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Abstract

Relatively little research has been done to inges#i the way postcopulatory, prezygotic
mechanisms act to isolate species at the levehefgamete. This thesis uses the naturally-
hybridising, externally-fertilising system of Atlan salmon,Salmo salar and brown troutS.
trutta, to investigate mechanisms of hybridisation thiowgperm-egg interactions, much of

which is poorly understood.

Salmon and trout experience conspecific sperm gexme duringin vitro sperm
competition experiments, when sperm volumes aneasel times are equalised. This thesis
firstly aimed to explore the dynamics of gameti¢eractions underlying this reproductive
isolation. Manipulating the sperm entry time ineirgpecific sperntompetitions significantly
influenced the observed conspecific sperm precedeAc2 second delay to the entry of
conspecific sperm did not give hybridising malestfmale sperm precedence, but neither did
they gain precedence with paternity being shardd/d®n males; suggesting a mechanism of
selection for conspecific sperm. Selection mechmasiwere investigated through vitro sperm
competitions where egg ovarian fluid type was malaigd. Results showed that conspecific
ovarian fluid allowed conspecific sperm signifidgnthigher fertilisation success when
competing against heterospecific sperm, regardigisswhich species eggs were under
competition. This ighe first evidence for cryptic female choice viaeproductive fluid in an

external fertiliser.

The second objective of my thesis was to investighe potential consequences of
salmon-trout hybridisation for wild populations.i$twas achieved through comparing the early
life and reproductive fitness of hybrids and pupecses. Both reciprocal hybrid crosses had
comparable early life fitness to pure species. Inigmly however, neither reciprocal cross
exceeded pure juveniles for any fitness measurbs Juggests the replacement of parental
species by hybrids is unlikely. Both hybrid croseese capable of producing viable sperm and
able to fertilise over 50% of both salmon and treggs. Neither cross gained paternity success
when competing for trout eggs with conspecific malehile very low paternity was gained
under sperm competition with Atlantic salmon fotnsan eggs. The main threat posed by
hybridisation to vulnerable salmon populations a@ppdéo come from wasted reproductive effort,
through the production of reproductively unfit higls. The implications of this are discussed.
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Introduction



1: Introduction

This thesis uses a naturally hybridising, extegn&dirtilising system to examine (1) how
hybridisation is avoided at the gamete level, a)dtlje consequences of hybridisation for
offspring fitness. Coyne and Orr (2004) argue ttegiroductive isolation, reproductive
barriers that prevent gene flow between populatianhe key to how closely related species
remain isolated, even in sympatry. Barriers thdttacisolate species can operate before
fertilisation, through prezygotic mechanisms, oteaffertilisation through postzygotic
mechanisms. Further to this, prezygotic isolatian function on two levels. Species can be
prezygotically isolated through precopulatory metsims that occur prior to mating to
inhibit copulation, as well as through postcopulatonechanisms, which operate after
interspecific mating at the gamete level, but befertilisation occurs (Coyne & Orr 2004).
When reproductive isolation is based around postiedpry mechanisms, important insights
can be gained into the gamete level mechanismp@isegg compatibility, which are
relatively poorly understood. It is believed thatedgent evolution, the build-up of genetic
differences in allopatry, is likely to have resdlte reproductive isolation between many
closely related species (Palumbi 1994).

Atlantic salmon and brown trout are sympatric sisgecies that coexist in rivers across
much of their distribution, and are known to hysél(Garcia-Vazquez et al. 2002; Garcia
de Leaniz & Verspoor 1989; Hérreo et al. 2011; Yew & Hammar 1991). Salmon and
trout are external fertilisers, where gametes asvaed and then fertilised in the external
environment, where males and females are knownate mnvith multiple partners (Fleming

1996; Martinez et al. 2000; Weir et al. 2010). Téstablished risk of hybridisation, and a
multi-male spawning pattern, create clear critésrahe evolution of mechanisms that allow
postcopulatory control of fertilisation. With incqhete reproductive isolation and external
fertilisation, salmon and trout provide an excdlgystem in which to study the mechanisms
of postcopulatory reproductive isolation, and tperm-egg interactions that underlie them.
Under external fertilisation, the potential for fal control of the fertilisation process is
reduced compared with internal fertilisation, allogr more targeted investigations of
mechanisms influencing fertilisation compatibilitysing an externally fertilising system

allows tighter experimental control, where manigiola of sperm and egg traits can be
achievedn vitro and, importantly, it is possible to measure spfmm and function traits in

the micro-environment to which the gametes are ralyuadapted. | therefore use the
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1: Introduction

salmon-trout hybridisation system in this thesisaasinformative system to investigate
reproductive isolation in sympatric species, whprecopulatory reproductive isolation

barriers can be overridden.

Having examined postcopulatory mechanisms of repriiek isolation between salmon and

trout, | then go on to look at the potential consates on various aspects of offspring
fithess when hybridisation does occur. Atlantiarsath receive high conservation priority, as
populations have been declining around the worlel tduexploitation and habitat change by
humans (Verspoor et al. 2007). Moreover, salmore ltansiderable commercial importance
from their global fisheries status, and throughrsfishing (Verspoor et al. 2007). Because
of this, salmon are vulnerable to negative impaotpopulation growth, and hybridisation is

one of a variety of factors to have an adversecefia salmon populations, especially in the
context of environmental change (Hindar & Balst&@394). Therefore, it is important to

understand the impact that hybridisation has oeatiened salmon populations. The other
part of this thesis will examine the fitness conssges of hybridisation in order to generate
applied information on the potential for hybridisat and introgression, and the ecological

impact of hybrids.

1. 1. Hybridisation

Hybridisation is widely defined as: “the interbréegl of individuals from what are believed
to be genetically distinct populations, regardledgstaxonomic status...” (Rhymer &
Simberloff 1996) With increasing refinements in molecular techniquebkas become clear
that hybridisation between what were thought towa#l established species occurs more
widely than previously believed, occasionally réigiglin hybrids that have sufficient fitness
to allow introgression to occur (Arnold 1997). Tlegument that introgression via
hybridisation (see 6.1.2) can play an adaptive w@iamlary role in species divergence has
long been accepted in plants (Rieseberg et al.)2@08 is increasingly gaining support in
animals (Arnold 1997; Dowling & Secor 1997; GraniGant 1992; Seehausen 2004); with
numerous cases providing evidence for the hybiigiroof some animal species (Abbott et
al. 2011; Gross & Rieseberg 2005; Hermansen @04ll; Jacobsen & Omland 2011; Kunte
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1: Introduction

et al. 2011; Mallet 2007; Schwarz et al. 2005).,1tbe persistence of distinct species
implies hybridisation is selected against, and maylyrid zones show evidence that hybrids
are unfit relative to parental genotypes (BartorH&witt 1985; Hewitt 1988). Hybrids are
expected to be less fit than parental types asréhembinant genotypes within hybrid
individuals have been ‘untested’ by natural setegtiand on average should be less well
adapted (Barton 2001; Burke & Arnold 2001). As wedl this, hybridisation can lead to
breakdowns in local adaption and co-adapted gengplexes, resulting in hybrids with
reduced fitness or viability (Barton & Hewitt 1983 ybrid zones are maintained through
selection against unfit hybrids and dispersal (@a& Hewitt 1985; Barton & Hewitt 1989).
Indeed, if hybrids are fit then hybrid zones becdmbrid swarms where populations are
made up of parent types, hybrids and backcrosghdduals.The fact that many species do
hybridise successfully, with subsequent gene flowans that the original way species were
defined, the absence of gene flow (Mayr 1963),013 testraining to effectively classify
species (Coyne & Orr 2004). More recently sciestlsive defined species by substantial,

but not necessarily complete, reproductive isotaffdoyne & Orr 2004).

1.2. Reproductive Isolation

The way in which reproductive isolation arises lesw diverging populations is poorly
understoodEady 2001). Mechanisms of isolation fall into bdazaategories: those that occur
before mating (precopulatory), those that occuerafinating but before fertilisation
(postcopulatory, prezygotic), and those that ocaftter fertilisation (postzygotic). In
allopatry, populations develop reproductive isaatihrough barriers (of all types) that form
as a result of genetic drift, mutation or as bydwmas of local adaption due to natural
selection (Coyne & Orr 2004; Dobzhansky 1951; Ma963). But how is reproductive
isolation maintained in sympatry? Where inferiobhgl genotypes occur, individuals that
mate with heterospecific partners will produce fisg with lower fithess than those
individuals that mate with conspecifics, resultimg selection against hybridisation
(Dobzhansky 1937; Mayr 1942; Mayr 1963). Selectgainst hybrids has been suggested
to result in reinforcement. This process occursmiie production of maladaptive hybrids

lowers the reproductive fitness in a species, tieguin the strengthening of pre-existing
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1: Introduction

reproductive isolation through natural or sexuéa®n (Marshall et al. 2002). The idea of
reinforcement first pioneered by Dobzhansky (194 later developed by Blair (1955),
gives natural selection an unambiguous role inaitsay species (Marshall et al. 2002).
Reinforcement has fallen in and out of favour watiolutionary biologists since its
inception. Criticisms mainly stemmed from the lalempirical and experimental evidence
(Butlin 1987; Rice & Hostert 1993), as well as trestrictive conditions under which
reinforcement is likely to occur, leading to suggess it is unlikely to be important in
nature (Marshall et al. 2002; Spencer et al. 198B6)vever, recent theoretical models have
suggested reinforcement is plausible, and thatsefeagainst hybridisation can effectively
drive the evolution of prezygotic reproductivelyleting barriers (Dieckmann & Doebeli
1999; Kirkpatrick & Ravigne 2002; Liou & Price 199Furelli et al. 2001). While
documented cases of reinforcement have been padlighiggie et al. 2000; Jiggins et al.
2001; Noor 1995; Saetre et al. 1997), empiricahgdas are still rare, possibly because of

the difficulties in actually being able to identifginforcement (Marshall et al. 2002).

1.2.1. Precopulatory reproductive isolation

The most obvious mechanisms that reproductiveliaisospecies are those that prevent
interspecific mating from occurring. Such barriene termed precopulatory, prezygotic
reproductive isolation as they act before coputatind thus zygote formation. Such mating
barriers are often closely linked to ecologicalfeténces that arise in both allopatry and
sympatry. They include behavioural, mechanical pral and habitat-based mechanisms of
isolation. In reality, all barriers to reproducti@ould be the result of environmentally

imposed selection, not just precopulatory, prezggeblating barriers. This is perhaps with
the exception of mechanical isolation, where sese#dction and coevolution of male traits
and female preference are likely to be involvedthe evolution of divergent genitalia

between species, resulting in incompatibilities egroductive isolation (Eberhard 1985).
Behavioural isolation
Behavioural isolation occurs when differences iningabehaviours or preferences act to

reduce attraction, and thus mating between diftespacies. Behavioural isolation can take
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1: Introduction

the form of attraction to conspecific rather thatenospecific visual cues, such as bright
plumage, ornaments, mating calls and pheromonesetir, it can be hard to identify the
traits that act to behaviourally isolate species] @he best studies are those that can
manipulate traits such as mating calls and plum@myne & Orr 2004). In a cryptic
assemblage of 5 green lace wing insects in Euiope&jiduals across all 5 species preferred
conspecific mating calls to any other heterospeapecies (Noh & Henry 2010). A low
level of genetic differentiation coupled with thigosig premating behavioural isolation, is
indicative that the species group has recentlyrged (Noh & Henry 2010). The assumption
beneath this form of isolation is that females havelved to prefer the traits exhibited by
conspecific males, and are thus more attracted &be mvith them. This is clearly
demonstrated in the sympatric butterflRigris occidentaliandP. protodice Production of
natural hybrids between these two species is ret sethe wild, despite no obvious hybrid
sterility or inviability in lab crosses (Wiernasz i€ingsolver 1992). In field trials female.
occidentaliswere found to reject mating from heterospedficprotodicemales, who have
lighter wing colouration than conspecifit occidentalismales. WherP. protodicemales
had their wing colouration experimentally darkenedesemble that of conspecific males,
their mating withP. occidentalisfemales significantly increased (Wiernasz & Kingso
1992). For this behavioural isolation to evolvaits that attract mates (usually evolved by
males) and preferences (usually evolved by femdtesthose traits must coevolve (Coyne
& Orr 2004).

Variation in such traits is thought to evolve thgbusexual selection (Andersson 1994).
While there is a wealth of literature on how bebaval cues and visual signals influence
mate choice within species, less work has gonetegting how behavioural and visual cues
act between species to isolate them (Williams & tdson 2010), and how these cues may
evolve (Coyne & Orr 2004). Sexual selection wittanspecies results from biases in
fertilisation selecting for traits that specifigahaximise lifetime reproductive success. This
could result in the coevolution of male traits dedhale preferences within an isolated
population and could instil behavioural changegd thauld reproductively isolate species
(reviewed by Coyne & Orr 2004). But not all varyisgxually selected traits result in
behavioural isolation (Ryan 1998). Auklet sea bivdsy in the crests they develop during
the breeding season, but there was no evidence fémales preferred crests from
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1: Introduction

conspecific males over that of heterospecifics €3of Hunter 1998). This could be due to
decoupling of male trait and female preference wiah, and male traits may have diverged
due to ecological reasons (Ryan 1998). While thHeatkecontinues as to how behavioural
isolation may evolve (Coyne & Orr 2004), the impmite of behavioural cues in isolating
sympatric taxa is evident in species that cannekisd without it. Female cichlids in Lake
Victoria are known to strongly favour conspecifiales in lab crosses when they are able to
distinguish their colour (Seehausen et al. 199@kulting in reproductive isolation.
However, under poor light conditions where femalses unable to distinguish male colour,
assortative mating breaks down. In areas of Lal@ovia that are subject to high turbidity
caused by eutrophication, reduced light levels leathcreased hybridisation as a result of
the breakdown in assortative mating (Seehausenh. 4987). There are fewer species of
cichlid present in turbid areas of Lake Victoriathclear, implying species fuse when they
are unable to distinguish colour (Coyne & Orr 208éghausen et al. 1997). In this case at
least it seems behavioural isolation is the maimidramaintaining distinct species status,
and the system provides an excellent example of Hast environmental change

(eutrophication) can break down evolved isolatiygtams.

Mechanical isolation

Mechanical mechanisms of reproductive isolatiorasae species through incompatibilities
in the morphology of reproductive structures, resglin impeded gene flow. Pollinator
isolation involving structural incompatibilities isommon in plants, occurring when
pollinators cannot cross-fertilise flowers of diffegy shapes. For example, sister species
Mimulus lewisiiand M. cardinalis show almost complete isolation in sympatry, thoug
hybrids can be produced in laboratory experimeRen(sey et al. 2003)M. cardinalis has
long red tubular flowers pollinated almost entirbly humming birds, an¥. lewisii, with
broad low pink flowers, is pollinated almost exdkety by bees (Ramsey et al. 2003). Bees
are unable to access the nectar and thus poll&h o&rdinalisflowers, and humming birds
do not gain enough nectar frolh. lewisii flowers, resulting in neither pollinator crossing
pollen between species. Pollinator isolation isdpeed mainly by differences in flower
colour and nectar loads given up by the flowersngedves (Schemske & Bradshaw 1999),

and is most likely to evolve in allo or parapat@ogne & Orr 2004).
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1: Introduction

There are less examples of mechanical isolatioanimals. However, genital morphology
shows remarkable variation across animal speciadicplarly in insects. It is suggested
such variation has evolved due to postcopulatorpaeselection (Arnqvist & Danielsson
1999a). Theory has postulated that mismatched ajerbetween species would reduce the
efficiency of fertilisation and lead to reducedtilesation success (Sota & Kubota 1998);
known as the lock and key hypothesis. Yet, thistydas largely come under criticism due
to lack of empirical evidence showing differencegenital morphology actually leading to
reduced fertilisation success between closelyedlapecies (Eberhard 1985; Goulson 1993;
Porter & Shapiro 1990). A recent example howeverfband that divergent body size in the
lizard, Plestiodon skiltonianuspecies complex is a significant barrier to repaiidn.
Differences in the size of female and male genitalsstrain alignment for penetration,
inhibiting copulation (Richmond et al. 2011). Onkthe best examples of mechanical
isolation in animals is to be found in carabid betin two closely related speci€arabus
(Ohomopterus) maiyasanumd C. (O.) iwawakianusexperiments show that males will
mate indiscriminately with either conspecific otdrespecific females, but fertilisation with
heterospecific females is low, and heterospecdindles often suffer high mortalifgota &
Kubota 1998). This mortality is due to the facttth@ales have a penile appendage of a
corresponding size to a pouch within the conspeddmale’s vagina. When females are
subject to heterospecific mating, the appendadgkeswrong size and ruptures the vaginal
wall, sometimes resulting in death (Sota & Kubo®®8). Even if death does not follow a
heterospecific mating, females can often be fourtt pieces of broken appendages within
their vaginal pouch preventing any further reprdaurc from occurring (Sota & Kubota
1998).

Mechanical isolation could also arise through amomégfic sexual selection driving the
coevolution of genital diversity through sexual tiety the conflict that arises between the
sexes due to differences in optimal fithess stiategexual conflict can lead to adaptation
and counter adaptation by the sexes in a bid tdralothe outcome of sexual encounters
(Arngvist and Rowe 1995). Through this conflictpkition of elaborate genital morphology
and secondary sexual structures could ensue (Ellet885). If sexual conflict occurred in
isolated populations, the resulting changes in tgenmorphology could lead to

incompatibilities in mating with closely relatedegjes, inhibiting gene flow and leading to
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successful reproductive isolation. Debate therefoomtinues as to whether genital
morphology in animals is driven by reinforcementaiagt production of maladaptive
hybrids, or via sexual selection (Coyne & Orr 20&erhard 1985; Hosken & Stockley
2004; Mutanen et al. 2006).

