm 

competition.  To preserve sperm for future copulations, males do not transfer all 

sperm in their stores on the initial copulation.  However, was it possible that 

increasing sperm transport for the initial ejaculation would decrease sperm 

transport, and thereby fertility rates, for subsequent males?  A second viable 

option is that a Pavlovian signal provided before the second female could increase 

transfer from sperm stores and increase fertility rates for the second female. 

Conditioning occurs when an individual learns from past sexual 

experience.  Pavlovian conditioning has been implicated in behavioral (Holloway, 

Balthazart, & Cornil, 2005) and hormonal changes (Graham & Desjardins, 1980). 
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The present experiment was undertaken to further implicate Pavlovian 

conditioning as a possible variable for increasing reproductive fitness during 

selective allocation and repeat ejaculations.  

 
Methods

A total of forty-eight male and seventy-two female adult, domesticated 

quail (Coturnix japonica) served in this experiment at 3 and 5 months of age, 

respectively.  Experimental chambers (Brown, Tilt and Plexi) were the same as in 

Experiment 1 and 2.  

 
Baseline training  

Before baseline rates of paternity were assessed, habituation occurred in 

the control chamber.  All males were placed into either context Plexi for 15 

minutes and a second context that would later become their Signal context (either 

Tilt or Brown, counterbalanced across groups) once between 8 a.m. and 10 a.m. 

and again between 6 p.m. and 8 p.m. (counterbalanced for order) once on each of 

8 days.   Meanwhile, females were placed into the side cages of each context to 

allow habitation.    
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Baseline testing 

Baseline rates of paternity for both a 15minute and 5hour delay between 

copulations occurred in context Plexi and Tilt (or Brown).  Males were placed 

into Plexi for 1 minute followed by access to the female until completion of the 

first copulatory episode as indicated by the termination of cloacal contact by the 

male.  The female was removed from the context directly after ejaculation.  After 

the specified delay (15min or 5hrs), the process was repeated in the second neutral 

context (Brown or Tilt) with a second female.  

 
Egg collection 

Egg collection occurred over 6 days, with an average of 5 eggs collected 

per female.  Eggs were incubated at 99.5°F.  After seven days of incubation, all 

eggs were opened for examination of embryonic development.  Eggs with 

embryonic tissue were counted as fertilized.     

 
Signal training 

Two weeks after baseline testing, males were trained individually to 

respond to a contextual cue as a signal for copulatory opportunity. During this 

training, they were alternately placed in one of two distinctive experimental 

chambers. Whenever they were placed in the signal context, they were permitted 

to copulate with a female quail. In contrast, whenever they were placed in the 
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control context, they were not given access to a female.  

Males received contextual conditioning to either the Tilt or Brown 

chambers, counterbalanced across groups, once a day for 8 days.  The chamber 

copulated in during baseline testing, served as that males’ signal context.  The 

remaining context served as that male’s neutral context.  Males were placed into 

the signal context for 1 min before the access door opened allowing female access 

for 15 min.  Simultaneously, females were placed into the side cage for 1 min 

before the access door provided entry into the male’s chamber.   Male-female 

pairings during training and testing were never duplicated.  A minimum of five 

hours separated signal and control training, counterbalanced for order each day.  

 
Control training 

Males were placed into the second chamber for 16 minutes without access 

to the female to equate time spent in the context with the time each male was 

spending in the Signal context.  Subsequent to the male’s training, females were 

placed into the side cage for 1 min before the access door opened allowing access 

to a male not participating in the experiment.  Conditioning of the female 

removed potential confounds caused by differential fertility effects between a 

signal and control context (Domjan et al., 2003).  
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Testing 

During the test trial, a single male copulated with two females separated 

by a delay of either 15min or 5hrs.  Context order and temporal delay between 

females were counterbalanced for all groups.  Testing occurred as in baseline 

testing conditions, but males were provided a signal before one of the copulations 

in each delay condition.  Test copulations occurred when males were placed into 

the first context for 1 min followed by access to a female for a single copulatory 

episode, indicated by the termination of the initial cloacal contact sequence.  Both 

male and female were returned to their home cages after termination of the test 

trial.  After the specified delay, males were placed into the second context for 1 

min followed by access to the female for one copulatory episode indicated by the 

termination of the cloacal contact sequence (see Figure 8).  



