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Chapter 1: Literature Review

1.1 Genetic Selection for Production Traits and Fertility | mplications in the Domestic
Fowl

The broiler breedefGallus gallus domesticubas undergone intensive genetic
selection over the years to improve growth rate, meat yield, and feed conversion
(McDaniel, 1978; Rishell, 1997). The corporations that now dominate the broiler
industry have been very successful in their attempts to improve thesenaartertraits
which resulted in an increase from 366 million to 8.4 billion broilers produced per year
from 1945 to 2001 with average live weight increasing from 3.03 pounds to 5.06 pounds
(National Agricultural Statistics Service, 2002). Over a similar fe@od (1923-1996)
feed conversion ratio decreased from 4.7 to 2.0 Ibs. feed/Ibs. gain while market age
declined from 16 to 6/7 weeks (Emmerson, 2000). Modern broilers go to market at a
much younger age, weigh considerably more, and use feed more efficiently. While
advances in nutrition, management, and health have contributed to this improvement,
most advances are a result of a very successful genetic seleci@an§teiret al.,
1994a; Havensteiet al, 1994b; Havensteiet al, 2003). The incorporation of
production traits such as growth rate, breast conformation, body weighaeahd f
conversion, are highly heritable, therefore phenotypic characterigieasity passed to
the following generation (Hunton, 1990; Rishell, 1997). This is accomplished by direct

selection of males possessing the desired phenotypic traits to producet iheneeation



of birds. Genetic selection is so intense that initially some lines only keep i ex

and 10% of females (Hunton, 1990).

The increase in performance appears to have a negative impact on &estility
evidenced by the decline in reproductive fitness. In opposition to performance,
reproductive traits have a low heritability (Lake, 1989; Hunton, 1990; Barbato, 1999)
requiring between three and four generations for these genes to appegrratiicer
level (Amann, 1999). Nevertheless, the broiler industry has long ignored thenedeof
selecting for reproductive traits as economic gains in production from gealstation
more than offset the resulting negative affects on fertility (Sexton, 1983)appisach
has resulted in a significant decline of fertility over the yemmpblem that is becoming
more severe. This decline in fertility (Siegel & Dunnington, 1985; Lake, 1989; Reddy
Sadjadi, 1990; Barbato, 1999; Pollock, 1999) is also accompanied by other problems
such as decreased hatchability, decreased immune response, decreasebcalal
health, an increased occurrence of skeletal abnormalities, mortality geneal loss of

vigor compared to their predecessors (Emmerson, 2000).

As the fertility decline becomes more severe, industry may be facedfurtuhe
with the possibility of having to switch over from natural mating to amifinsemination
(Al) practices (Reddy & Sadjadi, 1990). However, given the volume of the broiler
industry, the economic cost of this practice will be prohibitive. Besides pdientia

compromising the future viability of the broiler industry, current costediiced fertility



has been estimated at $18.75 million annually for each 1.3 % decline in faPtdityak,

1999).

The concept of switching over to Al is not new to the poultry industry. Currently,
all commercial turkey breeding operations rely solely on Al (Forgaad, 1990;
Donoghue & Bakst, 1999). Multiple experiments on turkeys dating back to the 1950s
indicated a high incidence of incomplete matings as intense selectionifmreased
body weight (Kondra & Shoffner, 1955; Ogasawatral, 1962), increased breast size
(Berg & Shoffner, 1954; Carte & Leighton, 1969), and inefficient transfer of semen
during copulation (Smyth & Leighton, 1953; Hale, 1955b; Carte & Leighton, 1969) led to
decreased fertility in toms and the resultant need to switch over to Al. Dif&tueles
have shown, for example, that Jersey Buff turkeys exhibited 32.95% incompletgsnati
(Smyth & Leighton, 1953) and that four different lines of Broad Breasted Brorkasys
had exhibited between a 6% to 34% decline in fertility when switched froim Adtural
mating, with the largest decline observed in lines bred for increased body weight
(Ogasawareat al, 1962). Large White turkeys also showed a mean of only 29.6%
completed matings (Carte & Leighton, 1969). Researchers determinedaitts a
discrepancy in body weights between male and female Broad-Breadstegstalong
with a decrease in female sex drive could account for the majority of incennpégings
(Smyth & Leighton, 1953; Hale, 1955a; Carte & Leighton, 1969). Due to the largé breas
size of the tom, natural matings were no longer efficient enough in spermitansfe

ensure adequate fertilization of females. In recent years, sici@vidence suggests that



a similar phenomenon is the reason for the reduced fertility observed in brodéeibre

lines (McGaryet al, 2002; McGaryet al, 2003; Bilciket al, 2005).

1.2 Sperm Storage in the Female Reproductive Tract

Reproduction in the domestic fowl is a complex mechanism with multiple
environmental and physiological factors interacting and contributing to stidcess
copulation and fertilization in a commercial setting. Photoperiod, temperature, and
feeding program have to be strictly monitored by the breeder companyefSomm
2000). For a male to be successful he must be physically able to copulate and transfer
semen along with providing quality semen that will ascend the hen’s vagina. Age, sperm
selection, timing between mating and oviposition, and sperm quality all affect the

chances of a successful insemination (Brillard, 2004).

Of critical importance is the storage of sperm within the H&perm storage is a
type of reproductive strategy employed by multiparous species thatdutinet copulate
during the mating season or have males and females with infrequent contacti@7ke
Bakstet al, 1994). There are two locations within the female reproductive tract where
sperm are stored; the infundibulum and the utero-vaginal junction (UVJ) (&adkdst
1994). However the primary storage site is at the latter in sperm storagest(fB8I's),
which consist in invaginations of the luminal epithelium (Ba&hstl, 1994). Females
exert a two part selection process to determine which sperm will suctbessdich the

UVJ (Bakstet al, 1994). A mechanical selection process allows only motile and viable



sperm to successfully reach SSTs, dead or impaired sperm are unable to dotset (Baks
al.,, 1994). An immunological selection prevents incompatible sperm from traversing the

reproductive tract (Bakst al, 1994).

Studies have indicated that less than 2% of the initial sperm will reach/the U
(Steele & Wishart, 1992; Brillard, 1993; Balettal, 1994). Upon reaching the UVJ
sperm are stored in SSTs until they are released to potentially featili@eum (Bakset
al.,, 1994). It has been proposed that the beating of cilia around the SSTs create a type of
current that can carry sperm away from the SSTs and only sperm thgpainée azt
traveling against this current can maintain their location in the SST t@éean ovum
(Froman, 2003). In support of this theory, a study of the retention rate of sperm in SSTs,
high mobile sperm were lost at a significantly slower rate (p=.049) than lowityobi
sperm (Fromaset al, 2002). After a single insemination rooster sperm may reside in

SSTs for up to thirty days and fertilize eggs (Romanoff, 1960).

1.3 Influence of Sperm Mobililty Phenotype on Reproductive Success

Sperm mobility, the net movement of a sperm cell population against resigtance
body temperature, is a quantitative trait of the domestic fowl (Froman &eéA4nC1996;
Froman & Feltmann, 1998). It is heritable (Fronedal., 2002; Froman & Kirby, 2005),
independent of time (Fromaat al., 1997; Froman & McClean, 1998; Bowliegal.,

2003), and is the only trait that has been shown to be positively correlated wiitly ferti

domestic fowl and turkey#Meleagrisgallopavg (Froman & Feltmann, 1998; Fromah



al., 1999; Kinget al, 2000). A long-term study investigating high and average sperm
mobility phenotypes in the domestic fowl, found phenotypic repeatability to be 84%
(Froman & Feltmann, 1998). This same study yielded results indicatingediétes in
fertility between hens Al with high versus average sperm mobiliy san(@#o v. 64%).
In the turkey, hens Al with toms classified as having high sperm mobility had
significantly higher fertility compared to hens Al from males clasdifs having low

sperm mobility (Kinget al, 2000).

Research has shown that compared to average mobility sperm, high mobility
sperm consume more oxygen, have higher stearoylcarnitine content, and have higher
linear velocities (Fromaat al, 1999). Basing a study on these results, subsequent
studies determined that straight line velocity (VSL) and motile spernmentmation are
both key to the expression of sperm mobility phenotype; sperm cells within aragacul
that have a VSL > 3(m/s are not mobilie in vitro (Froman & Feltmann, 2000; Froman
et al., 2002; Fromaet al, 2003). Males with low mobility sperm have half the motile
concentration, significantly higher levels of aberrant mitochondria (47% v. 4%), and a
threefold difference in oxygen consumption compared to males with high mobility sper

(Froman & Kirby, 2005).

1.4 Impact of Sexual Selection and Social Dominance and its | mpact on Reproductive
Success

Sexual selection is defined as the evolutionary process of selecting traits

(behavioral, morphological, or physiological) based on results of reproductives fithes



the individual and results in differential reproductive success among memberssaikone
(Darwin, 1871). Reproductive success encompasses an individual's abilityaduepr
along with its ability to produce viable offspring that can out-compete potential
competitors (Darwin, 1871). The intensity of sexual selection is dependent upon an
individual’s number of copulation partners (mating success) and offspring production

(reproductive success) (Bateman, 1948).

Differences between the sexes arise as a result of differertee=ehamale and
female gametes. Males produce vast numbers of sperm, extremely srAatbiriérs
whose main function is to reach a female egg quickly and fertilize itFieskéret al.,
1972). On the other hand, a female egg is extremely large and the numbers produced are
limited over a lifetime. Eggs have evolved to be energy rich environments sémtable
the development of an embryo (Parkeal, 1972). A study on the fruit fly
(Drosophila melanogastgindicated that it was more advantageous for males to mate
with multiple females than vice versa due to the differential cost of ggrataction
between males and females (Bateman, 1948). As the number of copulation partners
increased, the probability of achieving a higher reproductive success in teales a
increased. Since males generally have a higher reproductive potential antess/est
an individual offspring, sexual selection is more intense in males (Bateman, 1948);

(Parker, 1979).

There are two main components to sexual selection: intrasexual sel@ction a

intersexual selection (Darwin, 1871; Andersson, 1994). As its name imyliasexual



selection involves competition between members of the same gender for the privilege to
mate with the other sex (Bateman, 1948). Intrasexual selection ariseth&o

differences between the sexes in their reproductive potential (Bateman, 1948)

addition to increased competition for matings, a form of intrasexual competi&ibn t
occurs post-copulation is sperm competition which can have a large impact on the
reproductive success of males (Pameal, 1972). Sperm competition occurs when a
female mates with multiple males in a single reproductive period anthipate the

clutch can be shared among males (Parker, 1970). Multiple matings can activadby
sperm competition within the female oviduct (Birkhead & Moller, 1998), conferring a
differential reproductive advantage to the sperm that is better able toropete other
sperm cells (Birkhead, 1998; Donoghue & Bakst, 1999). Multiple matings and the sperm
competition generated also has reproductive advantages to females by gahsitiring
sufficient sperm are available to fertilize all of her eggs or by emigitize genetic

quality of her clutch (Birkhead & Moller, 1998).

The impact of sperm competition has been clearly demonstrated in experiments
with domestic fowl and controlled inseminations in the number of sperm cells
inseminated as well as the timing of the inseminations (Mettah, 1974). When equal
amounts of sperm are inseminated within four hours of each other, the sperm mix and
paternity results in an approximately 50% success rate for eachMaate(et al,

1974). When the time period between inseminations is greater than four hours the

percentage paternity of the second male (P2 value) increases substav¢iaB®%



(Warren & Gish, 1943; Comptaet al, 1978). This is referred to as last male sperm

precedence phenomena (Birkhead & Hunter, 1990).