Temporal isolation

Temporal barriers to reproduction between specesurowhen gene flow is inhibited
through differences in breeding seasons, breedungtidn, flowering time and pollen
shedding. Sessile, free spawning marine invertebriaste sympatrically in close proximity
to each other, making it very likely that gametdsdidferent species would come into
contact if released at the same time. The brittrssAcrocnida brachiataand A.
spatulispina,live sympatrically in the intertidal and subtid&gions off the west coast of
France. Investigations into isolating mechanismmébthat spawning asynchrony is a strong
barrier to hybridisation, with peak spawning tingeparated on average by 15 days (Muths
et al. 2010). In some species of coral it has lodmerved that a temporal separation of mere
hours can effectively isolate sympatric speciesofiditon et al. 1997). Closely related
Montastraeaspecies inhabit coral reefs in the tropics of\t¥estern Atlantic, and have peak
spawning times that differ by 1.5-3 hours. Despite low temporal separation between
gamete release, sperm from the first species torspas become too dilute within the water
column to effectively fertilise eggs from the latgpawning species, producing effective
isolation (Knowlton et al. 1997). However, some gwtnic broadcast spawning species
release gametes synchronously, leading to gametengniln these cases reproductive
isolation comes from gametic incompatibilities (6ey& Palumbi 2005), as discussed
below. Temporal barriers to hybridisation can becdmee disrupted through habitat
disturbance; potentially leading to species fusmgo hybrid swarms (Behm et al. 2010;
Heath et al. 2010; Lamont et al. 2003). This hasnb&een in the plant genBsinksiain
Australia. Here, hybrids are not naturally foundundisturbed habitats, but threaten to
extinguish parent species in disturbed areas. thasight increases in flower number in
disturbed habitats have led to overlapping flowgtimes and cross pollination, resulting in
hybridisation (Lamont et al. 2003).
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Temporal isolation could potentially evolve througginforcement of postzygotic mating
barriers. Evidence for reinforcement as the evohary basis of temporal barriers has been
observed in frogs from the genRsanain Texas. When in allopatry the breeding seaséns o
these species overlap considerably, yet when theynasympatric ranges, breeding times
are displaced making them reproductively isolatddli¢ 1981). Hybrids ofRanaspecies
show reduced viability (Hillis 1988), highlighting present but incomplete postzygotic
reproductive barrier. It is possible that displad®deding times in sympatric assemblages
evolved to isolate species through selection agdires maladaptive hybrids produced by
interspecific mating (Coyne & Orr 2004). Howeversplaced breeding times in sympatry

may also have evolved as a way to reduce interferbatween mating song (Noor 1999).

Habitat isolation

Habitat isolation is based on the failure of a g0 successfully utilise another species’
habitat. Genetic based differences in habitat peefees or tolerance may evolve in
allopatry, as populations are naturally selectecadapt to their different environments.
These differences can then go on to isolate spédiesy come back into secondary contact,
through limiting or completely eliminating encourgeand thus interspecific mating (Coyne
& Orr 2004). An obvious example of habitat isolatican be seen in host-specific parasites
whose hosts are allopatric. The beetle parasitahengenusOphraella are adapted to a
single, or few host plants that are allopat@phraellaspecies are unable to survive or lay
eggs on other species host plants, completely ptienegene flow if secondary contact was
to occur (Futuyma et al. 1995). Adaptations to &bienvironmental factors can also lead to
reproductive isolation. Recently diverged speciessammarusamphipods show marked
differences in their ability to tolerate differesdlinities, preventing them from hybridising
(Kolding 1985). Sympatric species also show repctide isolation through utilisation of
different niches within a habitat. Some coral spgdn the genublontastraeaare isolated
by growing at different depths on a reef, with eliéint species adapted to different light
levels, resulting in gametes never coming into aontn the water column (Knowlton &
Jackson 1994).
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1.2.2. Post copulatory, prezygotic reproductivdaton

Post copulatory, prezygotic barriers act at the ejamlevel to isolate species after
copulation has occurred, but before zygotes amaddr and for this reason sometimes come
under the term gametic isolation. These barriergpooduction act late within the life cycle
of a species and can be hard to measure (Coyner aD#4), therefore receiving relatively
little attention compared to precopulatory reprdoiecisolation (Eady 2001). It has been
understood for a long time that gametic interactioan influence the reproductive fitness of
males and females within a species, and therefaghena major factor in isolating species
(Coyne & Orr 2004; Eady 2001). Postcopulatory, pgetic isolating mechanism can be
divided into either non-competitive or competitivechanisms.

Non-competitive postcopulatory, prezygotic isolatio

Non-competitive isolation barriers are those tlealuce or block heterospecific fertilisations
in monogamous heterospecific matings, i.e. in thseace of any competition for
fertilisation with conspecific sperm or pollen (Cay& Orr 2004). In animals, failed sperm
transfer and loss or expulsion of sperm from thgaeuctive tract in interspecific matings,
are both examples of non-competitive mechanisms lifes fertilisations to conspecific
males. Work withDrosophila has provided solid evidence for postcopulatorgzpgotic
isolation (Chang 2004; Price 1997; Price et al.120Price et al. 2000). When female
Drosophila simulansvere mated monogamously to males of a closelye@lapeciesD.
sechellia few sperm were transferred to the female’s repcbde tract, even when
copulation times were prolonged (Price et al. 2001 )ontrast, wheiD. simulansfemales
were mated to males of a different species in #mescladeD. mauritiang large amounts
of sperm are transferred to the female but very fgwon to be stored within her
reproductive tract, and fewer eggs are laid conthaoeconspecific matings (Price et al.
2001). In the reciprocal matin@. simulansmales are able to transfer large volumes of
sperm toD. mauritiana females, which are retained, but these sperm w@bseguently

rapidly lost from the reproductive tract and thas fo be utilised (Price et al. 2001).

Other non-competitive mechanisms of prezygoticasoh involve the inviability or reduced

motility of gametes within a heterospecific reprotive tract or stigma (Gregory & Howard
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1994; Niklas 1997; Patterson 1946). As well as, thezerospecific sperm or pollen can falil
to be attracted to heterospecific gametes (Mil@97; Williams & Rouse 1988; Yost & Kay
2009). In sympatric plant speci€ostus pulverulentuandC. scabey pollen ofC. scaber
effectively adheres to and germinates on styl&S. gfulverulentusbut pollen tube growth is
insufficient to reach ovules resulting in no festition (Yost & Kay 2009). Perhaps the most
studied postcopulatory, prezygotic barrier arisesintrinsic gamete incompatibility. Here,
despite encountering eggs, heterospecific spermditen) fail to successfully fertilise. Lack
of fertilisation is most likely due to incompatiibiés in molecular recognition mechanisms
(Kresge et al. 2001; Palumbi 2009; Vacquier 19%8pbably the best studied intrinsic
gamete incompatibly is in free spawning marine itelerate sea urchin and abalone species.
Sperm in these species fertilise eggs via a spggrbading process (Swanson & Vacquier
1997) described in detail in section 4.4.1. Stud&agin vitro fertilisation have highlighted
that these sperm-egg binding reactions are higbécies-specific (Swanson & Vacquier
1997; Vacquier & Lee 1993). This gamete recognititechanism seems a highly important
stage in that allows abalone and sea urchins tad dwgbridisation, which is confirmed
further when combined with the fact that fertilisat of eggs is biased toward conspecific
sperm when exposed to both heterospecific and eaifgpsperm (Geyer & Palumbi 2005;

Swanson & Vacquier 1998) as discussed below.

Competitive postcopulatory, prezygotic isolation

This mechanism is also generically termed consjgegdmete precedence (CGP), and is
defined as the preferential utilisation of spermpotlen from a conspecific male when a
female’'s ova are exposed to both heterospecific @rspecific male gametes (Howard
1999). This barrier therefore only operates whenales are exposed to both heterospecific
and conspecific gametes during mating, so thatitiigation is not prevented when ova are
exposed only to heterospecific sperm or pollen (@og Orr 2004). In animals the
mechanism is referred to as conspecific sperm gesuse (CSP) and in plants as conspecific
pollen precedence (CPP). Potential for fertilisatiof females by multiple males is a
common mating system in both animals and plant$ eaidence strongly suggests that CGP
can play an important role in promoting the repiihe isolation of more closely related
species (reviewed by Howard 1999). In order to ae®GP, sperm or pollen competition

experiments are needed, as heterospecific matitigeimbsence of competition can usually
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produce hybrids that do not appear under interipecompetition conditions (Geyer &
Palumbi 2005; Harper & Hart 2005; Howard 199Byosophila again provides a good
example of CSP in animals. In conspecific matingh@ majority ofDrosophilathere is a
strong effect of mating order, where the last malemate in a sequence fertilises the
majority of the female’s eggs (Price 1997). Thistdamale sperm competition success
appears to be linked to the last male’s seminadl fltlarshman & Prout 1994; Price et al.
2000; Prout & Clark 2000). Yet, whdd. mauritianamales are mated witD. simulans
females in competition with conspecific males, thayffer severely reduced paternity
success regardless of which order they are mateck(P997), providing clear evidence of
CSP. In a later study, Price et al. (206®@)nd that wherD. mauritianamales were mated
second withD. simulansfemales, the conspecifi@. simulanssperm already present i
simulans female’s reproductive tract outcompetddl mauritiana sperm, preventing
heterospecific fertilisation. WheD. mauritianamales were first to mate with. simulans
females, ejaculates from the second-mating confspeciales displaced the stordd.
mauritiana sperm, again ensuring the majority of the femadggs were fertilised by
conspecific sperm (Price et al. 2000). In planBP&an successfully isolate species through
conspecific pollen fertilising the majority of owad. In the Louisiana irisdgs fulva andl.
hexagona heterospecific pollen tubes were found to growenslowly than conspecific
pollen tubes, allowing conspecific pollen to outg@ate heterospecific pollen through faster

tube growth (Carney et al. 1996).

Fertilisation in most animals follows a relativelgiform series of stages, providing distinct
steps where both competitive and non-competitivehaerisms of CSP can act. Firstly,
sperm are released, either into the female’s remtoge tract or the external environment.
At this point sperm can be attracted to eggs vientbals released from the surface of the
egg (Al-Anzi & Chandler 1998; Cherr et al. 2008sé&ibach & Giojalas 2006; Inamdar et al.
2007; Miller 1997; Zatylny et al. 2002). A chemaattion protein has been recognised in
the toadXenopus laevigAl-Anzi & Chandler 1998) termed ‘alluring’ (Xiangt al. 2001).
Present in the outer jelly layer, this protein uki#s from the jelly to attract sperm and guide
them towards the egg (Al-Anzi & Chandler 1998). d&rice in some species suggests that
these sperm chemoattractants can be species-spéuaifioss a range of holothurian and

ophiuroid starfish species, ovarian extracts haenldound to induce sperm motility and act
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as chemoattractants, guiding sperm toward the Mgt 1997). Many of these chemotactic
reactions have been found to be specific at thelydevel, and in one case at the species
level in the genu®ohadschia(Miller 1997), showing that differential chemoatttion of

sperm could play a role in reproductive isolati@oyne & Orr 2004).

Once sperm have been attracted to the ovum, thestegx in the fertilisation process is the
attachment of sperm to the egg envelope. Sperm-@ggact and penetration are
fundamental stages in all sexually reproducingesyst though the mechanisms are not
homologous (Geyer & Palumbi 2005). Sperm bind ® ¢igg envelope as a result of the
interaction between proteins on the surface ofsiierm and glycoproteins associated with
the egg (Evans 2012; Wassarman 1999). In many méamrepecies, sperm fusion to the
egg envelope at the zona pellucida is speciesfagpéeoldan & Yanagimachi 1989; Snell &
White 1996; Wassarman 1999; Wassarman et al. 20@dagimachi 1994), however, the
molecular mechanisms behind species specificimamy systems are not well understood
(Swanson & Vacquier 1998). As described above,adribe best studied systems of sperm-
egg attachment is that found in sea urchins. Inuselains, as in mammals, sperm undergo
an acrosome reaction and fuse to the egg envelMgeg@ier & Moy 1977). Interspecific
reproduction experiments have shown that heterdgpsperm have significantly reduced
attachment to the vitelline envelope of sea uréggs (Glabe & Vacquier 1977; Metz et al.
1994; Palumbi & Metz 1991) allowing CSP to applysome species (Geyer & Palumbi
2005). The sea urchiachinometra oblongaand as yet unnamétthinometraspecies, have
high levels of interspecific fertilisation under n@ate choice lab experiments, but no natural
hybrids have been described in the wild (Geyer &uifai 2005). Competitiven vitro
fertilisations found that eggs of both species stw\Wwigh preference for conspecific sperm
when provided with mixed sperm from both speciesyiging evidence that interactions at
the level of gamete provide an opportunity for ctempnating-system dynamics (Geyer &
Palumbi 2005). Both abalone and sea urchin sperateips show high amino acid
divergence across species; it is this divergenag iththought to result in incompatibility
between heterospecific sperm and egg membranetoesgpalumbi 1999; Palumbi 2009;
Swanson & Vacquier 1998; Swanson & Vacquier 2002Zknino acid divergence is
hypothesised to arise in one of two ways: (i) dice@l selection from coevolution of egg

and sperm proteins to increase fertilisation egficly, or (ii) from cyclic selection, possibly
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encouraged by sexual conflict, where sperm evalvendrease fertilisation efficiency and
egg penetration rate, leading to counter-evolutgneggs to slow sperm entry to avoid
polyspermy (Palumbi 1999). These mechanisms of uéteol could be accelerated by
reinforcement as a result of hybridisation avoiga(fealumbi 1999), eventually resulting in
CSP (Geyer & Palumbi 2005).

After attachment to the ovum, sperm have to peteettee egg envelope in order to allow
fusion with the egg membrane and subsequent $atitin by fusion with the female
pronucleus. Enzymatic proteins have been citedaasithting this process in mice and
ascidians (Matsumoto et al. 2002; Vacquier 1998 Bindin protein in sea urchin sperm
has been implicated in mediating fusion betweenrmrspand egg, in addition to the
attachment of sperm to the vitelline envelope @hiret al. 1998). An 18-kDa protein that
coats the plasma membrane of abalone sperm foltpthi@ acrosome reaction has also been
linked to the fusion of sperm and egg (Swanson &gger 1995). While many potential
proteins mediating sperm egg fusion in mammals Haeen identified, it is likely that a
combination of proteins play a role in facilitatisperm-egg fusion events (Kaji & Kudo

2004, Ying et al. 2010), with their coevolution\dng reproductive isolation.

In species with internal fertilisation, the femadproductive tract presents added complexity
and can play an important role in the fertilisatpyocess, where sperm can be ejected, fail to
navigate the tract successfully, or be attackedheyfemale’s immune system (Howard
1999). Within species, it has been hypothesisedf¢éimaales may have the ability to bias the
paternity of their offspring via cryptic mechanisimgerating in the reproductive tract, in a
process known as cryptic female choice (CFC) (Biddh 1998b; Birkhead & Pizzari 2002;
Eberhard 1996). Mechanisms of CFC are harder tmelé¢fian those that operate in sperm
competition (Birkhead 1998b; Eberhard 1996), beeaubkas been a particular challenge to
isolate female-controlled effects, if they exishm the recognised male-controlled effects
within differential fertilisation (Birkhead 2000;jIBstro et al. 2004, Pitnick & Brown 2000).
Despite this, there has been an increasing boayidence for female differential control of
fertilisation at the level of the gamete (Reviewg Birkhead 1998b; Eberhard 1996;
Holman & Snook 2006). A number of potential meckars exist for a female’s ability to

bias individual male fertilisation success, inchglbiasing the retention of sperm within the
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tract to favour males with preferred phenotypeza®i & Birkhead 2000), differential
sperm storage (Eberhard 1996; Fedina 2007; Hedlri&gBernasconi 2000) using internal
muscular activity (Hellriegel & Bernasconi 2000)ifferential sperm transfer of higher
quality sperm through bursa muscular contractiofedipna 2007). These mechanisms,
together with sperm-egg recognition or chemotazajld be used by females exposed to
conspecific and heterospecific ejaculates to haspaternity of her offspring to conspecific
males in order to avoid hybridisation. Theory peeslithat it will be female reproductive
adaptations that primarily allow CSP (Price 199iainly due to the fact that hybridisation
is invariably more costly to the reproductive fisseof females than males due to higher
female investment (Parker & Partridge 1998).

1.2.3 Postzygotic reproductive isolation

Postzygotic reproductive isolation mechanisms actptevent hybrid development or
continuation after individuals from two separatee@ps have mated and a zygote is
successfully created. There are two distinct foohgpostzygotic reproductive isolation,
extrinsic and intrinsic. Extrinsic forms of postojy isolation occur when hybrids with
phenotypes intermediate to those of their pareetisp have low fithess due to being
maladapted to the habitat they are born into. risiti postzygotic isolation occurs when
hybrids have inherent developmental or functiorefledts that lead to partial or complete
inviability or sterility. Both extrinsic and intrgéic mechanisms of isolation result in hybrids
being unable to reproduce, either through pre-idyrtive mortality, or via sterility, both of
which lead to no gene flow back to parental popaitest or between hybrid individuals.

Extrinsic postzygotic isolation

Extrinsic isolation mechanisms can occur when theran ecological disparity between

hybrids and the habitat they are born into (Matgabhi et al. 2010). This concept of

extrinsic postzygotic isolation can be readily aksed with host dependent species. 4If F

hybrids of two species that live and breed on diffié host plants had adaptive

characteristics intermediate to that of the patespacies, they would have reduced fithess
on each host compared to that of either parentisp (Matsubayashi et al. 2010). In host

races ofEurosta solidaginisa fly that used different species of host planteproduce and
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feed its larvae, hybrid larvae had lower fithesantboth parental species on both host plants
(Craig et al. 2007). Evidence suggests there wasaa correspondence between hybrid
performance and parental optimum habitat, providemgdence that host races are
extrinsically reproductively isolated (Craig et &007). It is problematic however, to
distinguish between reduced fitness due to misreatbletween phenotype and environment,
with reduced fitness that arises from inherent ctsféCoyne & Orr 2004; Matsubayashi et
al. 2010). Creating backcrosses and assessing thesach parental environment should
reveal higher fitness in the environment of thekibbamssed individual’'s pure parent, as they
will have the majority of genes in common, andimgic reductions in fitness should not be
linked to habitat (Coyne & Orr 2004; Egan & FunlO2).

Extrinsic viability could be partly explained iftermediate hybrids also show intermediate
behavioural phenotypes (Coyne & Orr 2004). Mignatioutes in passerine birds are thought
to be heritable (Helbig 1991). Hybrids of two pagidns of blackcap birds with different
migration routes to separate wintering groundsihtetmediate migration direction (Helbig
1991). Any change in migration path would be deietes to hybrids in the wild, as hybrids
would likely reach unsuitable breeding grounds. €#@dnet al. (1999) suggested an
intermediate migration route taken by hybrids ofotwillow warbler subspecies,
Phylloscopus trochilus trochilusndPhylloscopus trochilus acredulevas the reason for the
low recruitment of hybrids seen in populations. iAtermediate route would lead them over
the Sahara desert, resulting in severe food andrwgabrtages, and certain death (Bensch et
al. 1999).