94

15min Signal

5hr Signal
1 min  1 ejaculation 

Figure 8.  Test design for experiment 3 

1 ejaculation 

1 ejaculation 1 min  1 ejaculation 1 min  
15 min 

homecage 

1 ejaculation 

15min Control

15 min 
homecage 

1 min  1 min  

11  ejaculation 

5 min 1 min 5 min 
5 hours 

homecage 

1 min  1 ejaculation 1 min  
5hr Control

Control context Signal context

11  ejaculation 

5 min 1 min 5 min 
5 hours 

homecage 

1 min  



95

Results 

Behavioral data were collected as in Experiments 1 and 2.  

For the 15 min and 5 hr control groups, no differences were found 

between latencies to copulate with either the first or second female (15min – 

M=24.3sec (+5.7), M=25.8sec (4.3); 5hr – M=15.2sec (+4.2), M=16.9sec (=6.2), 

respectively). Anticipatory behavior was increased in males placed into a context 

previously associated to copulation (M=28.5sec (+6.3) versus those males in 

neutral context (M=14.5sec (+2.4) (t=5.35, P<.01), independent of order. Males 

placed in the signal context had shorter latencies to initiate cloacal contact (M= 

6.3sec (+1.2) than males placed in the control context during the test trial (M= 

31.7sec (+5.4) (t=9.24, P<.01), independent of order.  Significant differences 

were only observed in the frequency of grabs between control and signal groups 

(P<.01), but not in the frequency of mounts or in copulatory efficiency 

(F1,86=2.43, 4.2, P>.1).  Due to removal of males after a single copulation, no 

differences in the frequency of cloacal contacts were possible.  

In the 15 min control group, the first female produced 24 of 100 (24%) 

fertilized eggs and the second female laid 6 of 100 (6%) fertile eggs.   For the 15 

min Signal group, signaled females laid a greater proportion of fertile eggs (71%) 

than control females (29%). When the second female followed a Pavlovian 

signal, paternity rates increased to 27% over the baseline rate of 6%, a significant 
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increase over baseline (F1,21 = P<.01). 

The 5 hr delay implemented between males was sufficient to replenish 

sperm to the point of equal fertilization.  Both the initial and the subsequent 

female had fertility rates near 27%, the same as the initial male in the 15 min 

baseline condition. No difference occurred between the 18 fertile eggs produced 

by from the first female and the 15 fertile eggs produced by the second female 

(P<.1).  As expected, in the 5 hr signal condition, fertility rates just below 40% 

were found for signaled females, independent of order (F1,22=P<.05) (see Figure 

9). 
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Figure 9.  Percent of fertilized eggs after each delay for first and second ejaculation. 
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Discussion   

Experiment 3 was conducted to test if Pavlovian conditioning affected 

sperm allocation when males had the opportunity to copulation with multiple 

females.  Males choose to selectively allocate sperm in scenarios where regulation 

can lead to sperm transfer between multiple females, rather than transfer of all 

sperm stores during the initial ejaculation.  When a Pavlovian signal is provided, 

male Japanese quail can regulate sperm output overcoming the otherwise 

detrimental effects of repeat copulations.  Increased fertility for the female 

copulating after a signal was evident whether she was the recipient of the first or 

second ejaculation.   

 Experiment 3 provided evidence of selective allocation when the delay 

between males was a mere 15 min, indicating that sperm replenishment had yet to 

initiate.   When the first female was presented in a signal context, the male 

increased sperm transfer to her, without changing sperm allocation to the second 

female due to the already low baseline fertility rates.  When the signal was 

presented prior to the second female, however, fertility rates increased.  Perhaps 

males reserved sperm for potential repeat copulations and, if signaled, could 

increase transfer from sperm stores above the quantity they would have 

transferred to the second female ordinarily.  

 Selective sperm allocation can occur through transfers of various 
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quantities or sperm types. Japanese quail alter the quantity of sperm transferred 

leading to increased fertility rates when the copulation occurs after the 

presentation of a Pavlovian signal.  Learning from previous experience allows 

males to allocate sperm based on the likelihood of fertilization and sperm 

competition.  Our males are unable to detect sperm competition directly, but their 

polygamous nature indicates the ability to allocate sperm in order to maintain 

greater proportions across multiple females.   Pavlovian conditioning is 

instrumental in increasing fertility rates in male Japanese quail after presentation 

of the female in a context previously associated with copulation.  
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Chapter 4 
 

General Discussion  
 

Sexual selection occurs when traits that convey reproductive success are 

passed to offspring.  Selection for traits is dependent on the situation in which the 

organism is living and the risk of sperm competition within that community.  