Intrasexual selection is the primary factor leading to the exaggeratioal®f m
secondary characters (Darwin, 1871; Bateman, 1948; Trivers, 1972; Smith, 1991)
Secondary sexual characters may be used to fight with other males (spurs ingegcdom
fowl) for access to females or to signal male quality to females geekoopulate
(ornaments, tail length, plumage, etc...). Monogamous female barn swaHowsdo
rustica) for example will preferentially mate with males possessing loger(De Lope
& Moller, 1993). In the pheasariljasianus colchicQdemales prefer to mate with
males with longer spurs (von Schaatzal, 1989). A female widowbirdHuplectes
progng prefers to mate with a male that possesses a long tail (Andersson, 1982).
Interestingly some studies have shown that after copulating with an attraciiee
peahens will lay more eggs as compared to after copulating with a lestiatmale
(Petrie & Williams, 1993). The conspicuousness of these traits to predators and the

resulting decrease in survival rates is the cost of carrying thetse trai

I nter sexual competition involves one sex choosing which members of the
opposite sex to mate with and is generally more intense in females (Bateman, 1948)
Males producing energetically less expensive sperm cells are not ag ekdemales
who invest a significant amount of energy and resources into producing an eggramd car
for it after laid (Orians, 1969). In species where extra-pair copulatiort®amaon,

females will choose with whom to mate based on either the potential directdenefi



indirect benefits that they perceive they may be receiving in the futulgérick,

1987; Reynolds & Gross, 1990). When females choose a male to mate with based on
direct benefits, they look for a male that will in some way increase thamces of

survival or fecundity at the present time (Reynolds & Gross, 1990) which mayenclud
nuptial gifts as occurs in the blister beetle¢pyrochroa flabellajg(Eisneret al., 1996),
parental care, and territory amongst others. Choosing based on indirect beselfissin
genetic advantages gained by future offspring as opposed to immedigfieskzpnned

by the female (Kirkpatrick & Ryan, 1991; Andersson, 1994). Mate choice by feimales
frequently based on a male’s secondary sexual characters (Zuk et al., 1990alZuk et

1990Db; Zuk et al., 1995b).

Females can exert cryptic female choice (CFC), a post-copulatohamsm of
biasing one male’s sperm over another’s in the fertilization process (Thornhill, 1983);
(Eberhard, 1996). Three types of CFC have been identified. One type allows fiemales
bias the success of a male by ejecting sperm directly following cagpulaa cloacal
contractions. This was found in the female domestic fowl which often eject sperm when
coerced to mate with a subdominant male (Pizzari & Birkhead, 2000). A second type of
CFC is a result of sperm-egg interactions within the oviduct and occurs in the camb jell
(Beroe ovata(Carre & Sardet, 1984). In this species sperm pronuclei become immobile
after reaching the egg Over several hours the egg pronucleus examines seveskdi pronu
before deciding which one to fuse with (Carre & Sardet, 1984). A third type of CFC i

the differential use of sperm by a female (Sheldon, 2000) which occurs in the yellow

10



dung fly (Scathophaga stercoraigWard, 1998). Females of this species are able to
store sperm from different males and release eggs fertilized fromedifferales into

different environments (Ward, 1998).

Domestic fowl are descendents of the red jungle fowl and have a nearly identica
behavioral repertoire (Darwin, 1887); (Kruijt, 1964). They are social animals tha
communicate both audibly (Wood-Gush, 19@ay visually with one another (Duncan,
1980). The social structure of red jungle fowl consists of groups of multiple males and
females along with one dominant male. There exists both a relativiely stale and
female linear dominance hierarchy with males dominant over females, @2). The
peck order serves as a type of spacing system (McBride, 1970). In confitesilisrs
the alpha male tends to locate himself in the center of the group. Males wibmposi
themselves further away from the center as their dominance rank @scf€asig &

Guhl, 1969). The lowest males in the peck order have a tendency to congregate at the
sides of the enclosure. Visual contact is more effective than vocalizationsiaimag
social status among males (Mench & Ottinger, 1991). When aggressive behavigrs occur

they are more common among members of the same sex (Rushen, 1983).

Dominant males are generally larger (Collias, 1943), more aggressivies@la
al., 1960; Siegel & Hurst, 1962; Graveisal, 1985; Leonard & Horn, 1995), have larger
and more conspicuous secondary sexual characters (Domm, 1939; Collias, 1943; Graves
et al., 1985; Ligon et al., 1990) , have a higher frequency of crowing (Saletrabn

1966) and have a greater access to matings compared to subordinate males (Guhl &

11



Warren, 1946; Pizzari & Birkhead, 2000; Pizzari, 2001). In one study subdominant
males exhibited a tendency for reduced testes size (Siegel & Siegelwi®bthe
consequent influence in the expression of male secondary traits @tigbn1990),
aggressiveness (Ligaat al, 1990), and sperm production (de Reviers & Williams,
1981). In the domestic fowl females often use a male’s comb or wattle asbfsrg
male quality and prefer to mate with males with larger and redder appeiidages al.,
1992; Zuket al, 1995b; Ligon & Zwartjes, 1995b). Comb size and testosterone level are
positively correlated (Allee et al., 1939; Collias, 1943; Witschi, 1961)eateatosterone
levels and aggression (Allee et al., 1939; Harding, 1983). Comb size may therefore
signal to females a male’s social status in the dominance hierarcloy @tigl, 1990;

Zuk et al, 1995a). However high testosterone levels come at the cost of suppressed
immunity as evidenced in one study in which males of red jungle fowl with longars

had fewer circulating lymphocytes (Zekal, 1995a).

It is clear that in the domestic fowl females choose dominant over subordinate
males to mate (Pizzari & Birkhead, 2000) and are also more likely to esmel
advances from dominant males and resist copulations from subordinates (Pizzari &
Birkhead, 2000). When a subordinate attempts mating, the hen is more likely to resist
and utter a distress call (Pizzari, 2001). Distress calling servesgaahteidominant
males as to the attempted mating and results in a disruption of the copulation attempt
(Pizzari, 2001). However, if males are prevented from competing with eactather
access to females in red jungle fowl, a hen will choose to mate with thedargbed

male first but will subsequently mate with both males (Ligon & Zwartj@854a).

12



Dominant males provide hens with higher levels of courtship, feeding, anti-
predator vigilance, and protection from sexual harassment from subordinaresi(P
2001). However a study by Fromeanal (2002) indicated that, contrary to the
expectationgjominant males had lower sperm mobility and were often out competed by
high mobility ejaculates from subdominant. They propose that sperm mobility may be

under the control of an independent maternally inherited element.

The higher the sperm mobility, the longer the sperm resides in a female’s18ST a
henceforth the longer the fertilizing efficiency of the ejaculate (Broshal 2002).
Therefore, it appears that males may be following two alternativedegtive strategies.
There will be males that invest more in secondary sexual traits whichttraltt females
and secure more matings and the second type of males that invest more in sggrm qual
therefore increasing their chances of fertilizing a female’s ova ddspited mating

access.

Another example of the degree of sophistication in reproductive strategies in the
red jungle fowl is their ability to allocate sperm (Pizzral, 2003; Cornwallis &
Birkhead, 2006). They can produce several small ejaculates or a few langatem
depending on the number of females in the area (Pieizati 2003). If a male
repeatedly copulates with one female, he decreases the amount of sperm imatesem
over time (Pizzaret al, 2003). However when presented with a new female, he responds

by increasing the size of the ejaculate providing his sperm resee/est depleted

13



(Pizzariet al, 2003). This phenomena is commonly referred to as the Coolidge effect
(Wilsonet al, 1963; Ligoret al, 1998; Wedelkt al, 2002; Pizzaret al, 2003).
Dominant males, after given the opportunity to mate with two females differing i
guality, in a second placing with the same two females will result in eliffiedt sperm
allocation in favor of the high quality female (Cornwallis & Birkhead, 2006). On the
contrary subordinates will invest the most sperm in the female he mategstith f
(Cornwallis & Birkhead, 2006). Dominant males have preferential accessatefeand
therefore can afford to invest less initially in a low quality female tofsebetter one
comes along (Parker, 1983). Subordinates, who are limited in their access &sferaal
more likely to invest heavily in the first female he mates with (Cornw&lBsrkhead,
2006). Dominant males also preferentially allocate sperm to females gighclambs
(Pizzariet al, 2003; Cornwallis & Birkhead, 2007b; Cornwallis & Birkhead, 2007a),
which they use as an indicator of maternal fithess (Pietati, 2003). In females comb
size is positively correlated with egg size and the amount of resources provided to a

embryo (Pizzaret al, 2003; Cornwallis, 2004).
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Chapter 2: Semen quality and its correlation with morphological
phenotypes

2.1 Abstract

In the domestic fowl body weight and comb area have been shown to be reliable
indicators of the fertility potential of a male but few studies have tetagse parameters
with semen quality and with the changes occurring as a consequencegoflagin
objective of this study was to evaluate semen quality defined accordingeéa setame,
sperm concentration, and sperm mobility phenotype in two lines of primargrbroil
breeders known to have different levels of fertility. Sperm quality wakiated to
determine the effects of aging on semen parameters and was of interéstriongde
potential relationships between sperm quality and morphometrical phenotype. We
hypothesized that semen quality would be poorer in the line known to exhibit lower
fertility and would decline in both lines as the birds aged. We also hypothdsated t
morphological characters would be reliable indicators of semen quality aetbtieeof

the males reproductive potential.

Sperm characteristics were analyzed in 30 fast-growth (FG) and 20 kigh-yi
(HY) males. Semen parameters were measured and compared from 41 to 58fweeks
age. Morphological measures of birds were taken at 54 weeks of age.s Resedied a
significant age by line interaction for semen volume (p=0.0307), sperm cratmant

(p=0.0003), and sperm mobility (p=0.0405). Regression analysis yielded a quadratic
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relationship of semen volume (square root transformed) and age in HY miédes wi
volume peaking at 47 weeks of age. Concentration followed a linear incriéasgevin

HY males (p=0.0226) and sperm mobility tended to increase (p=0.0596) as H¥ male
aged. Age had no effect on volume or concentration in FG males, but mobility improved
with age (p<0.0001) in these males. A potential explanation is that successive sem

collections may help to maintain sperm quality with age.

HY males weighed significantly more than FG males (p=0.0028) and had smaller
combs and wattles (p<0.0001) but body weight did not correlate to any of the measures of
sperm quality. In HY males wattle length and area correlated witbrsgolume
(r=.6364; p=.0261; r=.7203; p=.0082), but a negative correlation was established between
wattle width and sperm mobility (r=-.6833; p=.0424). In FG birds there was avpositi
correlation between comb width and sperm concentration (r=.5466; p=0.0232) and a
positive trend between comb perimeter and sperm concentration (r=.4559; p=0.0659).
These results suggest that in HY birds males with larger wattle valuldsehyreo
produce higher volumes of semen, whereas comb width may serve as an indicator of
higher sperm concentrations in FG males. However, the relationship betwseetbe
secondary sexual characters and semen quality appear to be complexs.iRdisale

that body weight per se has no impact on sperm quality.

Key Words: sperm quality, domestic fowl, morphology, broiler breeder
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2.2 Introduction

The broiler breedefGallus gallus domesticubas successfully undergone
intensive genetic selection over the years to improve growth rate, mieaayie feed
conversion (McDaniel, 1978; Rishell, 1997). Today’s broilers go to market at a much
younger age, weigh considerably more, and are much more efficient in tlgeir fee
conversion rates (Emmerson, 2000). Unfortunately, economic production traits and
reproductive traits appear to be negatively associated in broilers caus#atjne in
reproductive fithess. The broiler industry has long ignored the relevance tihgelec
reproductive traits as economic gains in production from genetic selectionhaore t
offset the resulting negative affects on fertility (Sexton, 1983). This approacéshited
in a significant decline of fertility which is becoming more severe to the pbimving a
major economic impact in current production. Today’s broilers not only exhibit
decreased fertility levels (Siegel & Dunnington, 1985; Lake, 1989; Redsgdjadi,

1990; Barbato, 1999; Pollock, 1999), but also decreased hatchability, decreased immune
response, decreased cardiovascular health, an increased occurrenceabf skelet
abnormalities, mortality, and a general loss of vigor compared to their psedexe

(Emmerson, 2000).

It has been shown that certain secondary sexual characters of a malerftew|

information on his health and reproductive status to femalesgZalk 1995a; Zulet

al., 1995b). The appendages a female uses to evaluate male quality are his comb and
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wattle (Zuket al, 1995a; Zulet al, 1995b). The larger and more intense red coloration
of the secondary sexual characters, the stronger the female pecef€eketal., 1995b).