Intermediate behaviour in hybrids can also leadnother form of extrinsic postzygotic
isolation called behavioural sterility (Coyne & (2004). Here, reduced fitness occurs due
to hybrids being behaviourally or phenotypicallyeirmediate to that of parents, leading to
mate rejection or non-attraction. The green treg flyla cinereais sympatric with the
barking tree frogHyla gratiosg and the two show high hybrid viability (Mecham6D3. H.
cinereamales show greater variation in the mate callsalemrespond to when they are
sympatric withH. gratiosa than when they are in allopatry (Hobel & Gerha?@03).
Interspecific hybrid males produce mating callst tage different from parent males and

unattractive to females of both parental specesslihg them to reject hybrid males (Hobel
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& Gerhardt 2003). Extrinsic isolation is not, howevalways a fixed barrier to reproduction,
and isolation mechanisms can be removed throughgahg environmental conditions. This
is demonstrated extremely well by Darwin’s fincloesthe Galapagos Islands. Hybrids were
rare and did not reproduce before the El Nifio dicn@vent due to reduced feeding
efficiency from intermediate beak morphologies (@r& Grant 1993; Grant & Grant
1996b). Yet, after this climatic shift, some hybrathd backcrossed individuals were
demonstrating equivalent, and in some cases, highess than parental species in terms of
recruitment, reproduction and survival (Grant & @rd993). Higher fitness was due to
hybrid beaks being better equipped to access nettgpes made available as a result of the

environmental change (Grant & Grant 1996b).

Intrinsic postzygotic isolation

Intrinsic postzygotic isolation occurs when hybridave reduced fithess due to inherent
developmental abnormalities that lead to inviahlesterile hybrids (Coyne & Orr 2004).
Intrinsic isolation is much more widely studied digethe relative ease of studying such
mechanisms in the laboratory (Ramsey et al. 2008)nsic isolation can be divided into
hybrid inviability, where hybrids fail as embryos die before reproducing, and hybrid
sterility, where hybrids are incapable of produciogctional gametes. There are many
examples in the literature of hybrid inviabilityhd model species compldarosophila
again provides a well-known example of hybrid ifiidy betweenD. melanogasteandD.
simulans and is reviewed by Sawamura (2000). Hybrid sterdan occur for physiological
reasons, where hybrids are incapable of produaingtional gametes (Coyne & Orr 1989;
Coyne & Orr 2004). It is often only the heterogametex that suffers sterility, a
phenomenon first noted by Haldane (1922) and dubtsdane’s rule. Animals can also be
behaviourally sterile, where neurological or pheooiad defects mean hybrids are incapable
of reproduction. This differs from extrinsic behawral sterility as the hybrid inability to
mate arises from genetically disrupted behavicathar than behaviour that is intermediate
of parent phenotypes (Coyne & Orr 2004). Dobzhar{gkg6) and Muller (1942) postulated
that sterility and non-viability in hybrids ariseltie to pleiotropic side-effects of genetic
interactions formed when species are in allopafitye Dobzhansky-Muller model draws
together the ideas of Dobzhansky (1936) and Mu(E942) to propose that genetic

substitutions built up by a species when in allppathile small scale enough not to reduce
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the fitness of that species will, when brought tbgewith genes from a divergent species,
result in inviability or sterility in the Fhybrid or backcross generations (Coyne & Orr 1998;
Russell 2003). Alleles brought together from diwsrgspecies have never been ‘tested’
together and may well result in hybrids with redlidgness (Coyne & Orr 1998). The
Dobzhanzky-Muller model underpins almost all modeork on the genetics of postzygotic
isolation (Coyne & Orr 1998), and there is now streevidence that hybrid sterility and
inviability arise through locus incompatibilitieseyiewed by Orr 1997).

1.3. Atlantic salmon and brown trout

Atlantic salmon,Salmo salarand brown troutSalmo trutta are two closely related teleost
fish in the Salmonidae family. Both species spawiréeshwater and show a large variation
in life histories. Individuals in some populatiom®ve from natal freshwater streams to the
sea and return to breed, while others remain residdreshwater for the whole of their life
cycle (Elliot 1994; Fleming 1996). Atlantic salmare native to the temperate and subarctic
regions of the North Atlantic Ocean, and typicadgopt an anadromous life history
returning to their natal rivers to spawn betweept&aber and February. Brown trout, once
native only to Europe, are now found worldwide afepeated introductions (Elliot 1994),
and populations all over the world show vast vamain life history. In some populations all
individuals spend their entire lives in natal stnsagrowing slowly to become small, mature
brown trout. In other populations, adults migratent the stream to the nearest lake, while
others adopt the anadromous life history and negrat sea. Further to this, some
populations express more than one of these lifies simultaneously (Elliot 1994). This,
along with the wide variety of colours brown traerhibit, has led to many subdivisions
being classified as different species in the gasiwn trout are now most often classified as
the Salmo trutta but are understood to be polytypic (Elliot 19%indar et al. 1991).
However, some scientists still distinguish betwsea-going troutSalmo trutta truttaand
non-sea-going troutSalmon trutta fario This distinction is probably not relevant in
populations where female sea-going trout returmnviers where they are likely to have eggs
fertilised by smaller resident males, with evidesbhewing that the two types are fully inter-

fertile with little genetic distinction (Elliot 199. The brown trout used in this thesis are all
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offspring of wild fish from a population that comta both resident and anadromous

individuals that spawn together.

In anadromous Atlantic salmon populations malepldis two reproductive phenotypes.
Firstly, males can return from the ocean to spasviail@e anadromous males with developed
sexual traits; alternatively, males can mature @eqeious parr while still in their natal
stream and before seaward migration. Anadromy t®dly life history trait in terms of
survival due to the huge energy cost of migratiRlgrfiing 1996). Mature parr avoid this
cost by not migrating to the ocean and are momyliko go on to breed again, either by
maturing as parr again the next year, or smolting anigrating to sea to return as
anadromous males (Fleming 1996). Mature parr sgayveneaking into a female’s nest to
fertilise eggs, while anadromous males fight focems to females (Fleming 1996). Both
fighting anadromous males and sneaker males genenainse sperm competition, where
sexual selection can operate at the level of theegg Mature salmon parr tend to have
superior ejaculate quality, with higher levels obtite sperm with increased ATP content
compared to anadromous males, thought to be thiét idssexual selection generated from
sperm competition (Vladi& Javri 2001). Parr also father the majority ofguaity underin
vitro sperm competitions against anadromous males, twé¢hthigher levels of sperm ATP
(i.e. higher energy reserves) being linked to lisaiion success (Vladliet al. 2010). Brown
trout populations can have similar dimorphism bemvenales during spawning, as large
anadromous sea trout return and spawn with femaleésers with resident males that are
much smaller (Elliot 1994). Sperm competition canléss intense in brown trout as large
anadromous sea trout are often more effective atdjng females and chasing off smaller
rivals (Jones & Ball 1954). In this thesis onlydar mature anadromous Atlantic salmon and
brown trout are used in fertilisation experimentsd ainvestigations into the gametic

dynamics of hybridisation.

1.4. Hybridisation in Atlantic salmon and brown trout

Data from the literature shows that hybridisatisncommon within all major lineages of
salmonids (Taylor 2004 ), and recognised in eveayug (Heath et al. 2010). Like many
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other teleost fish in sympatry, salmonids have wesfating barriers to reproduction

(Verspoor & Hammar 1991). Species are often onbjaied by temporal and spatial

mechanisms (Docker et al. 2003; Heggberget et @881 Taylor 2004), and behavioural

isolations are poor, often appearing non-exist&naiit et al. 2002). As well as weak

precopulatory reproductive barriers, many salmosiecies also appear to have weak
postcopulatory barriers (Chevassus 1979; TaylodR(owever, this varies from species to
species, with some salmonid hybrids showing helemser parental types (Seiler & Keeley
2007) and others being extrinsically selected agdlagen & Taylor 2001) .

Atlantic salmon and brown trout are frequently swtnic in rivers across much of their
endemic European range, as well as in North AmeRegroductive isolation between the
two appears to be mainly in the form of differehpaak spawning time, with brown trout
spawning on average 15 days earlier than salmoggbtrget et al. 1988). Overlaps in
spawning time together with poor habitat segregatesults in only partial reproductive
isolation between the two species, which is vulbkerdo environmental disturbance and
change (Heggberget et al. 1988). Hybridisation betwthese species was recognised
artificially as early as 1887 (Day 1887), but wasstf confirmed in the wild using
biochemical markers in the 1970’s (Payne et al2)93ince then, reports of hybridisation in
Europe and North America have been widespread {(&ae Leaniz & Verspoor 1989;
Gephard et al. 2000; Hartley 1996; Hindar & Balst884; Hurrell & Price 1991; Jansson et
al. 1991; Jansson & Ost 1997; McGowan & Davidso82® Payne et al. 1972; Verspoor
1988). In some cases relatively high rates of fybation have been recorded. In rivers in
Northern Spain average hybridisation was documesit@d3%, cited as higher than previous
levels recorded in Europe (0.1%) and North Ame(z&8%) (Garcia de Leaniz & Verspoor
1989). A later study in a Swedish river found 13%juveniles sampled were of hybrid
origin (Jansson et al. 1991). This was exceededninEnglish river where 18.18% of
individuals sampled were hybrids (Hartley 1996)m®acsites in Northern Europe have seen
rates of salmon and trout hybridisation increasendbl & Balstad 1994; Jansson & Ost
1997), and anthropogenic causes are thought toebédb the observed rises. Reduced
spawning grounds, stocking and aquaculture eschpes all been linked to cases of
salmon-trout hybridisation (Garcia de Leaniz & \feyer 1989; Hindar & Balstad 1994;

Jansson & Ost 1997). In a restored river sectidBweden, where salmon and trout were re-
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introduced to reduced spawning grounds, hybridigatwas observed to reach as high as
41% (Jansson & Ost 1997).

Salmon and trout have been shown to have incommgteductive isolation (Heggberget et
al. 1988) and are obviously inter-fertile. Any salmand trout males hybridising with
heterospecific females however are likely to exgree sperm competition from conspecific
males. Prior to this thesis preliminary work cadr@ut sperm competitions) vitro between
salmon and trout males for eggs from either salmornrout females (work done by S.
Yeates). In these sperm competitions equal volushesimon and trout sperm were added
to dry beakers containing salmon or trout eggsh wére taken not to allow contact between
eggs and sperm within the beakers. Water was thgidly added to heterogeneously mix
the gametes, replicating the natural gametic enuent (Gage et al. 2004), and simulating
simultaneous gamete release by both males. Egge wdbsequently incubated until
offspring hatched, when DNA samples were colledtedmicrosatellite paternity analysis.
DNA from the offspring, mother and two potentiakhfars in a cross was scored at 3
microsatellite loci that amplify in both salmon aimdut (Cairney et al. 2000). This allowed
unambiguous assignment of offspring to either camgemale in the cross, letting the
proportion of paternity salmon and trout males gdirto be determined when they
competed for conspecific or heterospecific eggsuRe from this work showed that there is
CSP between salmon and trout (Figure 1.4.1); wotispecific males achieving significantly
more paternity when competing for conspecific e@@sYeates unpublished data). Despite
the presence of CSP however, heterospecific madestidl able to achieve a relatively large
proportion of paternity, 37% on average acrosswizespecies (S. Yeates unpublished data).
The CSP seen in Atlantic salmon-brown trout spesmpetition suggests selection could be
acting at the gamete level to isolate these spéaiteer to prevent hybridisation. One of the
key aims in this thesis is to investigate the maddms that mediate this conspecific sperm
precedence.
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Figure 1.4.1A) Mean + 1 S.E.M fertilisation success of Atlantitnsan males (conspecific,

white bars) in competition with brown trout maldseterospecific, grey bars) for Atlantic
salmon eggs (n = 15 crosses). B) Mean = 1 S.E.Misation success of brown trout males
(conspecific, white bars) in competition with Attansalmon males (heterospecific, grey

bars) for brown trout eggs (n = 15 crosses). Sit&%unpublished data.
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1.5. External fertilisation as a model system

Postcopulatory sexual selection can be a powesfeefshaping the reproductive physiology
and behaviour of males and females (Birkhead & 8tdP98; Birkhead 1998b; Birkhead &
Parker 1997). Gametic interactions can influence productive fithess of males and
females within a species, and with different popafes under divergent selection, sperm-
egg interactions may be a major factor in repradalt isolating species from each other
(Coyne & Orr 2004; Eady 2001). However, many aspetigamete competition and choice
both within and between species remain unexplonedpmorly understood. Under internal
fertilisation direct observation of gametes is trading, and experimental control of male
and female effects within a reproductive tract dleareates a major challenge (Howard
1999); as does recreating the exact natural fatibn conditions. Female reproductive
tracts are often complex and hostile environmehtd tan, particularly in the case of
mammals, bring about physiological changes in spéfedy 2001; Howard 1999 and

references therein). Further to this, internal edpctive environments can conceal cryptic
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mechanisms of female choice or sperm competitiorkimyait hard to observe and
manipulate them (Eberhard 1996; Enggvist & Saudd320Much of the literature has
focused on gamete interactions in internally fisitiy species, where sperm adaptation to
the female’s reproductive tract may produce condimu influences (for example: Birkhead
& Moller 1992; Briske 1996; Fedina & Lewis 2004, IHegel & Bernasconi 2000; Pizzari
& Birkhead 2000). In addition to this, there is @atial for direct uncontrolled selection
arising from CFC mechanisms on sperm from diffeneaties within sperm competition
experiments (Eberhard 1996). This could further glacate studies of gamete function and
interaction. Because of this, teasing apart the afl sperm from the role of eggs or the
reproductive tract can be difficult for speciestwihternal fertilisation (Engqvist & Sauer
2003; Evans et al. 2003; Pilastro et al. 2004; &z Birkhead 2000; Ward 2000).

This thesis aims to further the understanding ofigfa interactions that lead to reproductive
isolation under interspecific hybridisation, by ngpiexternally spawning and naturally
hybridising Atlantic salmon and brown trout as ad®lossystem. Under external fertilisation,
the gametic environment is more simple and undss female (or male) control. This
situation allows tighter experimental control ofesp and egg traits unden vitro
fertilisation, and allows controlled manipulationnda analysis of gametes in the
microenvironment to which they are naturally addpi@age et al. 2004). Male and female
salmonids also mate with multiple mates (Flemin§69Martinez et al. 2000; Weir et al.
2010) and are at risk of hybridisation, creatirggaclcriteria for the evolution of mechanisms

that allow postcopulatory control of fertilisation.

1.6. Threats of hybridisation

Atlantic salmon are viewed with high conservationportance and are known to be
declining in the majority of their distribution (Psh et al. 1998; WWF 2001). Declines are
often due to exploitation and habitat change by dmsn(Verspoor et al. 2007), thus salmon
are vulnerable to negative impacts on populati@wti. Hybridisation is one of a variety of
factors to have a negative effect on salmon pojamist and has been seen to be increasing
(Hindar & Balstad 1994; Jansson & Ost 1997). InwWay, salmon-trout hybridisation was
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found to significantly rise between 1986 to 1992n(tér & Balstad 1994), being positively
linked to high numbers of Atlantic salmon escapfingm aquaculture nets at the time
(Hindar & Balstad 1994). Hatchery reared and doicatstd strains of fish, like those that
escape from aquaculture nets, show lower reprodriitness compared to wild fish through
altered breeding behaviour as a result of bothbdedte and unintentional selection during
domestication (Fleming 1996; Levin et al. 2001)tker increases in hybridisation could be
of greatest concern to threatened or vulnerablellptipns of Atlantic salmon, which have
been shown to be more susceptible to hybridisgtiomdar & Balstad 1994).

An obvious threat of hybridisation to declining @&tkic salmon populations is that of
introgression. Introgressive hybridisation resuttsnon-native genes entering a population
through interbreeding with closely related specsl can lead to a collapse of multispecies
assemblages into a hybrid swarm (Seehausen €d@8).2In a study of westslope cutthroat
trout hybridising with rainbow trout, only a 20% ratkture of rainbow trout genes was
enough to cause a 50% reduction in the reprodustiveess of cutthroat trout, causing a
population decline (Muhlfeld et al. 2009). Eviderafeintrogressive hybridisation between
Atlantic salmon and brown trout has recently bebseoved in streams where brown trout
were stocked, however the threat of introgressemeded as hybridisation declined with the
cessation of stocking (Castillo et al. 2008). Amwththreat to salmon to arise from
hybridisation is a reduction in effective populatisize through outbreeding depression.
Atlantic salmon females produce larger eggs pet ohibody weight compared to other
species (Armstrong et al. 2003), with each egg gh lenergy reproductive investment.
Production of unfit hybrids would be highly detrimal to the reproductive fitness of
females, as sterile or unviable hybrids would resuthe removal of reproductive resources
(i.e. reproducing adults) from the system (McGipret al. 2003).The threatened salmonid
species,Salvenlinus confluentulybridises with the introduced brook tro&, fontinalis
with little evidence of hybrids beyond the F1 gextem. This has resulted in wasted
reproductive effort reducing the effective popudatisize ofSalvenlinus confluentusvith
severe negative effects on population survival Adlorf et al. 2001; Leary et al. 1993).
Production of hybrids that are reproductively ucéin have further negative impacts if those
hybrids are ecologically fit at all or some lifeages. Ecologically fit hybrids have the

potential to out-compete one or both of the palesgacies, resulting in reductions in pure
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species fitness. A clear example of this has beam $n the pecos pupfisiGyprinodon
pecosensisvhich is threatened with replacement by the hybridoroduces with a closely
related species, the introduced sheepshead mindowariegatesHybrids of these species
have elevated swimming performance and faster growobth of which increase food
acquisition, reduce the threat of predation andwalhybrids to gain and hold breeding
territories, meaning they can effectively outconmmptpecos pupfish (Rosenfield et al.
2004).

To understand the impact that hybridisation witlbvior trout has on threatened Atlantic
salmon populations, knowledge on the fitness ofridgbis needed. With this thesis |
therefore also aim to investigate the fithess dirlug at early life stages, to assess whether
they have the capacity to dominate or outcompeteaaor trout individuals for system
resources. As well as this, | try to explore whetbeimon-trout hybrids have the ability to
proliferate and be an avenue of introgressionf tivdy are an evolutionary dead end which
removes reproductive resources from the pure systd&y carrying out assessments of
fitness, as detailed in this thesis, | hope to lble & contribute further knowledge on the
fitness of hybrids at early life stages and hopefiifer any applied impacts hybrids could

have on wild populations of Atlantic salmon andvandrout.