Sperm competition occurs when sperm from more than one male may fertilize a 

single egg during a single fertilization cycle.  In a community, or mating system, 

in which the frequency of pair-bonds and copulations dictate the risk of sperm 

competition, directed selection occurs for both morphological and behavioral 

traits suitable to increase fertilization.   

Sexual selection re-directs resources from production to protection or 
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solicitation dependant on the intensity of sperm competition.  The intensity will 

dictate if sperm production costs are better spent on mate guarding or partner 

selection.  With the evolution of behavioral tactics, sperm will be smaller and 

phenotypic ornamentation more relevant; thus, resources are diverted from sperm 

production to alternative means for increasing reproductive fitness.   Resources 

can also be used to develop various types of sperm from spermicidal to 

coagulating and fertilizing to un-nucleated cells.  The intensity of competition 

within a mating system dictates the division of resources between traits such as 

sperm type, phenotypic variation and replenishment rates. Greater intensity of 

competition also allows a male to not only develop sperm of various types, but to 

allocate sperm differentially between females.  

Though sperm competition is often cited as the selection tool for 

morphological and physiological evolution, an underlying and universal 

characteristic mediating these changes has yet to be identified.  Pavlovian 

conditioning can alter reproductive fitness independent of factors often cited as 

influencing sperm competition such as sperm motility, mating system, and female 

physiology.   Experiment 1 and 2 were conducted to establish the effect of the 

Pavlovian signal in increasing reproductive fitness as well as establishment of the 

microsatellite markers. Experiment 3 went a step further to implicate Pavlovian 

conditioning in sperm allocation during repeat matings. 



102

Summary of Experimental Findings 

Experiment 1 supplemented established research showing that a Pavlovian 

signal can increase fertility rates in Japanese quail (Mahometa & Domjan, 2005).  

A signal previously associated with copulatory access, presented prior to the 

arrival of a female, results in behavioral changes for the male.  These changes 

include increased cloacal contractions and sperm transfer as well as decreased 

latencies to initiate copulation.  To test the effect of a Pavlovian signal on 

paternity rates of competing males, males were placed into a Pavlovian context or 

control context prior to the presentation of the female and a subsequent 

copulatory episode.  The female copulated with two males separated by 15 

minutes; the context where copulation occurred was counterbalanced for order of 

presentation.  Independent of order, males who copulated in a context previously 

associated with copulation sired more offspring, as determined by DNA 

fingerprinting, than did males copulating in the control context. 
Experiment 2 implemented the same procedure as the initial experiment; 

however, the delay imposed between male copulations with the female was varied 

from 15 min to 5 hours.  Due to the storage methods of female avian species, 

sperm storage tubules both retain and release sperm in a random fashion. Sperm 

leaking out of SSTs at opportune moments result in fertilization. Hence 
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fertilization depends on the proportions of sperm contributed by different males 

and not order, other variables held constant.  By delaying the second copulation 

by 5 hours, the exponential death rate of the initial male’s sperm results in a 

greater proportion of sperm available from the second male.  Experiment 2 was 

conducted to study the effects of Pavlovian conditioning in overcoming the 

detrimental effects of temporal delays.  I found that under baseline conditions 

males copulating with a single female separated by 5 hours results in Last Male 

Precedence with over 74% of offspring sired by the second male.  However, if the 

first male receives a Pavlovian signal prior to copulation, the increase in sperm 

overcame the temporal delay, with an increase from 26% to 43% of offspring 

sired by the first male.  

 The final experiment evaluated the effects of Pavlovian conditioning on 

sperm allocation and reproductive fitness in Japanese quail.  When males mate 

repeatedly, sperm quality decreases sharply after the third ejaculation.  Sperm 

quantity also decreases greatly after the initial ejaculation and continues to 

depletion.  Males will cease copulations until replenishment has transpired, as 

copulation prior to this point is often ineffective.  With limited quantity of sperm 

to work with, males selectively allocate the division of sperm between females. 

Sperm allocation is one method males use to transfer sperm to multiple females or 

to alter content of ejaculations when copulating with the same female.  
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Experiment 3 was conducted to evaluate allocation effects when males were 

presented a Pavlovian signal either before or after replenishment.  A signal 

provided to males mating twice within a short duration could increase fertility 

rates.  When the second copulation is signaled, the typical 5% fertility rate 

increased to near baseline (full sperm store) levels of 25%.  Conversely, when a 5 

hour delay is imposed, replenishment has commenced, and presentation of the 

signal does little but increase the yield of offspring over baseline levels, 

independent of which copulation (first or second) is signaled.   