If these morphometrical characters prove to be reliable indicators ok&smpérm

guality, then it is possible that they could be used as phenotypic selection markers. The
search for traits to identify a male’s potential fertility hasdeel various morphometric

traits including body weight (Siegel & Dunnington, 1985), wattle width (HYesjal

(Bilcik & Estevez, 2005), and comb area (HY males) (McGargl, 2002) as possible

indicators of fertility.

A recent study investigated the relationship between morphometric traitb (com
area, relative testicular weight, and testicular weight asymmaatd/fertility in two lines
of broiler breeders, a Cornish line bred for high breast yield (HY) and a line briadtfor
growth (FG) (McGaret al, 2002). In FG birds relative testicular weight was correlated
with sample fertility and flock fertility. In HY birds comb area was elated with
sample fertility, flock fertility, and relative testicular weightlicating that in this strain
comb area may be a reliable indicator of male fertility (McGarsl, 2002). McGaret
al. (2003) found the same negative association between dorsal pelvic width ang fertilit
in HY birds. While the results did not show a direct correlation between body \aeight
fertility, they did indicate that musculoskeletal changes to support incrieeesest yield
had negative consequences on male broiler fertility. They are alsaivelicbpossible
strain differences in reference to how these changes manifest themseiGaybt al.,
2003). A study by Bilcik and Estevez (2005) showed that competing males in a group

did show a large difference in individual mating frequency and results indicated tha
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those with the highest mating frequency did not necessarily father an increased
proportion of offspring, possibly a result of sperm competition (Bilcik & Egte2@05).
In this study they also found that heavier males exhibited a higher frequenayirgsn

without cloacal contact and a lower percentage of paternity.

Different analytical techniques have been utilized over the years t® asses
male’s semen quality and to evaluate his fertility potential (Reddyd§aS8a 1990).
Volume is the total amount of semen produced; it is quick to measure and provides
information necessary to calculate dilution dose when performing an Al &(t9@e6).
Concentration refers to the number of sperm cells per volume of ejaculate s(H29@)
whereas viability is a measure of the proportion of live, dead, and dying spesriraall
a sample (Etches, 1996). It is often measured using live/dead stain®readknce
microscopy (Donoghuet al, 1995) or by the ethidium bromide exclusion procedure
(Bilgili & Renden, 1984). Sperm morphology is the microscopic assessment otlunalivi
sperm cells and identifies problems with sperm such as missing acrosomesckgnbmne
coiled tails that can render them unviable (Etches, 1996). Sperm mobility is the
progressive movement of a sperm cell population against a gradient and isdmabyst
accurately by the Accudenz (Accurate Chemical) procedure (Froman &aviclL896).

In the turkey industry workers typically look at a sample’s color, consistancly
presence of contaminants to quickly determine semen quality; males that produce
samples appearing pearly white and concentrated to the naked eye are retdened whi
males repeatedly producing watery, yellow, or contaminated sampless(uatod, fecal
matter) are culled (Christensen, 1997). While the attributes used to cull neales ar

appropriate, those used to maintain males do not ensure a male is of high quality; a
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sample that is viscous and white may contain sperm that are immotile, abnordezdor

(Hayeet al, 1981).

The objectives of this study were 1) to evaluate sperm quality in two lines of
primary broiler breeder males with differing fertility levels andedethe effects of age
on sperm quality and 2) to determine relationships between morphology and semen
parameters. We hypothesized that semen quality would be reduced in HYthatles
have historically exhibited fertility problems, semen quality would deckrmaales aged,

and morphological characters would be reliable indicators of semen quality.

2.3 Materials and Methods

2.3.1 Facilities and Experimental Animals

For this study we used two lines of primary broiler breeders housed at theyprimar
breeder facility. Birds from the HY line are Cornish derived and have undergone an
intense genetic selection for high breast yield whereas FG birdseleoted for fast-
growth. HY birds have shown increased fertility problems compared to FG bitds (
Pollock, personal communication). Birds were reared according to the breledéios
program. Until seven weeks of age all birds were raised as braitelibifumfeeding)
with a photoperiod of 20L:4D. This is done in order to allow the full phenotypic
expression of their growth traits. From 49 until 140 days of age access to feed wa
restricted to maintain a targeted body mass of 2500 grams with a photoperiod of.8L:16D

At day 140, 20 HY and 30 FG males were housed separately by line in single-sex stud
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pens (4.88m x 6.10m) with a line of nipple drinkers. Photoperiod was gradually
increased to 16L:8D. Males were fed 150g/bird/day from 141 to 420 days of age to
increase their live weight to 4500-5000 grams at 35 weeks of age. Birds were
individually tagged on one wing with a small metal tag to track male Img®m@e plastic

badge on the opposite wing to allow for visual male identification by the company.

2.3.2 Experimental Procedures

At 39 weeks of age, 30 FG and 20 HY broiler breeder males were trained for
manual semen collection (Burrows & Quinn, 1937) four times over a two week period.
Males were selected according to their response to semen collectionsmblestwere
screened to eliminate those with poor quality semen (small volume or sperm
concentration falling below the minimum threshold necessary to measure sperm
mobility). From the initial group, 19 FG and 12 HY males were selected andtedlle
from twice a week through 54 weeks of age. Semen quality was evaluatecddyrimg
semen volume, sperm concentration, and sperm mobility. Volume was calculated by
drawing up preset volumes of sperm using a Gilson pipette and adding that value to the
total amount of the sample used in the concentration and mobility assays. Caocentrat
was determined by measuring the optical density (OD) pif. b® ejaculate mixed with
1.99 mL of 3% sodium citrate using an IMV Micro-ReadefFroman & Feltmann,

2000). The OD reading was subsequently plugged into an equation from IMV
International specifically for broiler breeder sperm (Concentration = [11 B}#0.03).

Sperm mobility was assessed following the Accudenz procedure describeahianF

LIMV International, Minneapolis, MN, Model 4025-001
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and McLean (1996). In short, each sample was diluted to’ $p&ém cells/mL using
warmed mobility buffer, layered over 1.5 mL of Accudenz and allowed to penetrate the
medium for five minutes. At this time the cuvette was placed into the IMVoMReader

l, the sample was given one minute to settle as a result of the move, and OD was

measured.

At 54 weeks of age, all males were individually weighed outside the stud pen on a
scale. At that time a picture of the right profile of the head was taken wigita di
camera. The picture was taken against a grid composed of 1 cm x 1 cm squares that was
attached to the wall of the pen. Scion Image Analysis Softwas used to compute the
following measurements: comb perimeter (CP), comb area (CA), codtb (@W),
comb length (CL), left wattle perimeter (WP), left wattle area jWet wattle width
(WW), and left wattle length (WL). Perimeters and areas were medsytegting the
structure using a mouse. Widths and lengths of combs and wattles, respestvely

calculated as the largest horizontal and vertical distances of the stsucture

2.3.3 Statistical Analysis

Sperm volume, concentration, and mobility were analyzed using a mixed model
repeated-measures analysis of variance (ANOVA) with age as theéeepesasure
(SAS Institute Inc. v 9.1 ed. Cary, NC). Bird line was considered a fixedtefhd male
ID was considered a random effect. A compound symmetry covariandg wedrused.

All data were checked for normality and homogeneity of the residuahearidll three

2 Scion Corporation Frederick, Maryland
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measures were positively skewed and thus square root transformations we appli
Estimate statements were used to determine significant differeneesehdines for each
parameter across age periods. Least square means and standard extoaskve
transformed for reporting purposes. In addition, analyses were performed to aetermi
the regression of each parameter on age. A linear and a quadratidoagrestel on

age were examined for volume, concentration, and mobility for each line to exthmine
effect of age on these parameters. A mixed model ANOVA was used to analyze
differences between lines in CA, CP, CL, CW, WA, WP, WL, WW, and body weight
(Wt). Least square means and their standard errors were reportedn&pesark
correlation analysis for each line was performed to determine relapsresmong
morphometrical (CA, CP, CL, CW, WA, WP, WL, WW, and Wt), and semen quality

parameters (volume (MV), concentration (MC) and mobility (MM)).

2.4 Results
a) Semen quality

Mean volume, concentration, and mobility in HY and FG males were compared
from 41 to 53 weeks of age. There were significant line*age interactionsefm
volume, mean concentration, and mean mobility (Table 2.1). Compared to FG, HY
males had a significantly lower volume (p=0.0152; Figure 2.1a) at 43 weeks of age,
lower concentration (p=0.0003, Figure 2.1b) at 42, but a higher mobility at 43 and was
close to significance at 50 weeks of age (p=0.0450 and p=0.0625; respectively, Figur
2.1c) and a significantly higher concentration at 52 weeks of age (p=0.0366 Eig

1b).
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Table 2.1: Model ANOVA with degrees of freedom (df), F valaad p value, for volume, concentration,
and mobility

Effect | df | F | p
Volume

Line 1,42.8 0.32 0.5755
Age 12,534 1.59 0.0914
Line*Age 12,534 1.91 0.0307
Concentration

Line 1,41.1 0.03 0.8651
Age 12,469 1.58 0.0939
Line*Age 12,469 3.07 0.0003
Mobility

Line 1,30.9 0.55 0.4620
Age 12,154 5.08 <0.0001
Line*Age 12,154 1.88 0.0405

34



Figure 2.1: Comparisons between HY and FG males from 41 toé&ska of age for a) mean volume + SE
b) mean concentration + SE and ¢) mean mobilitf+*Sndicates significant difference (p<0.05),
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Regression analysis yielded a quadratic relationship between sperm volume
(square root transformed) and male age in HY males. For every one week intrease
age, the mean square root concentration increased by \(HiBi®n sperm/mL) (Figure
2.3). Age had no effect on volume or concentration (both square root transformed) at the
significance levet=0.05 in FG males. Volume peaked at 47 weeks of age decreasing
until the end of the experiment (Figure 2.2). Sperm concentration (square root
transformed) slightly increased linearly with age (b=.01888; p=0.0226) in HY males.
Regression of sperm mobility (square root transformed) with age sracant in FG
males (p<0.0001) (Figure 2.4). Analysis indicated a trend for sperm mobility (square
root transformed) to increase as HY males aged (p=0.0596). With each one week
increase in age, FG males’ mean square root of sperm mobility increas@® 847
absorbance units whereas HY males’ mean square root of sperm mobilityeddogas

.01925Vabsorbance units.

b) Semen quality and itsrelationship with mor phometrical parameters

HY males weighed significantly more than FG males (5.200+.1233 v.
4.6788%.1007; p=0.0028). FG males had significantly larger values (p<0.0001; Table
2.2) for each of the following parameters: CA, WA, CP, WP, CL, CW, WL, and WW
(Table 2.2). For HY males we found a significant positive correlation betweem seme
volume and wattle area and length (r=.7203; p=.0082; r=.6364; p=.0261). There was a
negative correlation of wattle width with sperm mobility (r=-.6833; p=.0424). Also in

HY males there was a trend for males with a larger comb area to have panar s
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Figure 2.2: Regression of square root transformed semen vohmage in HY males. Y-axis on right
represents back-transformed volume values for cosgrapurposes.
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Figure 2.3: Regression of square root transformed sperm caratiem on age in HY males. Y-axis on
right hand side of graph provides correspondingeatration values back-transformed.
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Figure 2.4: Regression of square root transformed mobilitiaga in HY and FG roosters. Y-axis on right
indicates mean mobility values back-transformecdctomparison.
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Table 2.2: Mean + SE comparisons between lines for eightmological parameters measured. Area
measurements are in &nall other measurements in cm.