1.7. Thesis overview

This thesis is separated into 2 main objectivegldivover 4 experimental data chapters. My
first objective is to use externally fertilising lAbntic salmon and brown trout to
experimentally investigate the mechanisms of pgstiadory, prezygotic reproductive
isolation at the gamete level. Atlantic salmon drdwn trout show CSP when males
compete for conspecific eggs (Figure 1.4.1), witle tonspecific male achieving the
majority of paternity. The salmon-troum vitro fertilisation system used in this thesis
(Chapters 3 and 4) presents an excellent oppoyttmiéstablish whether CSP between these
two species is mediated by eggs or by sperm, dr. Hotise reciprocally balanced sperm
competition experiments, where individual males amalysed in both the conspecific and

heterospecific ‘role’, and determine sperm cometisuccess via parentage assignment. In
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order to gain further insight into the mechanisnC&P within this hybridising system, and
assess any variation in temporal dynamics underidightion at the gamete level, | use a 2
second experimental delay for one of the male’smse enter the fertilisation set (Chapter
3). The general hypothesis in this chapter is #gds will favour conspecific sperm in
fertilisation, even if heterospecific sperm areagiva 2 second timing advantage in the
fertilisation competition. The extent of any di#aces in CSP under sperm delay versus
simultaneous release will provide insight into thgmamics of sperm competition, cryptic
female choice, and differential fertilisation susseFollowing assessment of the effect of
relative delay in the sperm competition, | investey whether a female’s ovarian fluid
mediates CSP within salmon-trout hybridisation. @aafluid is released with the eggs at
spawning, but its specific role is so far poorlydarstood. Using sperm competition and
fertilisation experiments that vary the presenceeittier species’ ovarian fluid, | measure
whether this fluid controls CSP, and investigateethbr it differentially influences
conspecific sperm motility and / or spermatozoa nubattraction (Chapter 4). The
hypothesis in this chapter is that ovarian fluidl Wavour conspecific sperm in fertilisation

independently of eggs are being fertilised.

The second objective of my thesis looks at the mi@kconsequences for offspring fithess
when hybridisation does occur. Atlantic salmon atewed with high conservation
importance as populations have been declining ardba world (Verspoor et al. 2007).
Further to this, threatened or vulnerable poputatiof Atlantic salmon have been shown to
be more susceptible to hybridisation (Hindar & Bads 1994). Negative effects on
population growth can occur through competitionhwitybrids, reductions in populations
through wasted reproductive effort in the produttim unfit hybrids and loss of adaptation
through introgression. To understand the impact tiyaridisation can have on threatened
salmon populations, | developed the informatiorrelative hybrid fertility, to gain a better
understanding of the fitness of hybrid offspringngpters 5 and 6). | firstly assessed the
relative fitness of reciprocal hybrids comparedotwe species through measuring different
fitness traits at early life stages in a controled, for the first time to my knowledge, a
semi-natural environment (Chapter 5). Measuringréiative fitness of hybrids in natural
environments is fundamental to being able to gudiei the ecological and evolutionary

impact hybrids may have on parental populationsri$2001). My aim was to provide a
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better understanding of salmon-trout hybrid fithasgarly life stages in an attempt to infer
any impacts hybrids could have on wild populatiofisAtlantic salmon and brown trout.
Secondly | assessed the reproductive capabilitynale F hybrid parr, including when
competing against adult male salmon and trout &men and trout eggs via vitro sperm
competitions (Chapter 6). To gain an idea of thiitalof hybrid males to fertilise salmon
and trout eggs in generah, vitro fertilisation trials with i hybrid males fertilising salmon
and trout eggs in the absence of competition wargied out. Sperm motility traits of
hybrids were also assessed, in conjunction withrrspeompetitions, to compare sperm
function of F1 hybrid males to that of adult anadoms salmon and trout males. Any hybrid
males in a population that go on to spawn coulduigect to the postcopulatory selection
generated by sperm competition, and their succes&ilure will determine whether

introgression is a real threat to Atlantic saimopuylations.
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2: Experimental methods
2.1. Introduction

The 4 data chapters that comprise this thesis ewarthe fertilisation dynamics and
compatibility between two closely related salmosijgecies, the Atlantic salmorsglmo
salar) and the anadromous brown tro8&(mo trutty. This general methods chapter aims to
identify the core methods that form the main bdsisthe majority of the experiments
described in this thesis. By collating the methadt® a single chapter, repetition of
techniques used throughout the following chapters loe avoided. The main methods of
gamete collectionin vitro fertilisation techniques and recording of sperait¢rare described
here in detail. In the data chapters themselvesthgll be descriptions on how these
methods were employed to achieve each experimkmtg avith specifics of experimental
design. Methods that are particular to a singleegrpent are detailed within individual data
chapters. With the exception of chapter 5, ‘Quatitie fithess measures of salmon-trout
hybrids at early life stages’, the general expentakdesign was to carry ourh vitro
fertilisation and sperm competition assays with acorent sperm trait analyses. These
experiments were performed under a variety of damh to better understand fertilisation

dynamics and compatibility in the salmon-trout hgllsation system.

2.2. Study site and gamete collection

All field work for this thesis was carried out d&tet Norwegian Institute of Nature Research
(NINA) research station in Ims, southwestern Norwasar the city of Stavanger (58°59'N,
5° 58’E), during the spawning seasons of 2008, 289 2011, and the summer of 2010
(chapter 5). The research station is located atitigth of the River Imsa, a small 1km long
river with a catchment of 128 Krthat empties into the Boknafjord (Einum & Flemit@o7;
Fleming et al. 1994). The hatchery is supplied wititer directly from the River Imsa. The
broodstock Atlantic salmon and brown trout useddibbut one of the experiments in this
thesis were first generation hatchery fish derifredn sympatric wild populations of these
species in the Figgjo River, close to the NINA haty. Eggs and sperm were collected

from wild fish and fertilised in the hatchery, wkearffspring were grown to adulthood to be
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used as broodstock. The brown trout in the FiggijeeRare a mix of anadromous and
resident individuals. Figgjo fish at NINA were hedsin holding tanks of 7000 litres.

In order forin vitro fertilisation and sperm competition experimentsb carried out,
gametes from ripe Atlantic salmon and brown troales and females had to be collected.
Fish were checked almost daily by hatchery staifnflOctober until eggs and milt were free
flowing. Fish were then taken from the holding tan&nd lightly anaesthetised with
chlorobutanol (2ml per 10l of water). When fishaleed a suitable state of anaesthesia, they
were removed from the water and stripped of thamegtes and a small fin clip taken and
placed in 90% ethanol for later genotype analySisipping consists of applying gentle
pressure to the abdomen in a downward motion fr@adhto vent, to expel gametes.
Gametes were collected into polythene bags thae ilbed with oxygen and kept on ice
until needed (for a maximum of 6 days). Einum atehfing (2000) found minimal changes
in eggs stored in this way up to 10 days afterectibn. Throughout the stripping process
each fish had to be kept free of water, urine angtus around the vent. Urine has been
shown to activate sperm within the seminal fluidfifshwater fish (Billard et al. 1995;
Dreanno et al. 1998; Linhart et al. 1995; Linhdrale 1999; Poupard et al. 1998; Rurangwa
et al. 2004) leading to immotile sperm and resgliman unusable sample. Therefore great
care was taken to avoid any moisture or water cgnmto contact with milt or eggs to avoid

activation of gametes prior to experiments.

2.3. Measurement of Sperm traits and analysis

Sperm traits were recorded alongsideitro fertilisation experiments. Sperm trait recording
was carried out as close to fertilisation as pdsgilmaximum 1 hour) in order to capture an
accurate representation of sperm behaviour. Byrdeog male motility traits in conjunction
with fertilisation experiments, behavioural traitlsa male’s sperm at the time it entered the
in vitro fertilisations were captured. This eliminates t@nfounding effects that sperm
storage time could potentially have on sperm behavivere sperm motility traits to be
recorded hours or days after the fertilisationktplace. Sperm from both Atlantic salmon
and brown trout males was diluted with a trout esieg (80 MM NacCl, 40 mM KCI, 1mM
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CaCh and 20 mM Tris, adjusted to pH 9 (Billard 1992)ppto entering the fertilisation and

measuring of sperm traits.

Salmonid milt is more viscous than water. If mif used undiluted duringn vitro
fertilisations sperm may not activate evenly acribessample, as it would in the turbulent
conditions of the redd. Billard and Cosson (1998)vged that, without dilution, activation
of sperm for motility analysis results in a heteopgous mixture of motile and immotile
sperm swimming at different velocities and trajee® with some sperm become
progressively more activated after the initial @a&tion. To obtain synchronous motility of
sperm for accurate motility measures sperm neete wiluted by at least 100 fold (Billard
1992). Allin vitro fertilisation in this thesis used a 2 step actoraprocedure (Billard 1992)
to ensure simultaneous activation of sperm witleinilfsations as well as accurate motility
measures. The 2 step process involves an initigtiah in the trout extender. Trout extender
is of a similar osmolarity to trout seminal fluidjlowing sperm to remain immotile for
several hours (Billard 1992), providing dilutiontiout fear of sperm activating prior to use
in experiments. The next step is activation of spar the activating medium (usually river
water) which is done in the fertilisation experirhen during sperm trait recording. Yeates
(2005) found no adverse effect of trout extendeitran motility of Atlantic salmon sperm
within 5-6 hours after stripping. In addition taghAtlantic salmon sperm in trout extender
behaves similarly to undiluted sperm, allowing exler to be used as the dilution medium
for both salmon and trout in experiments withouhfoonding effects on sperm function
(Yeates 2005).

2.3.1. Recording of sperm motility

Spermatozoa activity was recorded on a Sony Hi8 tlgtk connected to JVC video camera
(TK-1280E) which was fixed to an Olympus CK40 ineer stage microscope at x400 under
dark field phase illumination. Sub samples of agisaimilt in extender were activated with
river water or ovarian fluid depending on the expent. After activation 0.7ul was
immediately transferred to a well of a 12 well ntekt glass slide (ICN Basingstoke, UK,

depth~0.0116 mm) and a cover slip was carefully rapidly put in place. Just prior to
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activation the videotape was started and, usingitheos on screen counter, the exact time
of activation was noted. Noting the exact time divation allowed motility throughout the
lifetime of spermatozoa to be recorded, as welc@asparisons of lifespans to be made
between males under varying conditions. The timenfactivation, placement on the slide
and image resolution was minimised as much as lpesisi order to capture as much of the
sperm movement after activation as possible. Amypdas that took longer than 10 seconds
to achieve a recordable image after activation vadendoned and repeated. At the start of
each video tape a 1000 pl graticule slide was dswmbfor around 1 minute. This allowed
calibration by the automated sperm tracker (seewgeto record actual distance during

video analysis.

When recording sperm activity, sperm drifting asrdise field of vision due to too much
fluid on the slide should be avoided as this movenuan be interpreted as motility by
automated sperm trackers, even if drifting sperenamtually immobile (Kime et al. 2001).
The 0.7 ul volume of activated sperm placed onhto rhicroscope slide was found to be
optimal volume to avoid drift (Yeates 2005). Toahtan image with a manageable number
of spermatozoa (50-100) at x400 magnification amsuee even activation of spermatozoa
within a sub sample, milt in extender and activatieedium volumes had to be adjusted for
each male. If there were too many or too few spernthe image, or the image was

unfocused, it was abandoned and the process repeate

Temperature has an effect on sperm motility in Atz salmon and brown trout, with
decreased motility at higher temperatures (\da&i Jarvi 1997). For this reason the
temperature of the river water used dunngitro fertilisations and activation of sperm for
recording motility was measured. This ensured thate was no significant deviation in
temperatures which may have influenced sperm bebaviThe randomised design of
experiments ensured that there would be no dimegkibias in results caused by fluctuations
in water temperature, with the average temperatiitiee water 10.2 °C + 0.11 (1 S.E.M). To
further ensure river water remained at a constawt temperature that sperm in natural
spawning would be exposed to, motility recordinggevcarried out in a cold room with an
average air temperature of 6.5° C £ 0.35 (1 S.E.M)
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2.3.2. Motility analysis

Sperm motility traits were measured through analgéithe Hi8 video tapes by a computer
assisted sperm analysis (CASA) system, the Hobsamn® Tracker (Hobson Vision Ltd,
Baslow, UK) at the Zoological Society of London (pession W.V. Holt). CASA is a
widely used method of obtaining accurate measur&snansemen motility parameters not
measurable or observable manually (Verstegen @08R). The Hobson Sperm Tracker can
track up to 200 individual sperm simultaneouslyeal time and generate 14 parameters of
movement. Importantly the Hobson Sperm Trackerbmstandardised for fish sperm which
have a much shorter life span than mammalian spenhave rapid velocity (Kime et al.
2001).

Motility parameters calculated by the sperm tracketude: curvilinear velocity (VCL),
average path velocity (VAP), straight-line velocifySL), linearity (LIN), beat cross
frequency (BCF), amplitude of lateral head disptaeet (ALH), mean angular displacement
(MAD), straightness (STR) and percentage motilerrap€%MOT). The parameters
suggested most useful for studying sperm motihtyish are VCL, VSL, LIN and %MOT
(Kime et al. 2001; Rurangwa et al. 2004). Both sedmand trout sperm swim with curved
trajectories (Dziewulska et al. 2011; Kime et al02) and VCL (measured in unt)s
provides the velocity of spermatozoa along the praglectory (Rurangwa et al. 2004). VSL
(also measured in pnsprovides the velocity along the straight linetpaf the track (the
distance between the start and end point); if thedtory of the sperm is straight then VSL
will equal VCL. The LIN is a useful measure of gpdrajectory (Rurangwa et al. 2004) and
is simply VSL/VCL, the closer to 1 the straightgreematozoa swim. The percentage of
motile sperm in a males ejaculate is a good indicat the number of sperm available to
fertilise eggs and a good measure of a male’slifgrtThroughout the experiments within
this thesis, longevity (spermatozoa lifespan) arepwas also deemed to be an important
parameter to measure that could account for interBp male differences. The other
parameters automatically calculated by CASA havenb®und to be of little use when
studying fish sperm function (Rurangwa et al. 2064y this reason VCL, LIN, motility and
sperm longevity motility traits were the main focolssperm motility analysis throughout

this thesis. Table 2.1.1 describes how each oktpasameters is calculated.
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Table 2.1.1: Motility parameters measured by thésdm Sperm Tracker and by hand with

details on how each of these parameters is cadzlilat

Motility Parameter

Calculation

VCL - Curvilinear velocity (um™)

LIN - linearity (%)

% Mot - percentage motility (%)

Longevity

The sum of the incremental distances move
each frame along the sampled path divided by
total time of the track.

The straight line distance between start and end
points divided by the sum of incremental
distances along the actual path or
VSL/VCL*100.

This is the number of motile sperm within the
field of analysis divided by the sum of all sperm
in the field multiplied by 100. Motility was

manually calculated by freezing the video image
as soon as it stabilised. Vibrating sperm with no
progressive motility were considered to be

immobile.

Whilst the sperm tracker is capable of recording
longevity, the videos analysed in this thesis were
not tracked until sperm movement ended.
Longevity was  subsequently calculated

manually. The video was stopped when sperm
showed no more progressive forward motion.
Time from activation until this cessation of

movement was used as the lifespan of the
spermatozoa. Vibrating sperm were considered to
have ceased their progressive forward motion.
When the majority of sperm reached this point

the longevity measure ceased.

The other parameters were investigated in eachriexget conducted, however as expected

no significant relationships emerged, thus reswtye omitted from this thesis. The
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parameter settings for the Hobson Sperm Trackee &keady saved within the tracker for
salmon and trout from previous work. The “traildfdacility, which tracks the trail of the
sperm across the screen, was set to track speiis fwa 4 seconds for observation on
tracking, allowing necessary adjustments to tharmpaters (Yeates, 2005). The tracker was
set to operate at a frame of 50 Hz and the “minintiack point” setting was 50 frames. The
“search radius” used was 8.13 um-10.56 pm and theeshold” set to +30/100 with
objective at x40 (Yeates 2005). Salmonid spermhatslived in water, ¢ 30-60 seconds
(Billard et al. 1986) and shows a marked decreadertilisation success after 10 seconds
(Hoysak & Liley 2001), suggesting most of the atyivoccurs in the early stages. This is
why it is very important to get a stable image @snsas possible after activation. Tracking
was started 10 seconds after activation and trgcgeriods were set to 15 seconds (the
shortest time the sperm tracker can calculate pgage of motile sperm). The most useful

data is from the first tracking period, 5-20s a#ietivation (Kime et al. 2001).

2.3.3. Sperm counts

Sperm were counted within 24 hours of stripping@earm left sitting for several days begin
to aggregate, inhibiting even spread within samples accurate counts (S. Yeates personal
communication). The cell density of a male’s spesample was calculated using an
improved Neubauer haemocytometer according to pusly established protocols (Gage et
al. 1998). Samples of sperm in extender were dilinewvater and 15ul were transferred to
the haemocytometer under the cover slip. Afteimgtthe sperm settle, cells in 4 areas were
counted to give a mean. This mean was then m@tdiy the dilution factor and volume of
the sperm sample to give a male’s sperm densitis dlfowed for comparisons of sperm

numbers entering the competition from the two défe males.
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2.4.1n vitro fertilisations and egg rearing

2.4.1.In vitro fertilisations

When studying the dynamics of fertilisation these a need to recreate the typical
environment gametes experience during reproductibrist still maintaining experimental
control. Using external fertilisers, such as salidsnprovides a major advantage as one can
often easily retrieve large amounts of gameteshaweé control over sperm concentrations,
egg numbers, the time gametes enter the fertdisatnd their duration within the
fertilisation, thus allowing complete experimentaintrol. External fertilising systems also
eliminate any confounds the internal reproductimeimnment may have on fertilisation or
sperm competition. The use of the salmonid systilsm @rovides the additional benefit of
being able to accurately recreate the gametic rgokaronment (Gage et al. 2004), which
can be a particular challenge in experimental lfeations of internally fertilising species.
The methods aih vitro fertilisation used throughout this thesis allow fapid simultaneous

mixing of gametes, simulating the release of spaver egg batches within salmon redds.

The following method is the basic set up foriallitro fertilisations (IVF) experiments in
this thesis, with manipulations to this general hoet detailed within individual chapters.
IVF’'s were carried out in 500ml dry plastic beakeCsre was taken to ensure each beaker
was free of moisture to avoid activating the eggtoite addition of sperm and water. For

means number and range of eggs used in each experame detailed in individual chapters.

2.4.2. Sperm competitions

Many of the experiments within this thesis havecethsperm from two males of different
species in competition for a female’s eggs, allgMhe examination of paternity patterns
under different conditions. Sperm competition ekpents were carried out in the same way
as above (see section 2.4.1), except that spermtixo males are in the IVF. To ensure milt
from each male has equal chance of fertilisingdbgs the two sperm samples are mixed

together by gently pipetting up and down or introelli into the stream of river water being
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poured over the eggs. Known volumes of sperm agd ts allow parallel calculation of the
number of sperm from each male entering the cotnpeifsee section 2.3.3) which can then

be controlled for in statistical analysis.