 

Discussion

Learning the CS-US association between a species relevant cue (CS) and 

copulation (US) results in a greater chance of fertilization.  Not all cues come to 

elicit approach behaviors; only those biologically significant to the species are 

able to control behaviors of an individual.  Exposure to a signal increases the 

sperm proportions that are the basis for reproductive success.  Conditioning 

results in the transfer of more sperm to a single female or distinctive allocation 

from sperm stores to subsequent females.  Pavlovian signals alter reproductive 

fitness in cases of both sperm competition and sperm allocation.  In this case, the 

context is important for a male Japanese quail in providing a signal that 

copulation is imminent.  
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The importance of context enables males to win sperm competition over 

rival males.   In nature, whether in a monogamous or promiscuous species, being 

able to predict upcoming copulations is a valuable copulation technique.  For a 

monogamous male, seeing his pair-bond female display a sets of behaviors 

characteristic of receptivity can provide a contextual signal to prepare for 

copulation.  For an extra-pair male, the sight of a female sneaking into his 

territory would signal preparatory behaviors.  Moreover, most extra-pair 

copulations occur on the border between two territories, ensuring that the context 

incur excitatory properties after the initial copulation.  An extra-pair male would 

need to be prepared for copulation as soon as the female entered is territory so she 

could return to her pair-bond male.  In another scenario, an extra-pair male could 

find the absence of the pair-bond male at the nest to be a signal for preparatory 

behaviors.  

In promiscuous species, contextual cues come from alternate sources.  

Typically, males will mate with multiple females after a solicitation is accepted. 

However, males must learn the behavioral repertoire of a receptive female.  Also, 

if the females are most receptive at a particular time of day, the sun serves as a 

signal as to when solicitations and copulations are most likely to be accepted.   

Contextual cues are important in the establishment of associations between sexual 

behavior and reproductive success. The faster a cue is learned and able to be 
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generalized, the greater that male’s chance for success.  

Two realms in which the increase in paternal success is highly valued are 

facilitating reproduction in endangered species and in poultry farming.  When 

attempting to increase the population of a specific animal, stud males copulate 

with a set of females.  Due to the low number of available males and females, 

each ejaculation needs to be both efficient and maximized.  The results of my 

experiments suggest that providing a signal directly before the initial copulatory 

interaction and allowing only one ejaculation would allow the male to replenish 

quicker and ensure that the sperm transfer was highly viable and normal.  If a 

second ejaculation is necessary with a second female, providing a signal prior to 

the copulation would ensure the male transferred the most sperm from sperm 

stores.  Also, males should be removed from the females between copulations to 

replenish sperm stores.  This would increase fertility rates not only for the initial 

female, but also for subsequent females who would receive decreased rates of 

abnormal sperm if a short delay is imposed between successive ejaculations.   

The premise behind endangered species refuges is to increase the 

population of the species. To do this, each ejaculation must be maximized, both in 

quality and quantity, with the presentation of a signal.   The results of my 

experiments suggest that another method that could be used by breeders of 

endangered species or of establishments such as poultry farms is to designate a 
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specific enclosure for copulations.  An established ‘sex arena’ would result in a 

defined context for both males and females to recognize as a Pavlovian cue for 

upcoming copulations.  This method is the norm in cattle breeding.  However, 

copulations on poultry farms tends to occur in a more open-ended manner.  Two 

consequences could arise from defined sex arenas; less intra-sexual aggression 

and increased fertility rates.  Both consequences are of great interest to those 

whose livelihoods are based on the number of chicks produced each generation.   

As I have shown, establishing a signal for upcoming copulations results in 

increased sperm transfer and fertility rates when either sperm competition is 

evident or sperm allocation is necessary.   Preparatory measures can be taken 

when a situation is signaled for an organism and learning from past experience 

enables adaptation and survival based on those preparatory measures.  

 Learning from past experience is the keystone to adaptation, evolution, 

and success during future copulations.  Learning and conditioning have been 

shown to be important in a wide range of situations including sexual and maternal 

behavior, as well as psychiatric disorders.  It is a ubiquitous process, inescapable 

and yet not understood in totality. General learning theory contributes research 

across multiple phenomena and taxa, utilizing various manipulations in an attempt 

to develop universal learning-based theories.  While unsuccessful in determining 

all universal properties of behavior, the impact of learning on sexual behavior is 
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clearly evident in the paradigms explored in the current dissertation.  My 

experiments have clearly shown that Pavlovian conditioning can increase 

reproductive success for males engaging in either sperm competition or sperm 

allocation through manipulations in sperm output.  
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