Measure HY Line FG Line Linedf F p Value
Comrl%ZArea 5.241+2.704 | 50.330+£1.824| 1,27 188)86<0.0001
(cn)
WattlrizArea 2.484+.991 15.787+.833 1,27 105.68<0.0001
(cnn)
Comb 11.051+1.240| 46.777+1.042| 1,27 486/7%%<0.0001
Perimeter
(cm)
Wattle 7.360+.461 15.668+.387 1,27 190.[78<0.0001
Perimeter
(cm)
Comb Length| 3.445+.287 11.827+.241 1,27 499.9p<0.0001
(cm)
Comb Width | 1.673+.222 6.202+.187 1,27 243.8h<0.0001
(cm)
WattleLength| 1.635+.164 4.232+.138 1,27 147.0{@<0.0001
(cm)
Wattle Width | 2.367+.153 5.201+.129 1,27 200.4<0.0001
(cm)
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concentration (r=-.5359; p=.0725). All correlations between morphological parameters
and parameters defining semen quality for HY and FG males are shownen2Tabl
Neither mean body weight nor sperm concentration was significantly cedeléh any
other parameter in HY birds (P>0.05). For the FG individuals, results indicateiaeposit
correlation between comb width and sperm concentration (r=.5466; p=0.0232) and a
positive trend between semen volume and sperm concentration (r=.4180; p=0.0844).
There was a positive trend between comb perimeter and sperm concentration (r=.4559;
p=.0659). Correlations between morphological parameters can be found in Table 2.3.
Neither mean body weight nor sperm mobility was significantly corgtlatth any other

parameters at=0.05 level.
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Table 2.3: Correlations between morphological parametefgeaSman correlation coefficients given when at leas of the two lines exhibited a correlation of

the following significance values: * p<0.05, ** p<d, ***p<0.001; T symbol indicates presence of a trend

CP WA WP CL CW WL WW MV MC MM
CA | HY | .8862* 1611 1261 781k | .8932* 1891 -.5359T
FG | .9093* .5833 5784 1672+ | 8137 6377+ 4069
CP | HY .0979 1329 7133 | .8182+ 2797 -.4336
FG .6495+ | .6103* |.7402* | .8750* 6217+ 45591
WA | HY 7483+ 1399 7413~ | .4266 .7203*
FG 9118 522F 7914 | .8155+ | .2500
WP | HY .0210 .1678 54551 | .B175T
FG 44851 | .522F 676 | .8866*
CL | HY 9443+ .3986
FG .8064* .535%
CW | HY 4685 -.3077
FG .5052 .5466
WL | HY .3636 .6364
FG 515G .0822
WW | HY -.6838
FG -.1412
MV | HY .0839
FG 41801
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2.5 Discussion

2.5.1 Semen quality

The purpose of this experiment was to investigate differences in seméwn qual
and morphometric measures in two lines of primary broiler breeders, Linel&¢esl
for a fast growth rate and Line HY selected for high breast yield. HY malsegzoa
rose comb which has previously been shown to result in reduced fertility (Cochez, 1951
Crawford & Merritt, 1963; Crawford & Smyth, 1964; Buckland & Hawes, 1968). FG
males have a single comb, are usually dominant over HY males, and have noéé@xhibi
fertility problems to the same extent as HY males. Based on previous ati@mimin this
study we hypothesized that HY birds would show reduced semen quality as compared
with FG males, with differences between lines becoming larger as birds agatsdVe

predicted a general decline of semen quality as males aged in both lines.

We found a significant interaction between line and age for all semen pammeter
evaluated in this study, indicating that age affected the two lines differdfdlkly in the
experiment, age played a more important part in establishing differenceshbdtve
lines. Throughout the 13 weeks of the experiment age was able to explain theasignific
differences between lines a total of four times for semen volume, specent@tion,
and sperm mobility combined. One of these occurred at 42 weeks of age (FG
significantly higher concentration) and two of these occurred at 43 weeks @i@ge

significantly higher volume and HY significantly higher mobility). Thisledifference
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in male lines may be a result of not having been ejaculated regularly. Onsenasde
collected from on a regular schedule and were accustomed to handling and th@wollecti
procedure, the two lines did not differ in semen quality. Contrary to our hypothesis, we
found that in general semen quality did not decline with age. Regression analysis
indicated a curvilinear relationship between semen volume and age in HY maths whi
peaked in volume production at 47 weeks. This is similar to the mean peak semen
production found at 44 weeks of age in a study of two meat-type strains of broiler
breeders (Harrist al, 1984). A relationship with age was not found in FG males.
Concentration increased linearly in HY males but in FG males there walsitanship
between sperm concentration and age. Sperm mobility increased in both linessof male
as they aged. This may be due to the fact that all males used were housed exsame s
stud pens with no access to females, allowing them to reach their full repveducti
potential during the time frame of our experiment. It is also possible, tingt lheused

in single-sex pens, males allocated more resources to sperm quality andemogin s
characters used to acquire mates. It must be noted that we had a relatillely sma
population of males. When measuring sperm mobility in a flock, it is common to glassif
high sperm mobility as one standard deviation greater than the sample mean and low
sperm mobility as one standard deviation below the sample mean. We excluded any
males not producing samples or producing low quality samples which may have biased

our results since we only worked with males of higher quality compared to flock mates
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2.5.2 Semen quality and itsrelationship with morphometrical parameters

In our study HY birds selected for high breast yield had a higher mean body
weight than birds selected for a fast-growth rate. Throughout the course opénerent
HY males only differed significantly in sperm mobility once with FG made<3 weeks
of age HY males had a significantly higher mean mobility (p=0.0450). Thasésre
when combined with the fact that HY males exhibit more fertility problemsRkan
males, provides further evidence that increased body weight in broiler breeslers ha
resulted in decreased fertility levels in hens as a result of inabilitgrisfer sperm
efficiently as opposed to having poor quality semen. Contrary to other studies, we did
not find a negative correlation between sperm mobility and body weight (Soller &

Rappaport, 1971; Bowlingt al, 2003).

In our study three measurements were positively correlated with sperm
concentration in FG males, comb width, comb perimeter, and semen volume. Two wattle
measurements were positively correlated with semen volume in HY birdsarade
length while wattle width was negatively correlated with sperm mgpbils comb area
increased sperm concentration decreased. Contrary to our results, a predpus st
showed a positive correlation between wattle width and sperm mobility in HY birds
(Bilcik & Estevez, 2005). Our results indicate that in FG males, comb width and
perimeter can be used as indicators for selecting males with high volume oduct
whereas in HY males a different comb parameter (area) may be umedascator to

cull males with low reproductive potential (as a result of low sperm condgenjratn
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addition wattle area and length can be used as indicators for selectinglely’ with

high semen volume whereas wattle width can be used as an indicator to culhitiales
low reproductive potential (as a result of low sperm mobility). Both comb size dtid wa
size have previously been shown to be correlated with semen production (Burrows &

Titus, 1939).

2.5.3 Conclusion

Sperm mobility increased in both lines of males as they aged. There is both a
gonadal and gametic component to competing for mates; males eithelinnvest
developing larger and more attractive sexual characters to attrace$eonahey may
invest in sperm quality in an effort to out-compete other ejaculations post-copulbdt
our experiment males were housed in same sex stud pens. As a result, males did not have
to invest energy in resources such as mate guarding, courtship displays,-orateale
competition for mates allowing them to invest more in sperm quality. The concept of
investing in one strategy or the other, correlates with the results we found when
investigating relationships between morphological characters and spdityn gdans
have been shown to prefer males with longer combs ¢Zak, 1990b) which in our
study was negatively correlated with mobility in HY males. Beingkhatales
possess significantly smaller combs compared to FG males it may be ipetstaimterest
to invest more energy into producing quality sperm rather than further entpamein

secondary characters.
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Chapter 3: Effect of sperm mobility on female fertility persistency

3.1 Abstract

Semen quality in poultry can be characterized by different traits imgjudi
volume, concentration, mobility, viability, and sperm morphology. To date, sperm
mobility phenotype has been shown to be the most reliable indicator of maleifeytili
potential in broiler breeder fowl (New Hampshire) under artificial insaton (Al)
conditions. The objective of this study was to determine the effects of spermtynaibili
broiler breeders on female fertility persistency in layer and broiles.h&/e
hypothesized that hens Al with high mobility samples standardized for sperm
concentration would retain fertility for a longer duration of time than hensitAllow
mobility samples and that these effects would be similar across layer ded lores.
We also predicted that that percent and duration of fertility would be positmeblated
with sperm quality. In this study we used 64 Hy-Line layer hens, 37 broilatdrrbens,
and 19 primary broiler breeder FG males selected for fast growth. Samepées
collected from 19 males, semen quality was analyzed, and samples were brokighit bac
the university. Over the course of the experiment a total of 12 high and 11 low semen
pools were collected for Al. All semen pools were used for layer Al, whekeakigh
and five low mobility pools were used for broiler Al. Eggs were collected for 16 day
post-Al and fertility was determined by egg candling during the second week of

incubation.
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Results indicated that overall percent fertility was significantly high&ayer
than in broiler hens. As expected, there was a significant interaction betwean spe
mobility and day post-Al in percent fertility in layer hens. Layers Al witthhmobility
semen pools had higher overall fertility (17.23% +2.19) than layers Al awthmobility
semen pools (7.93% +1.59). Layers Al with high mobility semen pools exhibited a
4.23% decrease in fertility each day post-Al starting at day two wiyide feens Al with
low mobility semen pools exhibited a 2.56% decrease in fertility each day post-A
starting at day two. Unlike layers, sperm mobility did not influence fgrifibroiler
breeder hens. Rather there was a significant effect of day and of semen pooénh perc
fertility in broilers. Broilers Al with high mobility semen pools exhibite@%.decrease
in fertility each day post-Al. There was a trend in layer hens for peragihtyf¢o
increase with increasing sperm mobility and a trend in broiler hens for pérddity to

increase with increasing sperm concentration.

Key Words: sperm mobility, broiler breeder, fertility

3.2 Introduction

Fertility in domestic fowl hens is dependent on multiple factors. These include
feed intake, photoperiod, temperature, environmental stress, and aged BtB@B8), but
also on the mobility and viability of the inseminated sperm (Froghah, 1999). To
date, sperm mobility phenotype as measured by the Accudenz assay (Fromae@&McL

1996) has been shown to be the most reliable indicator of male fertilizing potential under
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Al conditions in broiler breeder lines (New Hampshire) (Fromtaal., 1999) in regards

to semen characteristics.

The effect of selecting for a faster growth rate in broiler breedey Ihas had a
negative effect on female reproductive performance. High yielding breitealés
usually lay between 160-175 settable eggs/year (Dr. F. Siewerdt, personal
communication) whereas commercial laying hens lay in excess of 300 egdsiye
Line International). Broiler hens have lower fertility rates than lajiegs. Part of this
relates to the high incidence of abnormal eggs (extra-calcified shells, goikdeand
compress-sided eggs), defective egg syndrome, erratic oviposition, regression of
developing follicles, internal laying, and chromosomal abnormalities (Chranig90).
In a previous study, researchers found that levels and duration of fertility vegteveby
correlated with body weight in broiler breeder hens (Bilgili & Renden, 1985).stundy
examining the effects in broiler hens of selection over 27 generationgfoaind low
body weight on hatch of fertile eggs and total eggs produced, high body weight hens
exhibited an average decrease of .7% and .3% per generation while low bodyheaght
showed an average increase of .3% and .6% per generation (Dunnington & Siegel, 1985).
The consistency of these results provides clear evidence that intenstti®sdte high
growth rate in broiler breeders has come at the cost of an important decéneaie f
fertility. In addition, the problem of reduced fertility is exacerbatddriales are mated
by males with poor sperm quality, as some of the reduced number of eggs laidday broil

hens may be lost because of lack of fertilization.
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Multiple studies have found a positive correlation between sperm mobility and
fertility (Froman & McLean, 1996; Fromaat d., 1997; Fromaret al, 1999). Sperm
mobility is a quantitative trait in the domestic fowl that represents theéineetional
movement of a sperm population (Froman & Feltmann, 1998). The Accudenz assay is a
measurement tool used to determine sperm mobility (McLean & Froman, 1996).
Accudenz is an inert medium that immobile sperm cannot penetrate. Durirggélye a
the Accudenz is kept at 41° C, the internal temperature of a hen. This is done to mimic
the reproductive environment that sperm will be subject to after inseamr(ddcLean &
Froman, 1996). Upon insemination, dead or abnormal sperm are prevented from
ascending the hen’s vagina as are non-motile sperm. Less than two petloennivil
population inseminated actually makes it past this first barrier to be storesl @&T's.

Cilia at the end of SSTs create a current away from the SSTs. Only s¢imave
mobility high enough to prevent being swept away by this current can maintain thei
position in the SSTs and wait to be released at an opportune time to fertilize an ovum

(Fromanet al, 2006).