2.4.3 Egg rearing

After fertilisation trials and sperm competitioneggs were placed into individually
numbered egg trays and placed in incubation traughe channels provide a constant
supply of slow flowing oxygenated water at an ageraate of 10 I/ min, in line with
standard hatchery protocols. Eggs were reared betWwovember and April of each
spawning season. Temperatures ranged from 2.7°X2.@® 2008-09, with an average water
temperature of 4.92 ° C + 0.18 (1 S.E.M), and betw@.9-2.5 in 2009-10, with an average
water temperature of 4.9° C £0.13 (1 S.E.M).

Eggs that are infertile or die during incubatiom dairn white, making them easy to
distinguish from live eggs within the incubatorsisl important that these eggs are removed
regularly throughout the incubation period to pravéungal infection which can be
transmitted to live eggs and potentially confourduits. Hatchery staff at NINA regularly

treated all eggs in the hatchery with anti-fundedricals to combat fungal infections.

2.4.4. Egg scoring

Fertilisation success of males in monogamous if&atibn trials (in the absence of sperm
competition) can be determined within a week dfilfeation by soaking eggs in a 5% acetic
acid solution (Hoysak & Liley 2001). Temperaturdaitmines how quickly embryos can be
detected using this method and eggs in these expets were left to develop for 10 days
before scoring. The eggs were placed in the aaatid solution for approximately 15
minutes until the embryos within turn white and aasily differentiated from empty,

unfertilised eggs. For each fertilisation cross tlbenber of fertilised and unfertilised eggs
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was counted. The number of successfully fertilisg)s was divided over the sum of

fertilised and unfertilised eggs to give a progmitof a male’s fertilisation success.

For sperm competitions DNA paternity analysis hadbé¢ carried out in order to detect the
fertilisation success of each male within the cotitipa. Sperm competition eggs were
therefore left until hatching, or just before, ahdn preserved in 95% ethanol for subsequent
DNA extraction and genotyping of offspring.

2.5. Paternity analysis

Microsatellites have become a common tool in agsggmternity and are now widely used
tool to study populations as well as identify indivals. Microsatellite DNA analysis was
used to assign paternity of offspring derived freperm competitions to either of the two
males in the competition. For each sperm compatitipp to 27 offspring had their DNA
extracted and were genotyped at 3 loci. All mothangl potential fathers were also
genotyped by extracting DNA from tissue samplesectgd at stripping, allowing paternity
to be unambiguously assigned to each offspring.

2.5.1. DNA extraction

DNA was extracted from adult fish using fin tissoellected at the time of stripping
gametes, and from fin tissue of developing or fmedcout offspring. A modified salt
extraction technique (Aljanabi & Martinez 1997) wased to efficiently extract the DNA.
Due to the large number of individuals to genotygpdractions were done in 96 well plates
(ABgene, surrey, UK and STARLAB (UK) Ltd, Milton Kaes, UK). A small amount of
tissue ¢. 5mm) from each individual was placed in a well glonth 50 pl of TEN buffer
(400mM NacCl, 10mM Tris-HCL [pH 8], 2mM EDTA [pH &nd 2%SDS [9:1]) and 2.5 pl
of proteinase K (20 mg/ul). Plates were then intedbaovernight at 55-60 °C. After
incubation 15 pl of 6mM NaCl solution was addeeach well and centrifuged at 3000 rpm

for 25 minutes; after which 14 ul of supernatans wansferred to a new plate with 30 ul of
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100% cold ethanol. Plates were then left at -2@0tCGt least 1 hour then spun at 3000 rpm
for 30 minutes. The supernatant was discarded add Pellets washed with 70% cold

ethanol. Pellets were then dried at 50 °C and 1@ gH20 was subsequently added to each
well and plates left at 37 °C to allow for re-susgien of the DNA pellet. Plates where then

stored at -20 °C until needed.
2.5.2. PCR

Paternity was assigned to offspring using 3 purerasatellite loci, Ssa408, ssa410 and
Ssa4l7 (Cairney et al. 2000). The primers used alesen as they amplify in both Atlantic
salmon and brown trout with polymorphism (Cairnégle 2000). PCR was carried out in 10
pl volume reaction multiplexes containing; 1 pIDYIA (unspecified concentration), 5 pul of
2 x PCR Mastermix with 1.5mM Mg&l(ABgene), 0.95 pl of forward labelled primers (0.2
pl Ssa408, 0.3 pl Ssa4l7 and 0.45 pl Ssa410) &bdud.reverse primers (same volumes).
Primers were labelled with NED (Ssa408), FAM (S€94and HEX (Ssa417) (Applied
Biosystems). The PCR ran at an initial 3 minute atigration at 94 °C, preceding 29
denaturing (94 °C for 15 s), annealing (61°C forsiand extension (72°C for 15 s) cycles.

Samples were finally incubated at 72 °C for 30 rtesu

2.5.3. Genotyping

PCR products were run on an ABI3730 automated segueat the NERC Biomolecular
Analysis Facility at the University of Sheffielda®@ples were run with Genescan-500 ROX
labelled size standard (Applied Biosystems). Fragmengths of PCR products were
determined using the genotyping software GeneMappdr (Applied Biosystems). Often
only a single locus was needed to unambiguouslygmaspaternity in each 2 male
competition. More loci were needed when assigna@mmity to k individuals produced in
Chapter 6. Parentage was assigned by comparirgsatiethe mother and the two potential
fathers to those of the offspring. Parentage waaminguously assigned in all offspring.
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3: The influence of sperm delay on conspecificraggecedence durinigp vitro fertilisation

3.1. Introduction

3.1.1. Sperm competition and sperm precedence

The reproductive success of individual males intmoeating systems is influenced by both
precopulatory and postcopulatory mechanisms of alegalection (Andersson & Iwasa
1996; Andersson 1994; Birkhead & Mgller 1998). PBmdatory adaptations such as
courtship displays, dominant aggressive displayd @rate guarding are known to play
important roles in male mating success. Howevemewe recognise that this mating success
does not necessarily translate into fertilisatiamccess, due to the influence of the
postcopulatory sperm competition and cryptic fenwieice mechanisms (Eberhard 1996;
Parker 1970). These postcopulatory processes oan grafound effects upon fertilisation
success (Birkhead & Mgller 1998; Birkhead & Pizza@i02; Eberhard 1996), meaning
males will be under direct selection to producedges that are favoured by the different
mechanisms of sperm competition, and cryptic cheeelved by females. A recognised
mechanism within sperm competition is the rafflengple (Parker 1982; Parker 1990;
Parker 1998), where numerical superiority of anvindial male’s spermatozoa can provide
him with the highest probability of fertilisatiomscess. This raffle principle is recognised in
passerine birds (Birkhead 1998a; Immler et al. B)lihsects (Gage & Morrow 2003) and
fish (Stoltz & Neff 2006), and explains why sperme &o numerous and tiny, and why
anisogamy is maintained (Parker 1982). Although rid#le principle is fundamental to
many mechanisms of sperm competition, relative mpaumber does not always fully
explain fertilisation success (Birkhead & Mgller9B9 Simmons et al. 2003), and there are a
number of other processes by which an individualen@n achieve sperm precedence
(Snook 2005).

Sperm precedence is usually measured experimeatatlye proportion of offspring sired by
the second male to mate, known as P2 (Boorman &ePd976). A large proportion of the
literature on sperm precedence describes secongrmale precedence, particularly in
insects (Birkhead & Parker 1997; Gwynne 1984; Simsn@001) and birds (Birkhead
1998a; Birkhead & Moller 1992; Briske 1996). Lastlm sperm precedence is also
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described in other taxa, including marine inverdéds and mammals (Diesel 1990;
Kraaijeveld-Smit et al. 2002) but research is l@ell established. However, first male sperm
precedence is also expressed across both vertebrateinvertebrate taxa, including
mammals, amphibians, butterflies and arachnids otaget al. 1995; Jones et al. 2002;
Lacey et al. 1997; Watson 1991). P2 has become rveoent measure of sperm
competition, and therefore the selective forcesngcbn males and females to maximise
their reproductive success; allowing the underlyingchanism of sperm competition to be
researched. Parker (1970) argued that sperm cdiopetill cause simultaneous selection
on males to remove rivals sperm and to prevent then sperm from being displaced. P2
can be viewed as a balance between these twoigeléotces (Birkhead & Parker 1997;
Parker 1970). For example, a very high P2 wherdatemale to mate fertilises most of the
a females eggs, as is found in many odonates (GarAguilar et al. 2003; Waage 1984),
will lead to selection on males to invest in poptdatory guarding to protect his mating
investment from being wiped out by a subsequenerfdlaage 1984). By contrast, a low
P2, as is found in salmon (Mjglenrgd et al. 1998atés et al. 2007), will lead to selection
on males to be first to spawn when a female reteaggs, and on sperm to be effective at
rapidly locating and fusing with the egg.

The structure and function of the fertilisation gomment has a major influence upon sperm
precedence, with females evolving sperm storagansigor fertilisation mechanisms, that
can spatially and temporally influence when and neHertilisation takes place relative to
insemination (Pitnick et al. 2009). In additionfémnale-derived effects, sperm precedence in
internal fertilisers can result from transferende pooteins in the seminal fluid of an
ejaculate. InDrosophila accessory gland proteins can increase ovipositianfemale and
decrease her receptivity to subsequent matingn@es a chemical mate guard (Wolfner
1997; Wolfner 2002). Seminal proteins can alsoldesand displace the previous male’s
sperm to result in a very high P2 (Clark et al. 39 opulatory plugs are a physical mate
guarding mechanism employed by males to inhibidlsivand are described in species of
snake (Devine 1975; Shine et al. 2000), primatexg@n 1998; Dixson & Anderson 2002)
marine invertebrate (Barker 1994) and insect (Bdael. 2001; Matsumoto & Suzuki 1992).
A solid plug of material is deposited by the mateblock the opening to the female

reproductive tract, preventing further inseminatioyn other males as well as preventing
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sperm leakage. Copulatory plugs may have evolveough sexual selection to prevent
females re-mating, thereby eliminating the cosbeissed with mate guarding and freeing
males to re-mate more quickly with additional matesreasing fitness (Shine et al. 2000).
At the other end of the scale, males that encoypr&riously mated females have evolved
physical mechanisms to replace rival males sperrth wheir own. Mechanisms of
displacement include physical removal of spermbgfthe previous male, as seen in insects
(Boorman & Parker 1976; Cordoba-Aguilar et al. 2088 & Wang 2010), and sperm
repositioning; where males forces sperm of previmades into the far reaches of females
storage organs far from the fertilisation site (@ira-Aguilar et al. 2003), in some cases
sealing it off (Diesel 1990). It is clear from tlwemplex structures of male and female
genitalia that a range of mechanisms could existftaence sperm precedence at this key
stage in reproduction at the cryptic level of themgte. Added complexity arises from
evidence that females can influence paternity efrtbffspring through manipulation and

selection of sperm (Eberhard 1996).

3.1.2. Sperm precedence in salmonids

In the past, evidence for sperm competition inlitieeature has largely focused on internally
fertilising species, with work on external fertdrs restricted mostly to game theory (Ball &
Parker 1996; Parker 1982; Parker et al. 1996). Wewesince evidence for mating effects
and sperm competition in free spawning animals 8&en, a shift to empirical studies of
sperm competition in external spawners occurreds(i@e et al. 2001; Bishop et al. 2000;
Boschetto et al. 2011; Byrne 2004; Byrne et al.30Bage et al. 2004; Hoysak & Liley
2001; Hoysak et al. 2004; Marshall et al. 2004; Iehead et al. 1998; Stoltz & Neff 2006;
Taborsky 1998; Yeates et al. 2007; Yeates et &19R0The advantage of studying sperm
precedence in external fertilisers comes from #ot that experiments can be more focused
on understanding the specific roles of sperm argvathin fertilisation dynamics, without
confounds from the whole animal. Compared to irgkerfertilising species, external
fertilisers have fundamental differences in repaddun that lead to different forces of
selection. Notably there is no female reproductieet to influence the sperm, meaning that

there is no potential for direct female controlsplerm, although selection from eggs and
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reproductive fluids released with them can stikwoc(Rosengrave et al. 2008; Simmons et
al. 2009). In external fertilisation, male reprotiue success is much more heavily
dependent upon the competitive quality of a malgésnetes(Benzie & Dixon 1994;
Casselman et al. 2006; Williams & Bentley 2002)isTik particularly so in salmonids where
ageing ejaculates lead to reduced fertilisatiorcess (Mjglenrgd et al. 1998), and faster
more competitive sperm increase a male’s patef(@igge et al. 2004; Liljedal et al. 2008).
Higher sperm ATP content has even been linkeddeased fertilisation success (Viaei

al. 2010). These features mean that external ifentd can present useful models for
understanding the specific roles of gamete form famdtion in the control of fertilisation

precedence without confounds of internal biology.

Salmonids present an excellent model system fodystg what factors drive sperm
precedence. Mating patterns generally involve mildtimales for a single female’s eggs
resulting in strong sperm competition, with oneerggaternity study of natural spawning in
Atlantic salmon revealing an average of 8, and apl6, different males involved in
fertilising a female’s egg batches (Weir et al. @01n addition to intense postcopulatory
sexual selection, the ability to recover gametes@arformin vitro fertilisation experiments
under conditions that mimic the natural gameticroeavironment provide useful practical
aspects to this model system (Gage et al. 2004)xidts work on mechanisms of sperm
precedence in salmon has demonstrated that, whemnmspre experimentally released
simultaneously, it is a male’s average sperm veldtiat explains significant variation in
sperm competition success (Gage et al. 2004).rébkidt suggested an important mechanism
of sperm competition involves a race by sperm tate the ovum and then swim down the
single micropyle (Kobayashi & Yamamoto 1981; Yamaachi et al. 1992), thereby
selecting for fast-swimming sperm. Similar resuiesse been found in other fish species
(Casselman et al. 2006; Gasparini et al. 2010edld] et al. 2008). A logical prediction from
these initial findings was that if there was a sldetay in the introduction of a male’s sperm
into any competition, it should experience a disadage in fertilisation success. Delays of 2
seconds in both sockeye and Atlantic salmon indegdaled a significant decrease in the
delayed male’s fertilisation success (Hoysak eR@04; Yeates et al. 2007). The findings
from in vitro sperm competition experiments suggest that theasgesitioning and timing

of sperm release relative to female spawning igre&t importance (Hoysak & Liley 2001;
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Mjglenrgd et al. 1998). Similar observations otifisation dynamics in medaka show that
micropyles are occupied within the first 6 secontisperm release (lwamatsu et al. 1991),

again suggesting the importance of a race to lcadepenetrate the egg micropyle.

There is therefore established evidence for firatensperm precedence in salmon, with a
disadvantage for delayed males in fertilisationcess. In this chapter, | examine how a
timing delay impacts on a conspecific sperm conipetadvantage recorded within salmon-
trout hybridisation. In Chapter 1, | presented ipnglary data on fertilisation and sperm
competition dynamics between salmon and trout gl.4.1, Yeates unpublished data),
which identified a clear conspecific sperm compmtitadvantage when sperm from both
species were introduced simultaneously to eggssgamific sperm precedence (CSP) is the
non-random utilisation of sperm from conspecific lesawhen both conspecific and
heterospecific males mate with a female (Howard)9@gardless of male order (discussed
in 1.1.2). CSP could result from conspecific speyat-competing heterospecific sperm
because heterospecific sperm are less compatibterins of physiological or chemical
adaptations and fail to fertilise eggs (Howard )9@EP represent a form of cryptic female
choice in salmonids: both heterospecific and cocifipesperm are capable of fertilising
eggs in the absence of sperm competition, but waerales or eggs are provided with a
‘choice’ of sperm, the conspecific sperm are faedum fertilisation success. Here, the
salmon-trouin vitro fertilisation system presents an opportunity tialessh whether CSP is
mediated by eggs or by sperm, because one camrcipracally balanced sperm competition
experiments where individual males are analysdabth the conspecific and heterospecific
‘role’, and determine sperm competition successpagentage assignment. Having already
established that conspecific sperm have a ~70%rspempetition advantage when sperm
number and release are equalised (figure 1.419¢la 2 second experimental delay for one
of the male’s sperm to the fertilisation set, irdar to gain further insight into the
mechanism of CSP within this hybridising systemthi@ absence of hybridisation, two-male
competitions in salmon where one male is giversacnd delay results in a disadvantage in
fertilisation success to about 20% of the egg bditkates et al. 2007). The general
hypothesis under test in this chapter thereforthas a 2 second timing advantage will not
allow heterospecific sperm the majority of paternitue to the presence of CSP. The extent

of any differences in CSP under sperm delay vessomiltaneous release may provide
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insight into the dynamics of sperm competition, ptity female choice, and differential

fertilisation success.

3.2. Methods

Sperm competition trials were run in 2008 at thevidmgian Institute of Nature Research
(NINA) research station in Ims, Southwestern Norwesyng Atlantic salmon and brown
trout originally sourced from the Figgjo River, aralsed in the hatchery to spawning age
(see 2.2). Adult salmon and trout were randomlyigagsl to experimental groups each
containing 1 female and 1 male of both speciessuch groups were constructed, giving a
total of 15 females Atlantic salmon, 15 male Atlargalmon, 15 female brown trout and 15
male brown trout (60 fish in total). When adultsneainto spawning condition (evidenced
by free-running milt and eggs), they were strippefdtheir gametes using established
hatchery methods (2.2). Because the fish within ang group did not necessarily ripen
simultaneously, stripped gametes were then stonedein oxygenated bags until all four
fish had ripened. In any one group, the maximunetmequired for storage of gametes until
needed for fertilisation experiments was 5 daysragfe of gametes in this manner does not
compromise quality or fertility (Einum & Fleming @0), and the balanced paired
experimental design meant that storage should mettdnally confound the comparisons
of fertilisation precedence. A fin clip was takeorh each fish as it was stripped and placed

in 95% ethanol for genotyping and parental assignme

3.2.1.In vitro sperm competition experiments

Sperm competition trials were carried autVF beakers as detailed in section 2.4.1, except
that this experiment introduced sperm into a fldwiwer water poured over the eggs with a
2 second delay in sperm ‘release’ between the tvabesn(figure 3.2.1). The sperm
competition experimental design is presented ifet&2.1, with each group of four fish
allowing the creation of competitions between saimad trout sperm for either salmon or

trout eggs, with a 2 second delay in the introductf either male’s sperm. The experiment
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is then repeated, with the order of sperm intradacteversed (Table 3.2.1). Thus, CSP for
both salmon and trout can be compared within theeseanale according to whether his

sperm is first or second to be introduced toithétro competition.

Figure 3.2.1: An illustration of the specifin vitro fertilisation conditions used for this

experiment.

100 pm milt from male
in position 1, released

with commencement of

water stream

/

100 pm milt from
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/ introduced after a 2

500 ml river water second delay

poured into the beaker

in a continuous stream

1 L beaker

Eggs
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Table 3.2.1: Experimental design of crosses cremtezhch group of fish. Either Atlantic
salmon or brown trout eggs from the group’s femalese competed for by the Atlantic
salmon and brown trout males in the group. Speromfthe male in position 1 was
introduced to the stream of water poured over tgsen stream commencement and milt
from the male in position 2 was introduced to threaan 2 seconds later. Sperm from the
same males was then introduced into the competitionmeversed order to create a

reciprocally balanced design. N is the number plicates.

Eggs Male in Position Male in Position n
1 2
Salmon Salmon Trolit 15
Salmon Trout 2 Salmon 15
second
Trout Trout delay Salmori 15
Trout Salmonh Trout 15

theterospecific male in the cross

On average 71 £ 8 (S.D) (range 57-106) salmonaut teggs were placed into a dry IVF
beaker, after which 500 ml of river water at 10°23+ 0.4 (S.D) was gently poured over the
eggs in a steady stream. At the commencement ofder stream, 100 pl of milt mixed in

extender (see 2.3) from one male was added totteans of water in a single plunge of a
Gilson pipette, this male was in position 1 (P1}xe2onds later, 100 pl of milt in extender
from the second male was added in the same way/nthle was in position P2 (P2). The

sperm competition was then run again with each male in the opposite position.

After the river water and milt from both males Haekbn added, the eggs were left for at least
3 minutes for full fertilisation to take place. A@ograph of the egg batch was then taken
which allowed subsequent counting, and then thélised eggs were added to an

individually-numbered incubator to develop (see.®.4This process was then repeated
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across all 15 groups. At egg hatch, approximat@ly days later, the emerging alevins were

humanely killed in 95% ethanol to preserve tissuddter microsatellite paternity analysis.

3.2.2. Microsatellite paternity analysis

Between 16 and 27 offspring were genotyped perscrogh an average of 21 offspring per
cross typed. Paternity analysis of offspring watemheined as described in section 2.5.
Paternity was assigned using 3 pure microsatétidte Ssa408, ssa410 and Ssa417 (Cairney
et al. 2000) with calibrated PCR. PCR products wene on an ABI3730 automated
sequencer at the NERC Biomolecular Analysis Facit the University of Sheffield.
Samples were run with Genescan-500 ROX labellee siandard (Applied Biosystems).
Fragment lengths of PCR products were determinddgughe genotyping software
GeneMapper v4.0 (Applied Biosystems). Once paregesiotypes were known, a single
locus was usually needed to unambiguously assitgrmpty in each 2-male hybridisation

competition, and paternity was unambiguously agsign all cases.

3.2.3. Sperm trait analysis

Spermatozoa motility traits were analysed in thmesavay as described in 2.3. Sperm
motility traits were analysed on sperm subsamplgisinv30 minutes of their respective
vitro sperm competition trials. The parameters suggestest useful for studying sperm
motility in fish are curvilinear velocity (VCL pm™, straight line velocity VSL pm™,
sperm path linearity (LIN %), sperm motility (% MQ{Kime et al. 2001; Rurangwa et al.
2004). As well as this, previous studies of speometition in salmonids have shown that a
spermatozoa’s curvilinear velocity is importantaithieving fertilisation success (Gage et al.
2004, Liljedal et al. 2008). As this study was istigating sperm competition between two
species of salmonids sperm VCL and MOT were deemedrtant to measure, along with
sperm longevity (lifespan). For details on CASA ahdw traits were measured and

calculated see 2.3.

61



3: The influence of sperm delay on conspecificraggecedence durinigp vitro fertilisation

3.2.4. Statistical analysis

Each male was used twice in a sperm competitiaal, tdnce in each timing position,
creating a paired design. Paternity success, thpoption of eggs fertilised, of males was
square root arcsine transformed in an attemptheeae normality. However transformation
did not produce a normally distributed data sethwhitomogenous variance, so non-
parametric statistics were used.

Average paternity success of individual males withicompetition was compared when the
hybridising male was P1 competing for salmon eggswhen the hybridising male was P2
competing for salmon eggs, using Wilcoxon rank dests. The same tests were used to
compare paternity success between males when comdet trout eggs. The Wilcoxon
rank sum test is the non-parametric equivalenthef independent samples t-test, using
medians, and is based on the magnitude of differ&etween pairs of data points. The null
hypothesis was that a delay of 2 seconds betwesnmsgelease does not affect fertilisation

success of hybridising and conspecific males.

Spearman rank correlations were carried out torchte whether correlations existed
between relative paternity success (proportionggsefertilised) and sperm motility traits
(measured in 3.2.3) of all males, when the hybndismales were P1 in the sperm
competitions. This was done to see if there was asspciation between increased sperm
motility traits and increased fertilisation succe¥he same tests were carried out on the
paternity success of all males and their spermlityatiaits when conspecific males were P1
in sperm competitions. This created 3 multiple carigons within a data set for each
treatment (hybridising male P1, conspecific mal¢ & paternity success was compared to
three sperm traits in 3 individual spearman rarmgkeassions. Fertilisation data used when the
hybridising male was in P1 and the conspecific meds in P1 were from separate sperm
competitions, and therefore were independent aatarfalysis (see table 3.2.1). To account
for multiple comparisons of paternity success withltiple sperm traits, a Dunn-Sidak

correction factor was used to adjust significarceghold to try and avoid type | errors.
a=1— 1—a)'"
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Where n is the number of comparisons agds the 0.05 confidence level. Within each
hybridising and pure males sperm traits there aneuBiple comparisons, making the new
significance threshold 0.016.

All statistical analyses were done using the Rditdjor Statistical Computing software

version 2.13.1.

3.3. Results

Overall results showed that a 2 second delay irrglease of one of the competing males’
sperm significantly influenced conspecific sperragedence in salmon-trout hybridisations.
A 2 second delay in the introduction of conspecsipierm to the competition did not give
hybridising males the expected first-male sperntgulence advantage, but a 2 second delay
in the introduction of heterospecific sperm gaveridising males a significant fertilisation
disadvantage.

3.3.1.In vitro sperm competitions with a 2 second delay in onesmgperm

release

When competing for Atlantic salmon eggs, hybridismales (brown trout) and conspecific
males (Atlantic salmon) had no significant diffezerin their fertilisation success when the
hybridising male was in P1, with a 2 second timagdyvantage (W= 90, P= 0.3613).
Hybridising males gained an average of 48 + 13.H) %o fertilisation success compared to
52 + 12 (1 S.E) for conspecific males. The patw@frishared paternity was repeated when
males competed for brown trout eggs with the hybing male in P1 (figure 3.2.1c), with
the hybridising males (Atlantic salmon) and cond#fpeanales (brown trout) having no
significant difference in paternity success (W=1R60.902). The hybridising males gained
49 + 13 (1 SE) % paternity on average and congpeudiles 51 + 12 (1 SE) %.
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However, when heterospecific males competed in With a 2 second delay, their
fertilisation success severely decreased as coifispenales’ sperm took significant

advantage of being first to enter the competitivdhen fertilising salmon eggs the
heterospecific trout male gained significantly Igsdernity (W= 56, P=0.02), with 39 + 13
(1 SE) % on average compared to a 61 +13 (1 SE)yérage for conspecific salmon males.
Similarly, when fertilising trout eggs the heteresific male salmon showed a significant
fertilisation disadvantage in P2 (W= 21, P= <0.0004rtilising only 34 + 10 (1 SE) % of

eggs on average compared to 66 + 10 (1 SE) % asdhiey conspecific trout.
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Figure 3.3.1: Comparisons of fertilisation succéstween hybridising and conspecific
males when A) hybridising males (open bars) aranPthe competition with conspecific
males (grey bars) for salmon eggs. B) Hybridisinglas are P2 in the competition with
conspecific males for salmon eggs. C) Hybridisingles are P1 in the competition with
conspecific males for trout eggs. D) Hybridisinglesaat P2 in competition with conspecific

males for trout eggs.
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3.3.2. Relative fertilisation success and spermilitydbehaviour

Sperm motility traits are a good indicator of thality of a male’s sperm (Kime et al. 2001),
and studies in fish, including Atlantic salmon, Bashown that sperm velocity has an
important bearing on a male’s sperm competitiorcesg (Casselman et al. 2006; Gage et al.
2004; Gasparini et al. 2010; Liljedal et al. 200Bpearman rank correlations between male
fertilisation success (proportion of eggs fertifisainder sperm competition, and sperm
motility traits described in 3.2.3 were used to Hethere was any association between
increased sperm motility traits and increasedligation success. Tests were carried out on
fertilisation success when hybridising males weterPa sperm competition (Figure 3.3.2)
and when conspecific males were P1 (Figure 3.&8jrelations of fertilisation success and
sperm motility traits when hybridising males wereR1 showed no association between
VCL, sperm longevity or percentage motile spern¥ (&306.32, P = 0.61; S = 26663.3, P
=0.17; S = 36487.41, P = 0.91 respectively). Biry, correlations showed no association
with sperm traits and increasing fertilisation 8 when pure males were in the P1
position (VCL: S = 32502.99, P = 0.99; longevity:=S32152.29, P = 0.93; percentage
motile: S = 34523.8 P = 0.76).
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Figure 3.3.2: Scatter plots of paternity succesep@rtion of eggs fertilised) for males in

sperm competitions when the hybridising male (ogecies) was P1 with a 2 second timing

advantage over the conspecific males (closed sgljaagainst measured sperm motility

traits; A) curvilinear velocity, B) Sperm longevit§) Percentage of motile sperm.
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Figure 3.3.3: Scatter plots of paternity successp@rtion of eggs fertilised) for males in

sperm competitions when the conspecific male (bleedes) was P1 with a 2 second timing

advantage over the hybridising male (red circlggirsst measured sperm motility traits; A)

curvilinear velocity, B) Sperm longevity. C) Pertage of motile sperm.
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3.4. Discussion

Previous work has shown that Atlantic salmon maléth a 2 second advantage over
competitors in a two mali@ vitro sperm competition father significantly more paitgrof a
female’s offspring (Yeates et al. 2007). This fmglihighlighted how important the relative
timing of sperm release is for the reproductivedgs of Atlantic salmon males. The aim of
my study here was to explore whether this firstangherm precedence is affected when
sperm from one of the competing males is from earospecific male attempting to
hybridise. Preliminary findings for this projecti{@pter 1) showed that there is a conspecific
sperm competition advantage in the salmon-trout ritligation system, such that
heterospecific sperm tend to fertilise about 37%hefeggs when competing against sperm
from a conspecific male (S. Yeates unpublished )datdis chapter examines the
consequences for conspecific sperm precedence (®@8#) a timing delay is introduced.
Results showed that the CSP advantage effectivelpoved any first-male sperm
precedence for heterospecific sperm when in posihioe (P1) with a 2 second advantage,
with both males in the competition achieving neguad 50% fertilisation. This situation is
then significantly reversed when sperm from hefggosic males are in position 2 (P2),
with a 2 second delay. Now sperm from conspecifedes achieves significantly higher
paternity and heterospecific males suffer a sigaift decrease in fertilisation success.
Salmon sperm fertilised 34% of trout eggs when fP2dmpetition with trout sperm, and
trout sperm 39% of salmon eggs when P2 on competyith salmon sperm. Because the
patterns are similar from both salmon and trouspectives, | will discuss the results for
both species together as either heterospecific amspecific males in fertilisation

competitions.

One of the aims of this experiment was to determwhether the CSP advantage we see
under simultaneous sperm release was altered irparticular manner by delayed sperm
introduction. If eggs possess mechanisms that altbem to preferentially ‘select’
conspecific sperm through the fertilisation pro¢c@gs might expect a timing delay to reveal
this For example, we might suppose a 2 second delaypart a very strong fertilisation
disadvantage for heterospecific sperm if conspecdperm are able to populate the

micropyle first. Similarly, if eggs possess a filtgg mechanism for conspecific sperm that
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takes place over a longer time period than thedrdertilisation dynamics we see in
salmonids (Hoysak & Liley 2001; Liley et al. 2002hen we might expect conspecific
sperm to achieve precedence, even though theyismdwdntaged in the second-male P2
competitive position (Yeates et al. 2007). My résusuggest that a passive choice
mechanism may exist within salmon-trout hybridisatiand that a simple explanation can
be offered. When heterospecific sperm are firseriter the fertilisation competition, they
probably gain advantage during the first few sesasicthe fertilisation process through sole
access to the eggs; but when conspecific spe@esirsenter the competition, any first-male
advantage to heterospecific sperm is counterech®yQSP advantage. By contrast, when
heterospecific sperm enter the competition aftespecific sperm, the heterospecific sperm
retain the lower second-male paternity seen innditasalmon sperm precedence, while the
conspecific sperm achieve the significant majooityertilisations. Fertilisation in salmon is
markedly different to other species in that ther@ae acrosome reaction, and thus no fusing
of sperm to egg membrane (Hoysak & Liley 2001)s#&tmonid fertilisations, sperm enter
the egg through a single small hole called the opigle (Yanagimachi et al. 1992). The
micropyle diameter is close to a single sperm hedaith, so that the order of sperm entry
could be critical to fertilisation success (Yanagahi et al. 1992), and my results support
this model of salmonid fertilisation. Evidence ionge fish show that the micropyle can be
occupied in the first 6 seconds (lwamatsu et é1}9making timing in fertilisation crucial
to success, with a delay of mere seconds meaneditterence between paternity gained or
lost for a male (Hoysak et al. 2004; Yeates e2@D7).

When sperm precedence has been observed in intiasgalmon mating previously, there
has been variation across males, with some matelsieg the majority of eggs regardless
of the timing position (Mjglenrgd et al. 1998; Wéh& Beacham 1994; Yeates et al. 2007).
This suggests that sperm quality, as well as tinaimg) position of a male play a large role in
sperm competition success. Because of this, spaita tvere measured in conjunction with
sperm competitions to examine whether sperm mptidibuld explain any differences
between species, or mating order in terms of kedd@rtilisation success. Sperm velocity has
been shown to be an important trait for sperm cditipe success in Atlantic salmon when
sperm from competing males are released simultatgoand relative numbers between

males show low variation (Gage et al. 2004). Irurgtsalmon males experience reduced
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sperm precedence as the number of spawnings tveydaaticipated in increases due to the
quality of their ejaculate diminishing (Mjglenrgtl &. 1998). However, for the majority,
especially at the beginning of the spawning seasalmon that gain access to eggs first
enjoy paternity precedence, with dominant maleseaahg >80% of paternity (Mjglenrgd
et al. 1998; Yeates et al. 2007). | therefore erauhithe possibility that variance between
sperm motility traits of speed, percentage motility longevity influenced fertilisation
success of males in competition as hybridisingpure males when P1. However, no clear
relationships between sperm traits and fertilisagaccess were evident. It is possible that
the experimental controls of mating order and losteecific versus pure status, within
relatively small spawning groups (N=15) had overpmd any specific effect of sperm
motility on fertilisation success. In additionjstpossible that my methods of sperm analyses
were not able to measure the critical initial fiiesty seconds of activation when sperm are at
their fastest velocity and when the majority oftifevations take place (Hoysak & Liley
2001). In sockeye salmon >80% fertilisation ocdarshe first 5 seconds (Hoysak & Liley
2001). The method of recording sperm motility ugethis study meant the first 5 seconds
of motility after activation was missed, potentyadillowing for critical velocity measures to
be lost.

In contrast to findings here, there are a numberexdmple systems of CSP where
heterospecific males achieve a significant disathgaeven if they gain primary access to
the female. In the ground crickeflonemobius fasciatusnd A. socius reproductive
isolation only exists via CSP, and regardless efdfder with which a female is mated the
majority of offspring are sired by the conspecifiale (Gregory & Howard 1994; Howard et
al. 1998). This strong conspecific precedence gsrgven when a female is mated to a
heterospecific male multiple times, and a conspeoifily once (cited in Howard 1999). In
sea urchins and abalone, externally fertilisinginsinvertebrates, there is strong species
specificity between sperm and eggs, although higaitn can take place (Metz et al. 1994;
Shaw et al. 1994). In both organisms, the mecharm$nCSP is well described and
controlled by sperm proteins that bind with, andgieate, the egg vitelline envelope (Metz
et al. 1994; Shaw et al. 1994). In both groups ridyging sperm can penetrate the egg, but
do so with far less efficiency and speed, givingspecific sperm a significant advantage.

The rapid sperm-egg association in salmonids tHr@ugiicropyle clearly provides females
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with a lower discriminatory capacity against potaiht hybridising sperm than these other
systems. Despite the relatively low discriminatigith other systems, my results and those
of S. Yeates demonstrate clear evidence of some &Sthe gamete level, which |

investigate further in the next chapter.

While hybridisation is a well-established phenonrebetween salmon and trout in the wild
(Horreo et al. 2011), it is not clear whether hglls@tion occurs in the presence of both
conspecific and heterospecific males. Yet, if retpecific males can increase their share of
paternity when they have a first-male timing adegstit could have negative impacts on the
fitness of the heterospecific male and female, el & impacting on population genetic
structure. My results showed that while not aclmgvihe majority of paternity when P1,
heterospecific males were able to gain on averagexaia ~20% paternity over that gained
in competition with simultaneous sperm release.aing Atlantic salmon males and trout
are a likely route of hybridisation between thepecses (Garcia-Vazquez et al. 2002;
Gephard et al. 2000). Brown trout mostly spawn iigle male female pairs due to the
aggressive nature of brown trout males (Garcia-Mazcet al. 2002), but evidence suggests
that some hybridisation does naturally occur (Gegled al. 2000; Hartley 1996; Jansson &
Ost 1997; McGowan & Davidson 1992b). However, ifafitic salmon mature parr were
able to sneak into brown trout spawning, they cquitentially decrease the paternity of
brown trout males by 50% in achieving close progynand thus first access to the eggs.
Similarly, reproductively active male trout coulchgage in salmon spawning (Garcia-
Vazquez et al. 2001). Mature salmon parr have lsfmwn to have superior ejaculate
quality, with higher levels of motile sperm withcheased ATP content, compared to
anadromous males (VIad& Javri 2001). Parr also win the majority of paiigy underin
vitro sperm competitions, with their higher levels ofATi.e. higher energy reserves) being
linked to fertilisation success (Vladet al. 2010). In cases where salmon parr are table
sneak in to brown trout spawnings, their superipersiatozoa could allow significant
fertilisation success, despite losing out to CSBpdating these present experiments with
mature Atlantic salmon parr and brown trout wouldwer this question.