While multiple studies have evaluated the impact of sperm mobility in laying
hens, only a single study has been conducted in broiler breeder hens (Bowaling et
2003). ltis predicted that similar to layers, broiler breeder females imesteah with high
mobility sperm will show higher fertility than those inseminated with low nitgbil
sperm. It is speculated however that the impact of sperm quality, as idettimg sperm
mobility, may have a higher impact in lines with poor egg laying patterns. If daly a

eggs have the potential to be fertilized, a loss of one due to poor sperm qualityevél ha
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greater impact on percent fertility than in hens laying higher numbers ef@gghe
other hand, the more erratic egg laying patterns of broiler breeder hensdueg the
reproductive advantage of high mobility sperm as part of the sperm will beegblghen
no egg may be available for insemination. Therefore the investigation of the whpact
sperm mobility on the fertility patterns in layer and broiler breeder Isevfsvital
relevance to the poultry industry. We hypothesized that hens Al with high mobility
semen pools would retain higher levels of fertility for a longer duration than HemshA

low mobility semen pools.

3.3 Materials and Methods

3.3.1 Facilities and Experimental Animals

On February 2%, 2007 100 day-old female Line 1 Rock broilers and 100 day-old
female leghorn layers were obtained from Perdue Farms and Hy-Linealiaal,
respectively and transported to the Animal Wing of the Animal & Avian Sciences
Building at the University of Maryland, College Park campus. All fematrew
randomly housed in 97.8cm x 68.6cm x 26.7cm (WxLxH) Petersime brooding cages
(Petersime Incubator Co., Gettysburg, Ohio) in groups of ten individuals by lioeri
separate brooder units (rearing density of .0%@im). Each brooding cage was
partitioned with vinyl strips so that an area of 30.5cm x 68.6cm (WxL) would retdin hea
for the young chicks. After three weeks the birds were moved to grow-out 6&8gasn

x 71.1cm x 39.4cm) (WxLxH) and randomly divided into groups of five by line (rearing
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density of .094rfibird). Grow-out cages contained a feed trough (63.5cm x 8.9cm x
5.1cm) (WxLxH) and a water trough (63.5cm x 8.9cm x 5.1cm) (WxLxH). On March
23% two white strings were attached to each cage to discourage pecking ofaiage

(Joneset al, 1997; Jonest al, 2002).

Finally broilers and layers were moved to individual layer cages (45.7cm X
45.7cm x 45.7cm) (Professional Pest Control Products) on Jirena@uly 13,
respectively. Each cage contained a feed hopper and a nipple drinker. After placement
each bird was wing-tagged using Swiftack for Poultry Identification Bygteeartland

Animal Health, Inc. Fair Play, Missouri).

For the first 44 days of life, temperature was gradually decreased from@®&3.9°
21.7° C. Chicks were kept under constant light for the first three days, at whithhgoi
light schedule followed was 8L: 16D. At 20 weeks of age photoperiod was adpysted
one-hour increments weekly, reaching the final photoperiod of 16L: 8D at 28 weeks of
age. Four different diets were used throughout the course of the experimarieradgt
(20% crude protein, 2915 kcal/kg metabolizable energy, 0-5 weeks of age), grewer di
(18% crude protein, 3000 kcal/kg metabolizable energy, 6-9 weeks of age), finisher die
(16% crude protein, 3075 kcal/kg metabolizable energy, 10-16 weeks of age), and
production diet (15.99% crude protein, 2975.7 kcal/kg metabolizable energy, 16 weeks of
age through experiment completion). Broilers were feed-restricted augoodihe
guidelines provided by the supplier. Briefly, each broiler waséelbitumfor their first

three weeks of life. Broilers were then provided approximately 23g/foodfahy a
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amounts were increased by one to three grams each week. Peak feed amount was
reached at 35 weeks of age when birds were receiving 145g/food/day. Layefedver
ad libitum. Starting on March 26when birds were four weeks of age, a random sample
of broilers was weighed weekly or bi-weekly to ensure birds were at the \waeriggit
provided by the supplier. If broiler weights were not on target, feed amounts were

adjusted accordingly.

3.3.2 Experimental Procedures

Nineteen FG males as described in Section 2.3.1 were used as semen donors.
Sperm was evaluated on site for volume, concentration and mobility. High and low sper
mobility samples from FG males were individually extended 1:1 with Bd&Rdultry
Semen Extender (BPSE), placed in a cooler, and brought back to the university. Base
on the average sperm mobility values obtained during the training period for the
collections, a value above .425 absorbance units was classified as high sty m
whereas a value below .280 absorbance units was classified as low mahiythe
course of the experiment 17 of the 19 FG males contributed to at least one of the semen
pools used for an Al; 12 males contributed to high sperm mobility pools, 7 males
contributed to low mobility pools, with 4 males changing sperm mobility phenotype
during the experiment. Upon arrival at the university (a trip that rangeddriow of
two and a half hours to a maximum of six hours) samples from three males werk poole
based on mobility phenotype determined at the primary breeder faciligr dlaat day.

Sometimes we were unable to obtain three samples of either low or high speritymobil
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in which case we pooled the sperm of two males for Al. In general, each trip to the
primary broiler facility resulted in one pooled phenotype available for Aleat t

university.

After pooling, the sample was gently mixed using au2Q@ipette (Gilson
pipetman, France). Concentration of the pooled sample was calculated based on the
concentration obtained at the primary breeder facility and the proportion of sgkrm ce
each male contributed to the pooled sample. One person gently restrained thegken’s
with one hand while gently applying pressure in a posterior direction while stides
other hand to gently press the tail in an anterior direction. The pressure fiohmeadc
everted the hen’s cloaca. The second person drew up 100 million sperm cells (as
calculated by the pooled concentration, accounting for the 1:1 extension with BPSE)
from the pooled sample and inserted the pipette into the everted cloaca to a depth of
approximately 3cm from the cloaca’s opening into the vagina. The persomiasgtthe
hen relieved the pressure applied to the oviduct at which point the inseminator dispensed
the semen. We used 100 million sperm cells to Al an equal number of layer aad broil
hens. Total volume Al ranged from85to 124uL of an extended pool. All Al were
done in the late afternoon or early evening (5:00 PM-9:00PM), a time frame conducive to
successful insemination as during this time there is no egg in the reproductiveatra
may prevent the successful uptake of sperm (Christensen & Johnston, 1977). A
minimum of 21 days was allowed to pass before a hen was reused for an Al to ensure

fertility could not be attributed to the previous round of Al.
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Based on egg laying patterns at the beginning of the Al trials 37 broiler breeder
hens and 64 Hy-Line layer hens were deemed suitable for the experiment. sheitiale
erratic egg laying patterns were excluded from the experiment. EygsAirhens were
collected starting one day post-Al and collection continued for a total adrfiftays.

Eggs were collected daily and stored in a cooler at 7.8° C. The collection foeeke w

was then transferred to the incubator. Settings for incubation were 37.5° C and 65-70%
humidity incubated after day eight and after day fifteen post-Al. Afteergeight days

of incubation eggs were candled with a small light to determine fertliggs not

appearing fertilized were broken open to determine if there was an eadleoddryo. A
total of 12 high and 11 low semen pools were obtained throughout the study for Al.
Midway through the experiment broiler hens were euthanized. As a resultvenhydgh

and five low semen pools were available for their Al.

3.3.3 Statistical Analysis

Percent fertility was calculated by dividing the total number of éeetijgs by the
total number of eggs candled for each female and was analyzed using a mixed model
analysis of variance (ANOVA) (SAS Institute V 9.1). The Univariatedore was
used to check for normality and homogeneity of the residual variance. Perthiyt fer
was arc sine transformed prior to analysis to satisfy requirements. itylphgnotype of
pooled sample (high and low), female line (layer and broiler), and their interagtire
used as fixed effects, while semen pool nested to male mobility (12 high pools and 11

low pools) served as a random effect. Kenward-Roger was used as the degrees of
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freedom method. Estimates statements were used to determine sigdifiezaences in
percent fertility within and between lines for hens Al with the same fardiit mobility

phenotype. Least square means and standard errors were back transfornpexitiiog.re

A mixed model repeated-measures ANOVA was performed on each fensale li
to examine the effect of day on fertility. Male mobility group, semen poo],atayall
interactions were used as fixed effects. Female ID was enteredradoan effect with
day of lay entered as a repeated measure. Least square means and starslarererr
reported. Linear and quadratic regression models were analyzed for math [fee to

determine the regression of percent fertility on day of lay.

A Pearson parametric correlation analysis was performed for enaleféne to
determine if a relationship existed between sperm quality of a semen paoi (spe
concentration and sperm mobility) and the percent fertility obtained from HemishA

that particular semen pool.

3.4 Results

Our results indicate that laying hens had a significantly higher oypenaiént

fertility as compared to broiler hens (12.20% + 1.351 and 0.36% + .328, respectively;

Figure 3.1). There was a significant interaction between male mobility pipendtligh

v. Low) and day of lay for percent fertility in laying heng4(fss7 = 2.70; p=0.0006;
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Fig 3.1: Mean + SE overall percent fertility for broiler=87) and laying hens (n=64)

16 -

14 4

12

10 A

I—T—l

Broilers

62

Layers




Figure 3.2). In broiler hens there was a significant effect of day of {gyi6~1.98;
p=0.0205; Figure 3.3) and a significant effect of particular semen pool used fay;,Ad (F
= 2.49; p=0.0100; Figure 3.4) on percent fertility. However, male mobility itself did not
have a significant effect on percent fertility. Negative values in bragles lare an

artifact of the type of analysis used. Because broiler fertility wasvgaelstimates
obtained from fitting the data sometimes yielded a negative percentyfentitiroiler

hens.

Regression analyses indicated a linear relationship of mean perceity tertil
days post-insemination in laying hens Al with either high or low mobility sgooels
and in broilers Al with high mobility pools. The regression line had higher values for
high mobility pools in layers as compared with low mobility pools. Laying hensitAl w
high mobility pools exhibited a 4.23% decrease in fertility with each successiymsiy
insemination (p<0.001; Figure 3.5). Laying hens Al with low mobility semen pools
exhibited a 2.56% decrease in percent fertility with each successive day post
insemination (p<0.0001; Figure 3.5). Broiler hens Al with high mobility pools exhibited
a .8% decrease in fertility with each successive day post-insemination (p=0a06;
3.5). Correlation analyses did not yield significant correlations@05 level in either
female line between percent fertility and either sperm mobility anspgencentration of
a sample. There was a positive trend in broiler hens between mean percewptaiedtil
sperm concentration (r=.58940; p=.0729) and a positive trend in layer hens between

mean percent fertility and sperm mobility (r=.36552; p=0.0863).
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Figure 3.2: Mean + SE percent fertility for laying hens Al tigither high mobility or low mobility pooled
semen samples beginning at two days post-inseramati

H Layers Al with High Mobility Semen Pools n=83

707 1 Layers Al with Low Mobility Semen Pools n=83
Male Mobility*day p=0.0006
60 -
50 4
2
E'E 40 -
|5 T 1l i
O 30
[0)
o T T
20 A
N H H iﬁ
0 T T T T T T T T T T T T IIH T
2 3 4 5 6 7 8 9 10 11 12 13 14 15

Days Post-Insemination

64



Figure 3.3: Mean + SE percent fertility in broiler hens eaely gost-insemination starting at day two.
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Figure 3.4: Mean + SE percent fertility in broiler hens fochaf ten different semen pools.

a semen pool indicates it is a high mobility greunal L indicates a low mobility group.
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Figure 3.5: Regression over days for laying hens Al with hégpld low pooled mobility samples and
broiler hens Al with high mobility samples.
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3.5 Discussion

The purpose of this experiment was to determine the effects of broiler semen
quality on fertility persistency in layer and broiler hens. We hypothesizetigha Al
with high mobility sperm standardized for sperm concentration would retain higher
fertility longer than hens Al with low mobility sperm and that these tffeould be
similar across layer and broiler lines. We also predicted that the impsutroh
mobility would be higher in layers due to the consistency of egg laying paéierns

compared with broiler hens.