Large size and aggression in salmon and trout Bas bhown to play an important role in

breeding success of anadromous males (Fleming 1Rf8ts & Ball 1954) by increasing
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proximity to the female, and allowing primary acset® the eggs. Brown trout, as
mentioned, are highly aggressive in spawning watmes fights between males lasting more
than ten minutes (Jones & Ball 1954). If brown trmales were able to gain first access to
Atlantic salmon females they could decrease therp#y, and thus fitness, of subordinate
Atlantic salmon males. This could have significemplications in declining Atlantic salmon
populations and be of particular relevance wheeetwlo species are forced together through
reduced spawning grounds and stocking activities, when population levels of either
species become polarized (Castillo et al. 2008;d&lin& Balstad 1994; Jansson & Ost
1997). However, mating behaviour of both males &males will play a role in how
successful hybrid males are. In natural spawningeements Atlantic salmon males were
shown to chase away brown trout males and hybtidisanly occurred in the absence of
conspecific males, females also altered their spaymehaviour by delaying gamete release
and only mated with trout of intermediate size (Bed al. 1997). These changes in
spawning behaviour could mean that any advantagaternity hybrid males may have had
by spawning first with females would become irr@lets Nevertheless, only a small number
of spawning studies have been done and this preserikt would benefit from increased
sample size and morim vivo spawning experiments under varying population ins

conditions to assess the risks of hybridisation.
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4.1. Introduction

With the emergence of sperm competition researehnk@ 1970) came the realisation that
postcopulatory sexual selection can be a powerbrcef shaping the evolution of
reproductive physiology and behaviour (Birkhead89®Birkhead & Parker 1997). Female
promiscuity leads to sexual selection persistirigratopulation, as gametes from multiple
individuals compete for fertilisation success. Tprevious chapter discussed how male
fertilisation success in competition can dependnudative timing of gamete introduction,
and in this chapter | specifically examine how féemamight control differential fertilisation
success. Postcopulatory sexual selection doesntptake the form of sperm competition,
there is also potential for cryptic female choi€#C) (Birkhead & Pizzari 2002). CFC was
initially defined by Eberhard (1996) as a “femalentolled process or structure that
selectively biases paternity to conspecific maléb & particular trait”. This definition only
covers CFC that occurs by active female choiceprigg passive mechanisms such as
genetic incompatibilities, and encompassing behagidraits that are not essentially cryptic
(Birkhead 2000). Pitnick and Brown (2000) laterised the definition to “non-random
paternity biases resulting from female morpholqgyysiology, or behaviour that occur after
coupling”. By removing the concept of control frahe definition the authors removed the
implication that females have absolute authoritgro& male’s sperm, encompassing both
passive and active control mechanisms to give @ mbjective definition of CFC (Birkhead
2000; Pitnick & Brown 2000). Under this definitioanly female mediated processes that
generate sexual selection need be demonstrateden to qualify as CFC (Pitnick & Brown
2000). However, the mechanisms that produce CFQeasewell defined than mechanisms
of sperm competition (Birkhead 1998b; Eberhard }99B6ainly because it has been a
particular challenge to isolate female-controlléfcts, if they exist, from the recognised
male-controlled effects within differential fershtion (Birkhead 2000; Pilastro et al. 2004;
Pitnick & Brown 2000). A confounding problem alsosas because traits that allow males
to win sperm competitions and fertilisations mayveoy with female preference. Finally,
there may be theoretical challenges in settingatfor when selection on CFC should exist
(Birkhead 1998b). In this chapter, | use the hyisation and external fertilisation system of

salmon and trout to examine the potential for CFC.
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4.1.1. Mechanisms of cryptic female choice

Despite the problems with isolating CFC there haesnban increasing body of evidence for
female differential control of fertilisation at thevel of the gamete (Reviews by: Birkhead
1998b; Eberhard 1996; Holman & Snook 2006). A nunabg@otential mechanisms exist for
a female’s ability to bias which individual maleatikses her eggs. One such mechanism is
the physical manipulation of ejaculates (Matthi@d @ Pizzari & Birkhead 2000). In wild
fowl, the majority of copulations are forced by el yet females have been shown to
consistently bias the retention of sperm withinirtiheproductive tract to favour males with
preferred dominant phenotypes (Pizzari & Birkhe@80@). By retaining a larger volume of
sperm from a preferred male, a female increasegtibace that male has of successfully
fertilising her ova. Females achieve this actiec®n through manipulating behaviour of
dominant males to reduce the occurrence of insdinimdy subordinates, or failing this,
females will differentially eject sperm accordirma male’s status, retaining dominate male
ejaculates (Pizzari & Birkhead 2000). Further pbgkifemale manipulation of male
fertilisation success can occur in the form of efiéintial sperm storage (Eberhard 1996;
Fedina 2007; Hellriegel & Bernasconi 2000). Intérmascular activity of female yellow
dung flies has been shown to effect sperm storageseparation of ejaculates (Hellriegel &
Bernasconi 2000). Differential sperm transfer imédes of the red flour beetl&ribolium
castaneum biased toward males with higher quality spermsvaéso suggested to be a
function of female bursa muscular contractions (F@d2007). Other non-physical
mechanisms of female control have also been pastylancluding: varying oviposition
timing, where a females delay in oviposition caadl¢o reduced fertilisation success of a
male (Barbosa 2009), and manipulation of clutcle,sizhere females can differentially bias
the number of eggs they lay depending on which snéhey mate with (Arnqvist &
Danielsson 1999b; Bretman et al. 2006; Thornhi83)9

One situation where CFC could play an importane r@d under inbreeding avoidance.
Females could use postcopulatory mechanisms tal atiei associated costs of inbreeding
(Bretman et al. 2004; Tregenza & Wedell 2002), whigrere may be greater selection on
females to avoid inbreeding (Pizzari et al. 2004 plants that grow bisexual flowers, where

male and female reproductive organs are in closeimity, pollen has a tendency to land on
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the stigma of the same flower it originated frorhtHe plants own pollen subsequently
germinates, the resulting fertilisation would leadinbred progeny and reductions in the
population’s genetic variation. However, mechanisrage evolved to allow plants to avoid
self-fertilisation (Kao & McCubbin 1996), and onech strategy is self-incompatibility. In
plants that only have a single morphology for théiowers the most common
incompatibility is termed gametophytic, where ingatbility is based on the genotype of
the pollen. In the Solanaceae plant family a simge/morphic locus, S, that determines
pollination has been identified (Kao & McCubbin B39For example, if a plant carries the
alleles $Sand $ then its pollen will either carry the, 8r the $ allele. If pollen from this
plant then land on its own stigma, germinationteggoped as the pistil recognises either the
S, or S allele as originating from itself. If pollen origiting from a plant with the genotype
$S; lands on the style, then pollen with the haplot$pevill again be rejected as self, due
to the shared nature of the allele; however, thall8le will match neither from the original
plant, and thus be allowed to fully germinate tlgiouhe style to the ovary and complete
fertilisation (Kao & McCubbin 1996).

In animals, similar mechanisms are thought to exiat are not as well characterised as
those in plants. Female sand lizartacerta agilis show no precopulatory mate choice
(Olsson et al. 1996a), often leading to copulatinitt closely related males. Olsson et al.
(1996b) found that closely related males sire aiggntly lower proportion of offspring
than distantly related ones, suggesting that fesned@ actively select sperm of less related
males, and thereby avoid the cost of inbreedingd@i et al. 1996a; Olsson et al. 1996b). A
similar phenomenon has been identified in the fieldket, Gryllus bimaculatus where
evidence for postcopulatory female avoidance ofraabing has been experimentally
demonstrated (Bretman et al. 2004; Tregenza & Wedé€l2), and mediated by differential
sperm storage (Bretman et al. 2004). Similar figdifior differential sperm storage have
been recognised in the related cricKetleogryllus commodu#n this species sperm storage
in females was found to be correlated with theaativeness of the male providing the sperm
(Hall et al. 2010). A positive link between malérattiveness and differential fertilisation
success has been empirically observed in the gupmsgilia reticulata As in other guppy
species females are attracted to mate with mom@udol males (Godin & Dugatkin 1996;

Houde 1987). To isolate the link between male c@lbon and sperm competitiveness,
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Evans et al. (2003) controlled for ejaculate semed through artificial insemination found
postcopulatory selection for male phenotypic tréitst reflected those preferred by females
in precopulatory mate choice. This suggested chibumales produce competitively
superior ejaculates, or that females encouragéterignales to fertilise their eggs (Evans et
al. 2003). In later work, Pilastro et al. (2004uifal that females can bias the number of
sperm transferred toward more attractive males.altkors suggested that CFC may refine
male fertilisation bias, seen under sperm competitin favour of more colourful males
(Pilastro et al. 2004).

There is, therefore, evidence for the existenc€BE. Yet, a large literature identifies the
problems in experimentally isolating this phenomen@ndersson & Simmons 2006;
Birkhead 1998b; Kempenaers et al. 2000; Pitnickr&vizr 2000; Telford & Jennions 1998).
Under internal fertilisation, experimental contaflmale and female effects in this complex
environment clearly creates a major challenge (Hdwi®99). Female reproductive tracts
are often complex environments that can, partibularthe case of mammals, bring about
physiological changes in sperm (Eady 2001; Howa€@9land references therein), and
potentially conceal CFC mechanisms, making it herdobserve and manipulate them
(Eberhard 1996; Engqvist & Sauer 2003). Becaustnisf teasing apart the role of sperm
from the role of eggs or the reproductive tracapparent cases of CFC can be difficult for
species with internal fertilisation (Engqvist & $a2003; Evans et al. 2003; Pilastro et al.
2004; Pizzari & Birkhead 2000; Ward 2000). Undeteexal fertilisation, the gametic
environment is simpler and under less female (otejmaontrol. This allows tighter
experimental control to be achieved, making CFQurédsent, easier to identify. | therefore
select the freshwater fertilisation environmentsaimonids to test for the existence of
female control of differential fertilisation at tip@stcopulatory level of the gamete.

4.1.2. Conspecific Sperm Precedence

As discussed above, there is a clearly potentialCieC under postcopulatory inbreeding
avoidance. At the other end of the genetic relassdrspectrum there will also be selection
for hybridisation avoidance, potentially at the dewf the gamete if other barriers to

fertilisation have been overcome. Evidence stronglyggests that conspecific gamete
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precedence can play an important role in isolatiogely related species, and occurs in both
plants and animals (reviewed by Howard 1999). Imais conspecific sperm precedence
(CSP) is defined as the non-random utilisationpefrs from conspecific males by a female
when she mates with both conspecific and heterdgpecales (Howard 1999). CSP can
represent a form of CFC, as in some cases femakegatentially using fertilisation
mechanisms to avoid fertilisation by heterospecsmerm, or promote fertilisation by
conspecific sperm, when such a choice exists (G&yPalumbi 2005; Rugman-Jones &
Eady 2007). Work prior to this thesis has alreastpldished that CSP exists in salmon-trout
hybridisation when sperm volume and release tineeegualised (figure 1.4.1), with both
salmon and trout males achieving significantly mdedilisations when competing for
conspecific eggs. In the previous chapter | shothatl CSP is maintained when conspecific
males have a 2 second advantage in sperm releaskeerto this, heterospecific males are
unable to gain significant paternity when they teelmes have the 2 second advantage,
suggesting some mechanism of differential seleatammes into operation when conspecific
sperm enter the sperm competition. In this studwinh to investigate the underlying
mechanism of the CSP observed in this system, gpidre whether this is driven by female

control.

There are many examples of CSP in nature, with plesrprimarily from insects (Fricke &
Arngvist 2004; Hewitt et al. 1989; Howard et al.989 Price 1997; Robinson et al. 1994),
but also in free-spawning invertebrates (Geyer &uiddi 2005; Harper & Hart 2005;
Kresge et al. 2000; Metz et al. 1994; Vacquierlett@90) and fish (Immler et al. 2011a;
Mendelson et al. 2007). An early example of CSBw&d females of 2 karyotypically
distinct populations of Alpine grasshopp&mogdisma pedestrishad a highly significant
propensity to be fertilised by males with the sdwmeyotype as them, a trend which was still
significant despite the fact that the first malentate usually had sperm precedence (Hewitt
et al. 1989). In many cases of interspecific hyisetion no choice fertilisation experiments
show high interspecies fertilisation success, but br no fertilisation success under sperm
competition (Geyer & Palumbi 2005; Harper & Hart080 Rugman-Jones & Eady 2007;
Wade et al. 1994). In such cases as these CSteisafly evident when eggs are exposed to
both heterospecific and conspecific sperm, butnieehanism for CSP in most instances is

not clear. Evidence fro@rosophilasuggest that a conspecific male’s seminal fluidpla
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role in incapacitating and displacing a heterodpepiale’s sperm to achieve the majority of
fertilisations, regardless of mating order, but tieenales mediate sperm competition (Price
1997). However, in free spawning invertebrates mhechanism of CSP is quite well
established. In both sea urchins and abalone, smdtach to the vitelline envelope
surrounding the egg with sperm proteins called ibirehd lysin, respectively (Glabe &
Vacquier 1977; Metz et al. 1994; Palumbi 1992; Rdlu& Metz 1991; Vacquier et al.
1990; Vacquier & Lee 1993). Urchin and abalone egfgsv high species specificity that is
mediated by sperm bindin and lysin and egg recepleading to reproductive isolation
between species (Metz et al. 1994; Swanson & Vacdl®98; Vacquier et al. 1990). The
evidence for CSP implies that it could be a sigalfit factor in establishing or maintaining
reproductive isolation, perhaps even playing a failveole in species formation in some
cases (reviewed by Eady 2001; Lorch & Servedio 200/hile CSP could play an important
part in reproductive isolation, it may simply béwgproduct of male adaptations to sperm
competition (Price et al. 2000); yet, on the othand may be an important case of CFC.
Theory predicts that female reproductive adaptatiesl primarily result in CSP (Price
1997), mainly owing to the fact that hybridisati@an be much more costly to the
reproductive fitness of females than males due ighdn female investment (Parker &
Partridge 1998), and would therefore be selectathay

4.1.3. External fertilisers as a model system

Pitnick and Brown (2000) recognised that by usixtgmal fertilisers to look for evidence of
CFC it is possible to control male effects suchsperm number, velocity, motility and
longevity. Salmonid fish are external fertilisetiserefore allowing experimental control of
sperm and egg traits undier vitro fertilisation. Female salmonids also mate with tiple
males (Fleming 1996; Martinez et al. 2000; Weirakt 2010) and are under risk of
hybridisation, creating clear criteria for the eawwn of mechanisms that allow
postcopulatory control of fertilisation. Recent wom salmonids has provided some
evidence for CFC. Using a paired, within-femaleigiesYeates et al. (2009) showed that
Atlantic salmon eggs are preferentially fertilideg sperm from males that are more similar

to them at the major histocompatibility complex (&H There are two fundamental
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biological traits that could play CFC roles in salmd fertilisations: the ova and the ovarian
fluid (OF) that surrounds the eggs and is releasid them at spawning. The ovum in
salmonids has a single micropyle which the spermstraccess and enter to locate the female
pronucleus. Mature salmon eggs (oocytes) are rlefasm the ovaries into the body cavity
where they are stored until they exit through teei@gl pore (Nagahama 1983). The eggs,
and thus the mycropyle, are bathed in a conside@bbunt of fluid, between 10-30% of the
eggs mass, which is thought to be secreted bywhges (Lahnsteiner et al. 1995a). OF has
been shown to enhance motility traits of salmorpdrs by increasing velocity and the
duration of progressive movement, or longevity (Bol et al. 2008; Lahnsteiner 2002;
Turner & Montgomerie 2002; Urbach et al. 2005; Wpgtk et al. 2007). OF can also
enhance sperm traits in other species including @adus morhua(Litvak & Trippel 1998)

and the three spined sticklebaGasterosteus aculeat(Elofsson et al. 2003).

Explanations for the enhanced motility OF exerts gperm include the inorganic
composition of the fluid, as similar motility ressilvere seen when brown trout sperm were
activated in artificial saline solution (Lahnstei@902). The pH of OF was also suggested to
be the primary determinant of motility enhancementh percentage motility, velocity and
longevity of sperm being positivity correlated th,ghough it did not explain the variation
found in the effect different OF had on sperm nitgténhancement (Wojtczak et al. 2007).
Lahnsteiner et al. (1995b) found intraspecific aion in the composition of OF from
females of four salmonid species and postulatedtktgavariation in the chemical make-up
of OF between females could affect sperm traitsdiffierent males in different ways,
potentially acting as a mechanism of CFC. Evidefwethis has been seen in chinook
salmon,0Oncorhynchus tshawytschand Arctic charSalvelinus alpinuswvhere the influence
OF exerted upon a male was dependent upon whicalésn®F its sperm are swimming in
(Rosengrave et al. 2008; Urbach et al. 2005). mes@ases within chinook salmon, an
individual male’s sperm velocity could be doubledcertain OF (Rosengrave et al. 2008).
Because OF can be drained and rinsed from salmegid beforen vitro fertilisation,
salmon-trout hybridisation presents an excellenpoofunity to test the prediction that
female salmonids use OF as a mechanism of CFCamqgie the CSP observed in this

system.
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With OF potentially a mechanism for CFC within sahids, it is also possible that OF
could mediate CSP to reproductively isolate sympaecies. This could arise as a result of
sperm being selected to be optimal for the chenaecaiposition of their own species OF. In
holothurian and ophiuroid starfish, ovarian exsatiave been found to induce sperm
motility and act as chemoattractants, guiding spenwvard the egg (Miller 1997). Many of
these chemotactic reactions have been found tpd@es specific at the family level and in
one case, in the genB®hadschiaat the species level (Miller 1997), suggesting obixis

of sperm could play a role in reproductive isolatilCoyne & Orr 2004). Here | use
hybridisation between the sympatric salmonids, i@ salmon and brown trout, two
externally spawning teleost fish that undergo speompetition, to investigate whether OF
mediates CSP via its influence on sperm motilityalaBced fertilisation and sperm
competition experiments were carried out to loakeadence of CSP under differential OF,
and sperm traits were measured in a male’s ownnaneown species OF using computed
assisted sperm analysis (CASA) to look for evidethet sperm are adapted to conspecific
OF.

4.2. Methods

To investigate whether ovarian fluid (OF) could &enmechanism mediating reproductive
isolation in salmon trout hybridisation, a seridsim vitro experiments were set up to
manipulate fertilisation conditions. Salmon andutranales and females were stripped of
their gametes and stored until needed (see 2.2prder to manipulate the egg and OF
combinations in the experiments, salmon and trggséad to be separated from their OF.
Eggs were poured into a fine mesh sieve over glastic cup and letting the OF drain into
the cup and each stored for later Usevitro fertilisations were carried out using the same
groups of fish used in Chapter 3 (n = 15 per croas) described in section 2.4. The
Transwell assays (see 4.2.4) used to investigasrspttraction to OF were carried out in
the spawning season of November 2011 and useddmgtarared salmon, derived from wild
fish from the Figgjo River, and hatchery reareditrderived from wild fish from the Neva
River, in the same catchment area. The particutarditions for each experiment are

described in the sections below.
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4.2.1. Fertilisation Trials

To explore whether OF had an effect on a male’tyaho fertilise eggs in the absence of

competition, male salmon and trout were crossetl g@lmon and trout females in either

their own species (conspecific) or non-own spegtieserospecific) OF (table 4.2.1).