In our study we found a significant effect of sperm mobility and days post-
insemination for layer hens, whereas this relationship was not evident for hesiker
Layers Al with high mobility sperm reached maximum fertility at threesqaost-
insemination with 59% of eggs fertile, decreasing to 7% by day 15 post-ins@minati
Layers Al with low mobility sperm obtained maximum percent fertility on foay post-
insemination with 32% of eggs fertile, and decreasing progressively by day 15 to 5%
These results are clear evidence of the impact of broiler sperm mobithy oate of
fertilization as hens Al with high sperm mobility maintained a higherafafertility as
compared with those Al with low mobility sperm. This is in agreement withhanot
study with broiler breeder (New Hampshire) males indicating that tihehifgrtility
persistency of single white comb laying hens Al with high mobility speas due to the
slower rate of sperm loss in Al with high sperm mobility as compared witlspanm

mobility (Fromanet al.,2002). Previous research in turkeys also indicated that toms with
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high mobility semen used for Al fertilized more eggs and allowed for a longdratucd

fertility when compared to toms with low mobility semen (Ketaal, 2000).

In our study overall fertility in layers was and in broilers was subsignkower
than results reported in other studies (12.20% + 1.351 and 0.36% = .328, respectively).
In a study with leghorn hens, a fertility rate over 90% two days post-A¢asiog
progressively to 35% by day 11 days post-insemination was reported (Febalan
1987). Although we observed a similar pattern of fertility decline over time, the lowe
overall fertility may be related to the timing between sample collectioth&niime of
insemination. Collected samples had to be transported back to the Univergtiggacil
for insemination of the hens which on average took between two and one-half hours and
six hours. Due to biosecurity measures at the breeder facility all asalygse conducted
in a separate building at the facility. As a result samples were naitilgzed nor

extended immediately following collection.

While sperm mobility was an important determinant of fertility in laying hens
did not appear to affect the poor fertility levels observed in the hens from the bineiler
suggesting that fertility problems may be attributable to the fensad@@osed to a male’s
semen quality. In a similar study where broiler breeder males of low amgpegm
mobility phenotype were used to Al single comb white leghorn hens, reseamiats f
results similar to ours: layers Al with sperm from high sperm mobilityesaad
significantly higher levels of fertility compared to hens Al with speromftow sperm

mobility males (P< 0.0001) (Bowlinget al, 2003). In broiler hens we found an effect of
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the day post-insemination and of semen pool used for Al, independently of whether it
was high or low mobility sperm. However these results are quite difficuiteégpret.
Broilers exhibited their highest fertility levels on day six post-insaton. Since

broilers were laying sporadically, it is possible that day six was whenaltetheir

second egg, resulting in the higher fertility levels observed. Intergstofghe 10

semen pools used to Al broiler hens, the highest percent fertilities weesed with

high mobility semen pool one (.615 absorbance units) and low mobility semen pool three
(.219 absorbance units), whereas the lowest fertilities were achievedwithdbility
semen pool one (.191 absorbance units) and high mobility semen pool two (.553
absorbance units). In one study looking at the effects of male line on average and
duration of fertility, duration of fertility was shown to be primarily a nalaracteristic
(Kirby et al, 1998). Five lines of broiler breeder males, one line of subfertile Delaware
cross males, four lines of broiler breeder females, and one line of legh@ledenere
used in the study. In five replicate trials, five males from each lime r@@domly

selected and used to Al 10-12 hens of one of the female lines with 8Gpetthatozoa,
Eggs were collected for 21 days and fertility was determined via breaketutsen four

to seven days post incubation. There were no significant male line effects ohaveral
duration of fertility but within a male line there were large differences gnmatividual
males in duration of fertility of hens they Al (durations of fertility betw8e4-14.5

days). Female line did not significantly effect duration of fertility bdtdtsignificantly
effect 7-day fertility and 21-day fertility suggesting that oudratility is dependent on
females while duration of fertility is dependent on males which exhibit higlslete

variation within lines (Kirbyet al, 1998).
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One possible explanation for a lack of sperm mobility effect on fertilityardor
hens may be that we had a smaller sample size (h=37) as compared withrtheithye
only four broiler hens laying at least one fertile egg. Another likely contribotivese
findings was the health and condition of the broiler hens. Broilers reached sexual
maturity a few weeks later than what is normal for them, due to an errorrifetging
schedule. For a period of approximately 12 weeks (mid-July to mid-October, 20 to 32
weeks of age) birds received 50% less food that what is recommended. We imlyediat
increased the amount of feed in small increments to speed up their development (D.L.
Pollock, personal communication). Despite this inadvertent extreme three fiexehth
restriction, broilers were still overweight for the majority of thpeximent. This was
likely due to the lack of exercise as a result of being housed in individual caigés. H
body weight in broiler breeder hens has been shown to negatively correlated with both
the number of fertile eggs produced and the duration of fertility (Bilgili & Renden, 1985)
and broiler hens with full access to food were found to produce fewer fertile eggs than
those restricted (Yat al, 1992). An increase in breast yield also has been reported to be

negatively correlated with fertility in broiler females (Siegel, 1962).

Genetic selection for increased growth and yield traits has resultecreaded
reproduction efficiency in females due to occurrences such as defectivendgonsy
and erratic ovulation (Chambers, 1990). The broiler hens in our study laid dsratical
For example it was not uncommon to find two eggs laid on one day and then none for

several days. We also found eggs with extra calcium depositions, and laidckgys la
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shells. As a result the true effect of sperm mobility on fertility inlerdiens may have
been masked. Regardless of the sperm mobility and quality of a semen sample, if a hen

is not producing normal eggs at regular intervals fertility levels willisterstly be low.

We also found that in broilers there was a positive trend between mean percent
fertility and sperm concentration. Since all hens were Al with the saméer of sperm
cells, this may indicate that concentration is correlated with another gi@rattimat may
positively influence fertility. Samples that are more concentrated maptmily have

higher viability but this needs to be tested further.

Conclusion

In summary, similar to the results of other studies regarding the effsgeoh
mobility in layer lines, we found clearly higher fertility levels whesing high mobility
(as compared to low mobility) sperm of broiler breeder males to insemayatg hens
and these fertility levels remained higher throughout the post-inseminatiod.pEnese
results are evidence that sperm mobility does impact fertility lewelghat sperm
mobility can be used as an indicator of a male’s fertilizing potential in btwdeder
lines. We also found that in broiler breeder hens used in our experiment, sperm mobility
was not a factor in decreased fertility levels. This is indicative thditjeproblems may
be attributable to females. However, due to the low sample size, erratic E&yihg
weight problems of our broiler hens, studies have to be repeated to determine the true

effect of sperm mobility on fertility for these hens.
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Chapter 4: Summary and Conclusion

We found that for semen volume, sperm concentration, and sperm mobility, age
affected the two lines differently. This was more prevalent early in owy.silitere
were only four times throughout the experiment where males of the two lineediff
significantly in their mean values, three of which occurred during the fiest theeks of
the study. This may be a result of males being housed in single sex stud pens with no
access to females. After regular collections and becoming used to teguding and
collection techniques, males began to regularly produce samples. Beirigakes i
spermatids 14 days to fully develop into spermatozoa, it follows that it would take a
period of time for males to produce quality semen samples (Lake, 1984; Kirby &
Froman, 2000). These males had been kept in single sex pens for later use as
replacement males. Prior to this experiment, males were never ablieste Our
results indicate it would be beneficial for males housed in single sex pens toelogedoll
from on a regular basis; this would allow males to be in full semen production upon

placement with hens, likely resulting in higher fertility levels.

Our results indicate that contrary to our predictions, sperm quality (asndetd
by sperm mobility) improves with age (through 54 weeks of age). A possiblaatipta
for increased sperm quality is that initial semen obtained may have been age@and as
result of inferior quality. Since our males were housed in single-sexpshs with no

access to females, there was no need to invest resources in copulation displaypsdtiar t
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others for access to females; it makes sense that they would invest rspeenn

mobility, a sperm trait positively correlated with fertility.

We found that HY males possessing larger wattles (either in area dr)lengt
produced significantly larger ejaculates compared to conspecifics (r=.7203; p=.0082;
r=.6364; p=.0261). HY males possess secondary sexual characters signifroafidy s
than FG males, indicating they invest significantly less in these tiidiesse males are
adopting the strategy of investing more in gonadal components. This is further
exemplified in our results indicating that wattle width was negatively ledecwith
mean sperm mobility (r=-.6833; p=.0424), a quantitative trait that is positiveliaiad
with fertility. Males that did invest in wattle development suffered inngsgto
fertilizing potential. Further support is garnered in our finding that HY snaith a
larger comb area tended to produce ejaculates of lower concentration (r=-.5359;
p=.0725). Our results indicate that in HY males the wattle can be used as awiridicat

determine which males to cull.

Three positive correlations were found, all involving sperm concentration, in FG
males and two of these were with comb parameters. Males with a wider combegroduc
ejaculates with significantly higher sperm concentrations (r=.5466; p=0.0281%) a
those with a larger perimeter (r=.4559; p=.0659). Comb size appears to be an adequate
predictor as to the concentration of a semen sample. This correlates with thatfac
the commercial turkey industry appendage size (such as the comb) and spermsthicknes

(concentration) are used to quickly decide which males to keep and which males to cull
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(Christensen, 1997). However, sperm concentration is not correlated with sperm
mobility, which is the best predictor of male fertility potential (FromaRe§tmann,
1998). Itis highly possible that by using a ‘quick’ method to select highly feonms| t
the commercial industry may potentially be selecting against higher gigaig/with

higher sperm mobility.

Fertility results provided clear evidence of the impact of broiler spernility
on fertilization as layer hens Al with high mobility sperm maintained a higite of
fertility throughout the post-insemination period as compared with thosetlow
mobility sperm. In our study we found a significant effect of sperm mobility agd d
post-insemination for layer hens, but not for broiler hens. Layers Al with high tyobili
sperm reached a maximum fertility of 59% three days post-insemirshatiadily
decreasing to 7% by day 15 post-insemination. Layers Al with low mobilitynsper
obtained maximum percent fertility of 32% on day four post-insemination and gteadil
decreasing to 5% at day 15 post-insemination. High mobility sperm are losvata s
rate from a hen’s SSTs as they are able to maintain their position agaiostrémt
generated by cilia surrounding the SSTs. Low mobility sperm cannot nictimési
position as long, causing them to be more quickly released from storage. As higbsult
mobility sperm retain their fertilizing capacity for a longer duration, &rpig why
layers Al with high mobility semen pools had higher levels of fertility thay t
maintained throughout the post-insemination period compared to layers Al with low

mobility semen pools.
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We found that while sperm mobility was an important determinant of fertility in
laying hens it did not affect fertility in broiler hens. In broiler hens,aumd an effect of
the day post-insemination and of semen pool used for Al independently of whether it was
high or low mobility sperm. However, due to the small sample size and erratig tdy
the broiler hens, no definitive conclusions can be made. We also found that in broilers
there was a positive trend between mean percent fertility and spernmizatica. Being
that all hens were Al with the same number of sperm cells, this may indiaasperm
concentration is correlated with another parameter that may positively irdlemtitity

in broiler hens.

78



Summary List of References

Allee, W. C., Collias, N. E. & Lutherman, C. Z. 1939. Modification of the social order in
flocks of hens by the injection of testosterone propiortgsiological Zoology
12, 412-439.

Amann, R. P. 1999. Lessons for the poultry industry gleaned from experiences with other
commodity speciefoultry Sciencgr8, 419-427.

Andersson, M. 1982. Female choice selects for extreme tail length in a widowbird.
Nature 299, 818-820.

Andersson, M. 19945exual SelectiorPrinceton, NJ: Princeton University Press.

Bakst, M. R., Wishart, G. & Brillard, J. P. 1994. Oviductal sperm selection, transport, and
storage in poultryPoultry Science Reviews 117-143.

Barbato, G. F. 1999. Genetic relationships between selection for growth and répeoduc
effectivenessPoultry Sciencgr8, 444-452.

Bateman, A. J. 1948. Intra-sexual selectioBriosophila Heredity, 2, 349-368.

Berg, R. W. & Shoffner, R. N. 1954. The relationship between 24-week body
measurements and reproductive performaRoeltry Science33, 1043.

Bilcik, B. & Estevez, I. 2005. Impact of male-male competition and morpholdgaits
on mating strategies and reproductive success in broiler breagetied Animal
Behaviour Scien¢®2, 307-323.

Bilcik, B., Estevez, |. & Russek-Cohen, E. 2005. Reproductive success of broiler
breeders in natural mating systems: the effect of male-male atiompetperm
quality, and morphological characteristiBaultry Sciencg84, 1453-1462.

Bilgili, S. F. & Renden, J. A. 1984. Fluorometric determination of avian sperm viability
and concentratiorRoultry Sciencgb3, 2275-2277.

Bilgili, S. F. & Renden, J. A. 1985. Relationship of body-fat to fertility in broiler deee
hens.Poultry Sciencegb4, 1394-1396.

Birkhead, T. R. 1998. Sperm competition in bifdsviews of Reproductip®, 123-129.

Birkhead, T. R. & Hunter, F. M. 1990. Mechanisms of sperm competifi@mds in
Ecology & Evolution5, 48-52.

Birkhead, T. R. & Moller, A. P. 199&perm Competition and Sexual Selectlayndon:
Academic Press.

79



Birkhead, T. R., Wishart, G. J. & Biggins, J. D. 1995a. Sperm precedence in the domestic
fowl. Proceedings of the Royal Society of London Series B-Biological Sgiences
261, 285-292.

Birkhead, T. R., Wishart, G. J. & Biggins, J. D. 1995b. Sperm precedence in the
domestic-fowl.Proceedings of the Royal Society of London Series B-Biological
Sciences261, 285-292.

Bowling, E. R., Froman, D. P., Davis, A. J. & Wilson, J. L. 2003. Attributes of broiler
breeder males characterized by low and high sperm moBibiyliry Sciencg82,
1796-1801.

Brillard, J. P. 1993. Sperm storage and transport following natural mating arciladtif
inseminationPoultry Sciencgr2, 923-928.

Brillard, J. P. 2004. Natural mating in broiler breeders: present and future concerns.
Worlds Poultry Science Journd@0, 439-445.

Buckland, R. B. & Hawes, R. O. 1968. Comb type and reproduction in the male fowl:
semen characteristics and testes strucRoealtry Scienced7, 704-710.

Burrows, W. H. & Quinn, J. P. 1937. The collection of spermatozoa from the domestic
fowl and turkeyPoultry Sciencel6, 19-24.

Burrows, W. H. & Titus, H. W. 1939. Some observations on the semen production of the
male fowl.Poultry Sciencgl8, 8-10.

Carre, D. & Sardet, C. 1984. Fertilization and early development in Beroe ovata.
Developmental Biologyl05, 188-195.

Carte, I. F. & Leighton, A. T. 1969. Mating behavior and fertility in large whitieetur
Poultry Science48, 104-114.

Chambers, J. R. 1990. Genetics of growth and meat production in chicke?aulbny
Breeding and Genetics: Developments in Animal and Veterinary Sci@atdsy
Crawford), pp. 599-643: Elsevier.

Christensen, V. L. 1997. Semen collection and dilutionTéthniques for Semen
Evaluation, Semen Storage, and Fertility Determinatid. by Bakst, M. R. &
Cecil, H. C.), pp. 1-5. Savory, IL: Poultry Science Association, Inc.

Christensen, V. L. & Johnston, N. P. 1977. The effect of time of day of insemination and
position of egg in oviduct on fertility of turkeyBoultry Sciencgs6, 458-462.

Cochez, L. P. 1951. An infertility factor balanced by breeding in the White Wyandotte.
In: Proceedings of the IXth World's Poultry Congrggs 122-128.

80



Collias, N. E. 1943. Statistical analysis of factors which make for succesgah i
encounters between herlgnerican Naturalist77, 519-538.

Collias, N. E. & Collias, E. C. 1996. Social organization of a red junglefaallus
gallus population related to evolution theoAnimal Behaviour5l, 1337-1354.

Compton, M. M., Vankrey, H. P. & Siegel, P. B. 1978. Filling and emptying of
uterovaginal sperm-host glands in domestic Remltry Sciences7, 1696-1700.

Cornwallis, C. K. 2004. The reproductive tactics of male and female @ailiis gallus
Sheffield, U.K.: University of Sheffield.

Cornwallis, C. K. & Birkhead, T. R. 2006. Social status and availability of females
determine patterns of sperm allocation in the fdwviolution 60, 1486-1493.

Cornwallis, C. K. & Birkhead, T. R. 2007a. Changes in sperm quality and numbers in
response to experimental manipulation of male social status and female
attractivenessT’he American Naturalisi.70, 758-770.

Cornwallis, C. K. & Birkhead, T. R. 2007b. Experimental evidence that female
ornamentation increases the acquisition of sperm and signals fecundity.
Proceedings of the Royal Society of London Series B-Biological Sgié88es
590.

Craig, J. V. & Guhl, A. M. 1969. Territorial behaviour and social interactions of pullets
kept in large flocksPoultry Scienceg48, 1622-1628.

Crawford, R. D. & Merritt, E. S. 1963. The relation between rose comb and reproduction
in the domestic fowlCanadian Journal of Genetics and Cytolp§y89-95.

Crawford, R. D. & Smyth, J. R. 1964. Infertility and action of the gene for rose comb in
the domestic fowlCanadian Journal of Genetics and Cytolp§y298-303.

Darwin, C. 1871The Descent of Man and Selection in Relation to ISsxdon: John
Murray.

Darwin, C. 1887The Variation of Animals and Plants Under Domesticatiew York:
Appleton and Company.

De Lope, F. & Moller, A. P. 1993. Female reproductive effort depends on the degree of
ornamentation of their matdsvolution 47, 1152-1160.

de Reviers, M. & Williams, J. 1981. Predicting the adult daily sperm outputladtéirst
ejaculates in cockerels raised under different photosche®épsoductive and
Nutritional Developmen®l, 1113-1124.

81



Domm, L. V. 1939. Modifications in sex and secondary sex characters in bir8exin:
and Internal SecretiofEd. by Allen, E., Danforth, C. H. & Doisy, E.), pp. 227-
327. Baltimore: Williams & Wilkins.

Donoghue, A. M. & Bakst, M. R. 1999. Paternity efficiency in turkeys differs extgs
after heterospermic inseminatialournal of Applied Poultry Researd 214-
221.

Donoghue, A. M., Garner, D. L., Donoghue, D. J. & Johnson, L. F. 1995. Viability
assessment of turkey sperm using fluorescent staining and flow cytometry.
Poultry Sciencel191-1200.

Duncan, I. J. H. 1980. The Ethogram of the Domesticated Hehhéntaying Hen and
its Environmen{Ed. by Moss, R.), pp. 5-16. Brussels-Luxembourg: ECSC, EEC,
EAEC.

Dunnington, E. A. & Siegel, P. B. 1985. Long-term selection for 8-week body weight in
chickens-direct and correlated respon3é®oretical Applied Geneticgl, 305-
313.

Eberhard, W. G. 1996.emale control: sexual selection by cryptic female choice
Princeton, NJ: Princeton University Press.

Eisner, T., Smedley, S. R., Young, D. K., Eisner, M., Roach, B. & Meinwald, J. 1996.
Chemical basis of courtship in beetideppyrochroa flabellata cantharidin as
precopulatory "enticing" agerfroceedings of the National Academy of Sciences
93, 6494-6498.

Emmerson, D. A. 2000. A primary breeder perspective of breeder, hatchery and grow-out
issues. InProceedings of the Delmarva Breeder Hatchery and Grow-Out
Conferencepp. 10-14. Maryland.

Etches, R. J. 199&eproduction in PoultryWallingford, UK: CAB International.

Fontana, E. A., Weaver, W. D. & Vankrey, H. P. 1990. Effects of various feeding
regimens on reproduction in broiler-breeder mdkesiltry Scienceg69, 209-216.

Froman, D. P. 2003. Deduction of a model for sperm storage in the oviduct of the
domestic fowl Gallus domesticysBiology of Reproductiqré9, 248-253.

Froman, D. P. & Feltmann, A. J. 1998. Sperm mobility: a quantitative trait of the
domestic fowl Gallus domesticysBiology of Reproductiqrb8, 379-384.

Froman, D. P. & Feltmann, A. J. 2000. Sperm mobility: phenotype in roo&alisig
domesticusdetermined by concentration of motile sperm and straight line
velocity. Biology of Reproductiqré2, 303-309.

82



Froman, D. P., Feltmann, A. J. & McLean, D. J. 1997. Increased fecundity resulting from
semen donor selection based upon in vitro sperm moBlayltry Sciencgr6,
73-77.

Froman, D. P., Feltmann, A. J., Rhoads, M. L. & Kirby, J. D. 1999. Sperm mobility: a
primary determinant of fertility in the domestic fo@#llus domesticysBiology
of Reproduction6l, 400-405.

Froman, D. P. & McLean, D. J. 1996. Objective measurement of sperm motility based
upon sperm penetration of Accudenz(RQultry Sciencgers, 776-784.

Froman, D. P., Pizzari, T., Feltmann, A. J., Castillo-Juarez, H. & Birkhead, T. R. 2002.
Sperm mobility: mechanisms of fertilizing efficiency, genetic ation and
phenotypic relationship with male status in the domestic iGallus gallus
domesticusProceedings of the Royal Society of London Series B-Biological
Sciences269, 607-612.

Froman, D. P., Wardell, J. C. & Feltmann, A. J. 2006. Sperm mobility: deduction of a
model explaining phenotypic variation in roostééallus domesticysBiology of
Reproduction74, 487-491.

Graves, H. B., Hable, C. P. & Jenkins, T. H. 1985. Effects of morphology and dominance
on female spatial behavidehavioural Processe$l, 189-197.

Guhl, A. M. 1962. The behaviour of chickens. Tine Behaviour of Domestic Animals
(Ed. by Hafez, E. S. E.), pp. 491-530. London: Bailliere, Tindall & Cox.

Guhl, A. M. & Warren, D. C. 1946. Number of offspring sired by cockerels related to
social dominance in chickerBoultry Sciencg25, 460-472.

Hale, E. B. 1955a. Defects in sexual behavior as factors affecting fertitiykieys.
Poultry Sciencg34, 1059-1067.

Hale, E. B. 1955b. Duration of fertility and hatchability following naturalinggtin
turkeys.Poultry Sciencg34, 228-232.

Harding, C. F. 1983. Hormonal influences on avian aggressive behavidormones
and Aggressive Behavi¢Ed. by Svare, B. B.). New York: Plenum Press.

Harris, G. C., Benson, J. A. & Sellers, R. S. 1984. The influence of daylength, body-
weight, and age on the reproductive ability of broiler breeder cockPaai#ry
Science63, 1705-1710.

Havenstein, G. B., Ferket, P. R., & Qureshi, M. A. 2003. Carcass composition and yield

of 1957 versus 2001 broilers when fed representative 1957 and 2001 broiler diets.
Poultry Sciencg82, 1509-1518.

83



Havenstein, G. B., Ferket, P. R., Scheideler, S. E. & Larson, B. T. 1994. Carcass
composition and yield of 1991 versus 1957 broilers when fed "typical" 1957 and
1991 broiler dietsPoultry Sciencer3, 1785-1794.

Haye, U. A., van Voorst, A. & Pit, R. 1981. Selection for sperm quality in white
plymouth rocksReproduction Nutrition Developmedi067-1075.

Hunton, P. 1990. Industrial breeding and selectiorPtultry Breeding and Genetics:
Developments in Animal and Veterinary Scier(&s by Crawford), pp. 985-
1028: Elsevier.

Jones, R. B., Carmichael, N. L. & Blokhuis, H. J. 1997. Domestic chicks' initidicesc
to pecking devices made of feathers or strifwultry Sciencer6, 127.

Jones, R. B., Mcadie, T. M., McCorquodale, C. & Keeling, L. J. 2002. Pecking at other
birds and at string enrichment devices by adult laying Hgntssh Poultry
Science43, 337-343.

Kirby, J. D. & Froman, D. P. 2000. Reproduction in the male. In: Causey Wittow G.,
editor. Sturkie's avian physiologi;zt.h edn. Academic Press; San Diego, CA: pp.
597-615.

King, L. M., Kirby, J. D., Froman, D. P., Sonstegard, T. S., Harry, D. E., Darden, J. R.,
Marini, P. J., Walker, R. M., Rhoads, M. L. & Donoghue, A. M. 2000. Efficacy of
sperm mobility assessment in commercial flocks and the relationships of sperm
mobility and insemination dose with fertility in turkey®oultry Sciencg79,
1797-1802.

Kirby, J. D., Tressler, C. J. & Kirby, Y. K. 1998. Evaluation of the duration of sperm
fertilizing ability in five lines of commercial broiler breeder and dele@saoss
males.Poultry Sciencer7, 1688-1694.

Kirkpatrick, M. 1987. The evolutionary forces acting on female mating preferences
polygynous animals. IrSexual Selection: Testing the Alternatives. Dahlem
Conferece Proceedind&d. by Bradbury, J. W. & Andersson, M. B.), pp. 67-82.
Chichester: John Wiley & Sons Limited.

Kirkpatrick, M. & Ryan, M. J. 1991. The paradox of the lek and the evolution of mating
preferencedNature, London350, 33-38.

Kondra, P. A. & Shoffner, R. N. 1955. Heritability of some body measurements and
reproductive characters in turkeyoultry Sciencg34, 1262-1267.

Kruijt, J. P. 1964. Ontogeny of social behaviour in burmest red junglet@alus gallus
spadiceus Behaviour Supplement 12, Brill, Leiden.

Lake, P. E. 1975. Gamete production and the fertile period with particular refasence t
domesticated bird§ymposia of the Zoological Society of Lond&) 225-244.

84



Lake, P. E. 1984. The male in reproduction. In: Freeman, B. M., edigsiology and
biochemistry of the domestic fomol. 5. Academic Press; London, UK: pp. 381-
405.

Lake, P. E. 1989. Recent progress in poultry reprodudfimmlds Poultry Science
Journal 45, 53-59.

Leonard, M. L. & Horn, A. G. 1995. Crowing in relation to status in rooséersnal
Behaviour 49, 1283-1290.

Lessells, C. M. & Birkhead, T. R. 1990. Mechanisms of sperm competition in birds -
mathematical-model&ehavioral Ecology and Sociobiolgd7, 325-337.

Ligon, J. D., Kimball, R. & Merola-Zwartjes, M. 1998. Mate choice by female red
junglefowl: the issues of multiple ornaments and fluctuating asymn#atimal
Behaviour 55, 41-50.

Ligon, J. D., Thornhill, R., Zuk, M. & Johnson, K. 1990. Male-male competition,
ornamentation and the role of testosterone in sexual selection in red jungle fowl
Animal Behaviour40, 367-373.

Ligon, J. D. & Zwartjes, P. W. 1995a. Female red junglefowl choose to mate with
multiple malesAnimal Behaviour49, 127-135.

Ligon, J. D. & Zwartjes, P. W. 1995b. Ornate plumage of male red junglefowl does not
influence mate choice by femalésmimal Behaviour49, 117-125.

Marks, H. L., Siegel, P. B. & Kramer, C. Y. 1960. Effect of comb and wattle removal on
the social organization of mixed flocks of chickeAsimal Behaviour8, 192-
196.

Martin, P. A., Reimers, T. J., Lodge, J. R. & Dziuk, P. J. 1974. The effect of ratios and
numbers of spermatozoa mixed from two males on proportions of offspring.
Journal of Reproduction and Fertilit®9, 251-258.

McBride, G. 1970. The social control of behaviour in fowls Agpects of Poultry
Behaviour(Ed. by Freeman, B. M. & Gordon, R. F.), pp. 3-13. Edinburgh: British
Poultry Science.

McDaniel, G. R. 1978. Low fertility in broiler hatching eggsultry Digest (Sep.), 446-
448.

McGary, S., Estevez, |. & Bakst, M. R. 2003. Potential relationships between physical
traits and male broiler breeder fertili§oultry Science82, 328-337.

McGary, S., Estevez, |., Bakst, M. R. & Pollock, D. L. 2002. Phenotypic traits aseeliabl
indicators of fertility in male broiler breedeBoultry Science8l, 102-111.

85



McLean, D. J. & Froman, D. P. 1996. Identification of a sperm cell attribute relsj@ons
for subfertility of roosters homozygous for the rose comb alBitdogy of
Reproduction54.

Mench, J. A. & Ottinger, M. A. 1991. Behavioral and hormonal correlates of social-
dominance in stable and disrupted groups of male domesticHonhones and
Behavior 25, 112-122.

Ogasawara, F. X., Abplanalp, H. & Asmundson, V. S. 1962. Effect of selection for body
weight on reproduction in turkey heri®ultry Sciencgd2, 838-842.

Orians, G. H. 1969. On the evolution of mating systems in birds and mammescan
Naturalist, 103, 589-603.

Parker, G. A. 1970. Sperm competition and its evolutionary consequences in the insects.
Biological Reviews45, 525-567.

Parker, G. A. 1979. Sexual selection and sexual conflicBdrual Selection and
Reproductive Competition in Inse¢id. by Blum, M. S. & Blum, N. A.), pp.
123-166. New York: Academic Press.

Parker, G. A. 1983. Mate quality and mating decisiondMite ChoicgEd. by Bateson,
P.), pp. 141-166. New York: Cambridge University Press.

Parker, G. A., Baker, R. R. & Smith, V. G. F. 1972. The origin and evolution of gamete
dimorphism and the male-female phenomedonrnal of Theoretical Biology
36, 529-553.

Petrie, M. & Williams, A. 1993. Peahens lay more eggs for peacocks with laaime: tr
Proceedings of the Royal Society of London Series B-Biological Sgigbtes
127-131.

Pizzari, T. 2001. Indirect partner choice through manipulation of male behaviour by
female fowl,Gallus gallus domesticuProceedings of the Royal Society of
London Series B-Biological Scienc268, 181-186.

Pizzari, T. & Birkhead, T. R. 2000. Female feral fowl eject sperm of subdominasd.mal
Nature 405, 787-789.

Pizzari, T., Cornwallis, C. K., Lovlie, H., Jakobsson, S. & Birkhead, T. R. 2003.
Sophisticated sperm allocation in male folature 426, 70-74.

Pizzari, T., Froman, D. P. & Birkhead, T. R. 2002. Pre- and post-insemination episodes
of sexual selection in the fowgallus g. domesticusieredity, 88, 112-116.

Pollock, D. L. 1999. A geneticist's perspective from within a broiler primagdare
companyPoultry Sciencgr8, 414-418.

86



Reddy, R. P. & Sadjadi, M. 1990. Selection for growth and semen traits in the poultry
industry: what can we expect in the future?Gontrol of Fertility in Domestic
Birds, pp. 47-59. Paris, France: INRA.

Reynolds, J. D. & Gross, M. R. 1990. Costs and benefits of female mate choice: & there
lek paradox’American Naturalist136, 230-243.

Rishell, W. A. 1997. Symposium: genetic selection - strategies for the fututbriyyee
and genetics - historical perspecti@ultry Science76, 1057-1061.

Romanoff, A. L. 1960. Fertilization and fertility. Ifthe Avian Embrygp. 75-111. New
York: The MacMillan Company.

Rushen, J. 1983. The development of sexual relationships in the domestic chicken.
Applied Animal Ethologyll, 55-66.

Salomon, A. L., Lazorcheck, M. J. & Schein, M. W. 1966. Effect of social dominance on
individual crowing rates of cockerel®ournal of Comparative Physiology and
Psychology61l, 144-146.

Sexton, T. J. 1983. Maximizing the utilization of the male breeder - a reRmuvitry
Science62, 1700-1710.

Sheldon, B. C. 2000. Differential allocation: tests, mechanisms and implicatrensls
in Ecology & Evolution15, 397-402.

Siegel, H. S. & Dunnington, E. A. 1985. Reproductive complications associated with
selection for broiler growth. IiPoultry Genetics and Breedir{gd. by W. G.
Hill, 3. M. M., and D. Hewitt), pp. 59-72. Harlow, UK: British Poultry Science
Ltd, Longman Group.

Siegel, H. S. & Siegel, P. B. 1961. The relationship of social competition with endocrine
weights and activity in the male chickékmimal Behaviour9, 151-158.

Siegel, P. B. 1962. A double selection experiment for body weight and breast angle at
eight weeks of age in chickerGenetics1313-1319.

Siegel, P. B. & Hurst, D. C. 1962. Social interactions among females in dubbed and
undubbed flocksPoultry Sciencedl, 141-&.

Smith, J. M. 1991. Theories of sexual selectirends in Ecology & Evolutiqr®, 146-
151.

Smyth, J. R. & Leighton, A. T. 1953. A study of certain factors affecting fgritilithe
turkey.Poultry Science32, 1004-1013.

87



Soller, M. & Rappaport, S. 1971. The correlation between growth rate and méilg ferti
and some observations on selecting for male fertility in broiler stBckgtry
Science248-256.

Steele, M. G. & Wishart, G. J. 1992. Evidence for a species-specific barrierimo spe
transport within the vagina of the chicken h&heriogenology38, 1107-1114.

Thornhill, R. 1983. Cryptic female choice and its implications in the scorpionfly
Harpobittacus nigricepsAmerican Naturalist122, 765-788.

Trivers, R. L. 1972. Parental investment and sexual selectioBekual Selection and
the Descent of Man, 1871-197#d. by Campbell, B.), pp. 136-179. Chicago:
Aldine.

von Schantz, T., Goransson, G., Andersson, G., Froberg, I., Grahn, M., Helgee, A. &
Wittzell, H. 1989. Female choice selects for a viability-based malertrait
pheasantdNature 337, 166-169.

Ward, P. 1998. A possible explanation for cryptic female choice in the yellow dung fly
Scathophaga stercorari@..). Ethology 104, 97-110.

Warren, D. C. & Gish, C. L. 1943. The value of artificial insemination in poultry
breeding workPoultry Sciencg22, 108-117.

Wedell, N., Gage, M. J. G. & Parker, G. A. 2002. Sperm competition, male prudence and
sperm-limited femaleSrends in Ecology & Evolutigri7, 313-320.

Wilson, J. R., Kuehn, R. E. & Beach, F. A. 1963. Maodification in the sexual behavior of
male rats produced by changing the stimulus fenjalernal of Comparative
Physiology and Psychology6, 636-644.

Witschi, E. 1961. Sex and secondary sexual characteBiology and Comparative
Physiology of Bird¢Ed. by Marshall, A. J.), pp. 115-168. London: Academic
Press.

Wood-Gush, D. G. M. 197T.he Behaviour of the Domestic Folwbndon: Heinemann.

Yu, M. W., Robinson, F. E., Charles, R. G. & Weingardt, R. 1992. Effect of feed
allowance during rearing and breeding on female broiler breeders .2.1Ovaria
morphology and productioR.oultry Sciencerl, 1750-1761.

Zuk, M., Johnsen, T. S. & Maclarty, T. 1995a. Endocrine-immune interactions,
ornaments and mate choice in red jungle f&wbceedings of the Royal Society
of London Series B-Biological Scienc280, 205-210.

Zuk, M., Johnson, K., Thornhill, R. & Ligon, J. D. 1990a. Mechanisms of female choice
in red jungle fowl Evolution 44, 477-485.

88



Zuk, M., Ligon, J. D. & Thornhill, R. 1992. Effects of experimental manipulation of male
secondary sex characters on female mate preference in red junglariondl
Behaviour 44, 999-1006.

Zuk, M., Popma, S. L. & Johnsen, T. S. 1995b. Male courtship displays, ornaments and
female mate choice in captive red jungle foBéhaviour 132, 821-836.

Zuk, M., Thornhill, R., Ligon, J. D., Johnson, K., Austad, S., Ligon, S. H., Thornhill, N.
W. & Costin, C. 1990b. The role of male ornaments and courtship behavior in
female mate choice of red jungle fodmerican Naturalist136, 459-473.

89