Table 4.2.1: Fertilisation crosses of male salmopd @out with salmon and trout eggs in

either conspecific or heterospecific (denoted ifdpovarian fluid and n is the number of

replicates.
Female Male Ovarian Fluid n
Salmon Salmon Salmon 15
Salmon Trout Salmon 15
Salmon Salmon Trout 15
Salmon Trout Trout 15
Trout Salmon Salmon 15
Trout Trout Salmon 15
Trout Salmon Trout 15
Trout Trout Trout 15

For each cross an average of 67 + 9 S.D (rangeQ¥4@yswere placed in a small mesh

sieve and washed in an isotonic solution to ringayaany OF remaining on the surface of

the eggs. The isotonic solution (90g NacCl in 10 vater) allowed the eggs to be rinsed

clean of OF whilst preventing egg activation ptioffertilisation. The sieve was then patted

dry and the eggs added to a dry IVF beaker andafralF was pipetted directly onto the

eggs. On the opposite side of the IVF beaker 16f|sperm was added with a pipette. To
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carry out fertilisations, 100ml of river water waslded to the beaker rapidly to ensure
sufficient mixing of eggs and sperm and recreate tiver bed fertilisation micro-
environment (Gage et al. 2004; Yeates et al. 2008@r approximately 3 minutes, to allow
for the eggs fertilisable period, eggs were phapbed to allow the number to be
subsequently counted, and added to an individualimbered incubator to develop. The
process was repeated for all crosses. Once eggeaetded 10 days they were placed in 5%
acetic acid to score developing embryos and givendividual male’s fertilisation success
(2.4.4).

4.2.2 Fertilisation rate

This experiment aimed to establish how quickly denwan fertilise heterospecific female
eggs compared to conspecific eggs, and whethefettibsation rate is influenced by OF.
The basic protocol was to expose eggs to activenspar limited periods, and explore the
capacity of sperm to fertilise within that peridélggs from each salmon female covered in
her own OF, or trout OF were exposed to salmorraattsperm for 2, 5 and 10 seconds
(Table 4.2.2).

Table 4.2.2: Fertilisation crosses of male salmod tout with salmon eggs in either the
male’s conspecific or heterospecific (denoted ildpovarian fluid. Each cross was repeated

for egg exposure times of 2, 5 and 10 seconds.theiseplicates per exposure time.

Egg exposure time n per
Female Male Ovarian fluid (s) exposure time
Salmon Salmon Salmon 2,5and 10 15
Salmon Trout Salmon 2,5and 10 15
Salmon Salmon Trout 2,5and 10 15
Salmon Trout Trout 2,5and 10 15
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For each cross, at each time, an average of 63 {fange 46-104) eggs were washed in an
isotonic solution to rinse away any OF remainingtioa surface of the eggs (see above).
Into a dry IVF beaker, 50ul of sperm was added \ifhipette. In a separate beaker 1ml of
salmon OF was added to 100ml of river water. Theemeontaining the OF was then added
to the sperm in the IVF beaker rapidly to ensumnawixing. Less than 1 second after sperm
activation the eggs in the mesh sieve were dippdd the river water for either 2, 5 or 10
seconds. After removal from the water the eggs wiexsed in 3 washes of river water to
wash away any sperm on the surface of the eggsdhigd have fertilised eggs after the time
constraints set by the experiment. Eggs were tihetographed for counting and placed in
individually numbered incubators to develop. Thegass was repeated for each cross.

Fertility of each male in each cross was assessied acetic acid (see above).

4.2.3. Sperm competition trials

In vitro sperm competition experiments were designed toftesiny evidence of OF as a
mechanism of conspecific sperm precedence (CSR)s Egm salmon and trout were
exposed to equal volumes of salmon and trout sgermaltaneously in the presence of either

conspecific or heterospecific OF (table 4.2.3).

On average 77 = 4 S.D (range 44-108) eggs wereaslashisotonic solution to rinse away
OF (4.2.1). The sieve was then patted dry andgle added to a dry IVF beaker with1lml of
OF added to the eggs directly using a pipette. hBodpposite side of the beaker 20 pl of
salmon sperm and 20 ul trout sperm was added axednbbgether with a pipette. To carry
out fertilisations 100ml of river water was addedtlie beaker rapidly to ensure sufficient
mixing of eggs and sperm and recreate the gametididation micro-environment. A
photograph of the eggs was taken for counting. rAdfgoroximately 3 minutes, eggs were
added to an individually numbered incubator. Thigcpss was repeated for all crosses. Eggs
from each cross were then left to develop untilythatched, when they were humanely

killed and placed in 95% ethanol to preserve tigsudater microsatellite analysis.
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Table 4.2.3: Competition crosses of male salmontemd with either salmon or trout eggs
in either the female’s conspecific or heterospedifienoted in bold) ovarian fluid and n is

the number of replicates.

Female Males Ovarian fluid n

Salmon Salmon Salmon
trout 15

Salmon Salmon Trout 15
trout

Trout Salmon Salmon 15
Trout

Trout Salmon Trout 15
trout

4.2.4. Sperm attraction to ovarian fluid

Modified Transwell migration assays (figure 4.2vlgre used to test if OF would act as a
chemoattractant, with salmon and trout sperm miiggainto conspecific species OF more
than heterospecific species OF. Transwell assaysised to measure cell migration. The
Transwells used in this experiment (Corning LiféeBces) consisted of an outer well within
which sits a smaller insert. The insert containB0aum thick permeable membrane at its
base, with pores 8 pm in diameter at a density »1® cn?. The chemoattractant, in this
case OF, is placed in the bottom of the outer @wedl the test cells, in this case sperm, are
placed in the insert where they can migrate throtigh membrane. Milt and eggs were
stripped from the fish and stored as describeceatian 2.2., and OF was drained from the
eggs as described in 4.2 of this chapter. All Tnaallsassays were carried out on the same

day, avoiding confounding effects of gamete stotage.

For this experiment 200 pl of OF was placed indbter well and 50 pl of river water in the
outer well. 20 pl of sperm cells diluted in extenfkee 2.3) was then activated in the inner

well with river water, and the inner well then imdnetely placed into the outer well so that
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the porous membrane came into contact with thei@vdluid (figure 4.2.1). After 2 minutes

the inner well was removed and the residual flndlee base was washed off with a further
500 ul of water. The fluid in the outer well, nowntaining OF, water and any migrated
sperm cells, was then pipetted into micro-centeftigoes for later analysis. Each individual
male’s sperm was tested twice with conspecific amde with heterospecific species OF,
plus a river water control. Numbers of sperm thad Imigrated into the lower well were

counted using improved Neubauer haemocytometarssestion 2.3.3.

Figure 4.2.1: Diagram of the Transwell assay usedest and compare the migration of

salmon and trout sperm to either conspecific oetospecific species ovarian fluid.
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4.2.5. Sperm trait analysis

To determine the effect of OF on sperm motilityynpuiter assisted sperm analysis (CASA)
was performed on sperm activated in its conspeddie compared with water and
heterospecific OF fluid. Traits shown to be impottan assessing the quality of fish sperm
recorded include curvilinear velocity (VCL), patimdarity (LIN) and percentage motility
(Kime et al. 2001; Rurangwa et al. 2004). Previstuslies on the influence of OF on sperm
motility behaviour have found that these traits sigmificantly enhanced by OF (Dietrich et
al. 2008; Rosengrave et al. 2008; Turner & Montgeen&002; Urbach et al. 2005;
Woijtczak et al. 2007). As well as this, the lifesmd spermatozoa was found to be increased
by OF in salmonids (Dietrich et al. 2008; Rosengrav al. 2008; Turner & Montgomerie
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2002; Urbach et al. 2005; Wojtczak et al. 2007) atiekr teleost fish (Elofsson et al. 2003;
Litvak & Trippel 1998). For this reason the fouaits (VCL, LIN, motility and longevity)
were chosen to be the main focus of the spermanrailysis. Other motility parameters were
analysed for significant differences, but none wetend and thus these analyses have been
omitted from this thesis. Sperm motility for thigperiment was recorded using the method

described in section 2.3.

4.2.6. Microsatellite and paternity analysis

Between 13 and 26 offspring were genotyped perscnwgh an average of 21 offspring per
cross typed. Offspring were genotyped using thehowetdescribed in section 2.5. PCR
products were run on an ABI3730 automated sequexidee NERC Biomolecular Analysis
Facility at the University of Sheffield. Samplesr&eun with Genescan-500 ROX labelled
size standard (Applied Biosystems). Fragment lengthPCR products were determined
using the genotyping software GeneMapper v4.0 (kpdpBiosystems). Once parental
genotypes were known, often only a single locus wasded to unambiguously assign
paternity in each 2 male competition involving Atlie salmon and brown trout. All

offspring were unambiguously assigned.

4.2.7. Statistical analysis

All statistical models were done using the R Projiec Statistical Computing software
version 2.13.1. For fertilisation trials, fertilitgan rate and sperm competition experiments
the proportion eggs fertilised by males was arcsgeare root transformed to achieve
normality (Shapiro-Wilks test) and homogenous thstion of variance (Bartlett’s test).

For fertilisation trials, the fertilisation succesd salmon males was compared when
fertilising salmon eggs in conspecific and heteeasiic OF using a paired t-test. The same
test was used to compare salmon male’s fertilinagiaccess with trout eggs in conspecific
and heterospecific OF. This was repeated for tnmales. For fertilisation rates, the

fertilisation success of salmon and trout males egaspared across time in conspecific and
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heterospecific OF using a 3 way ANOVA. Fixed fastorere male species, egg exposure
time and OF type. Non-significant interactions &actors were removed from the model in
a stepwise fashion. For sperm competition trialgeqmity success of the focal male in a
competition was compared across females and OF txgeg an ANOVA, avoiding
pseudoreplicated comparisons of the same male. Eajgstype (female) and OF were fixed
factors. Non-significant interactions and factoesrevremoved from the model in a stepwise

fashion.

Sperm counts from the Transwell assays were compaithin salmon and trout using
repeated measures ANOVAs to test for differencessperm migrating through the
membrane between conspecific and heterospecifidaovfluid, as well as for differences
between the two repeat measurements. Sperm cotetwdss normally distributed with
homogenous variance, after log transformation. édatests, comparing migration within
salmon and trout males, was not used in favouhefrepeated measures ANOVA in an
attempt to capture any variation between repeatisedt-tests were used to see if there was
a difference in the numbers of sperm moving intaspecific OF and water control, and

heterospecific and water control, within a species.

Motility behaviour of sperm from salmon and troutles when activated in water was
compared, within a species, to motility behaviolew activated in pure conspecific OF for
four traits (VCL, LIN, longevity and motility). VClLand LIN were normality distributed
with homogenous variances, as was proportion ofilensperm after arcsine square root
transformation. Sperm longevity was normally disited in all but salmon males
concentrated OF, where even after transformatida dere still not normal. Sperm traits
were compared within males when sperm was activiatedater and conspecific OF, and
when they were activated in conspecific and hepeodic OF, using paired t-tests or
Wilcoxon paired ranked sum test (the non-paramedggivalent of a paired t-test), when
appropriate. Sperm count data were normally disteith and a 2 sampled t-test was carried
out to analyse for differences between sperm nusniiiesalmon and trout males.
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4.3. Results

Results of this study showed that salmon malesnioasignificant difference in their ability
to fertilise salmon or trout eggs when in conspecbmpared to heterospecific ovarian fluid
(OF). Trout males on the other hand, while havingsignificant difference in fertilisation
success with salmon eggs in conspecific compardteterospecific OF, had a significant
fertilisation advantage with trout eggs in conspecitrout female) OF. Under sperm
competition, conspecific OF allowed a male sigmifit paternity gains over the competing
male, regardless of which species’ eggs the makre wompeting for. OF was found to
enhance sperm longevity and linearity above thatvafer, but there was no significant
difference between any traits when a male’s speas activated in conspecific compared to
heterospecific OF.

4.3.1. Fertilisation success of Atlantic salmon &@ndwn trout in conspecific
and heterospecific ovarian fluid

Paired t-tests showed no difference in the fedatils success of salmon males when
fertilising conspecific salmon eggs in conspeatiideterospecific OF (t = 1.13,df =14, P =
0.27). There was also no difference when fertigiSneterospecific trout eggs (t = 0.06, df =
14, P = 0.952). For trout males, there was no miffee in their fertilisation success in

conspecific or heterospecific OF with heterospecsalmon eggs (t = 1.62, df = 14, P =
0.125), but there was a significance differencdwianspecific trout eggs (t = -3.37, df = 14,
P = 0.004), with trout males having a significaritlgher fertilisation success with trout eggs
in conspecific OF (figure 4.3.2).
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Table 4.3.1: Mean percentage = 1 S.E.M fertilisatoiccess of salmon and trout males in

single fertilisation crosses, with both salmon amout eggs, in either conspecific or

heterospecific ovarian fluid (OF).

Mean + S.E.M Mean + S.E.M
Male Female fertilisation success Fertilisation success in
in conspecific OF  heterospecific OF
Salmon Salmon 829+9 76.2 £10.9
Salmon Trout 67.9+12 62.9+125
Trout Salmon 79.9 +£10.3 724 +115
Trout Trout 77.7 £10.7 58.4+12.7

Figure 4.3.1: Mean = 1 S.E.M fertilisation success of Atlanti¢nsan males with salmon

and trout eggs (n = 15) in either conspecific (opars) or heterospecific (grey bars) ovarian

fluid (OF).
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Figure 4.3.2Mean = 1 S.E.M fertilisation success of brown trmatles with salmon or trout

eggs (n = 15) in either conspecific (open bard)eierospecific (grey bars) ovarian fluid.
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4.3.2. Fertilisation rate of Atlantic salmon and olamn trout males in

conspecific and heterospecific ovarian fluid

Atlantic salmon eggs were exposed to salmon and serm for different lengths of time in
conspecific and heterospecific OF to see if OFumfices the fertilisation rate of either
species. ANOVA showed egg exposure time to sperch dasignificant effect on the
proportion of eggs a male fertilised, with fer@ign success increasing with increasing
sperm exposure time {Fi;77 = 102.96 P = <0.0001). Overall there was a sigaific
difference in male fertilisation success (F7= 9.09, P = 0.003), but there was no effect of
OF on the ability of either salmon or trout speronfertilise salmon eggs at any time

exposure (figure 4.3.3).
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Figure 4.3.3Mean fertilisation success + 95% C.| of salmon &odt males with Atlantic

salmon eggs (n=15) in conspecific or heterospeow@rian fluid (OF) at 2, 5 or 10 seconds
egg to sperm exposure. Eggs were fertilised bynsalmales with salmon OF (S-SOF, grey
squares), salmon males with trout OF (S-TOF, opprares), trout males with salmon OF

(T-SOF, grey triangles) and trout males with tro (T-TOF, open triangles).
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4.3.3. Sperm competition success of Atlantic salamahbrown trout males in

conspecific and heterospecific ovarian fluid

For each two male competition, the proportion ofydertilised (arcsine square root
transformed) by the salmon male was compared ispEmific and heterospecific OF with
conspecific (salmon) and heterospecific (trout)sedggalmon males, in sperm competition
with trout males, had significantly higher fertdifon success when competing in
conspecific OF (E s = 4.85, P = 0.033) independent of which females #my were
fertilising (R, s6= 0.96, P = 0.33, figure 4.3.4). When trout males @laced as the focal
male in the analysis the results are the same.t Tnaies in competition with salmon males
had significantly higher fertilisation in conspeciOF (R, s¢= 4.47, P = 0.038) regardless of
the species eggs they were competing fors(E 0.82, P = 0.36).
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Figure 4.3.4:Mean = 1 S.E.M fertilisation success of Atlantidnsan males with salmon
eggs and brown trout eggs (n = 15) in conspeape( bars) and heterospecific (grey bars)
ovarian fluid.
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Figure 4.3.5.Mean + 1 S.E.M fertilisation success of brown trowdles with salmon and

trout eggs (n=15) in conspecific (open bars) artdrospecific (grey bars) ovarian fluid.
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4.3.4. Sperm attraction to ovarian fluid

Transwell cell migration assays were used to measatmon and trout sperm migration
through an 8 micron porous membrane into conspeoifiheterospecific OF, and a water
control. Repeated measures ANOVA showed that salmales had significantly higher
numbers of sperm migrating through the permeableniongne into conspecific OF
compared to heterospecific OF, (= 48.26, P = <0.001). Trout males showed the same
pattern, with significantly more sperm attracteccémspecific than heterospecific OF, (f

= 46.6, P = <0.001). Neither salmon nor trout maiasl significant variation between
repeated sperm counts for each treatment. Paitests-were used to see if there was a
difference in the numbers of sperm moving into pew#ic OF and water control, and
heterospecific and water control, within a speciasth salmon and trout had more sperm
migrating into conspecific OF than into water, afterrection for multiple comparisons (t =
3.1499, df = 17, P = 0.0058; t = 3.3166, df = 16; B.0043 respectively). However, both
males had no significant difference in the spermrating through the Transwell membrane
into heterospecific OF and water (t = -1.923, dis P = 0.071; t = -0.7649, df = 16, P =
0.45, salmon and trout males respectively).
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Figure 4.3.6: Mean sperm = 1 S.E.M of Atlantic satmmales in conspecific and

heterospecific ovarian fluid (n = 18).
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Figure 4.3.7:Mean sperm number + S.E.M of brown trout males ingpecific and
heterospecific ovarian fluid (n=17).
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4.3.5. Sperm motility traits and OF

Sperm from salmon and trout males were activateteiua microscope in dilute and pure
conspecific and heterospecific OF, as well as rwater, and the behaviour of sperm
recorded using CASA to measure motility traits. r@pdraits measured using both the
Hobson Sperm Tracker and manual observation (Se#ofdata collection and traits value
calculations) were curvilinear velocity (VCL), &arity (LIN), sperm longevity and sperm
motility. All sperm traits were checked for norntgliand compared within salmon and
within trout males using either paired t-tests oilc@kon paired rank sum tests where
appropriate. When comparing sperm motility traittveated in pure undiluted conspecific
OF and activation in river water, sperm from bo#in®n and trout males showed a
significant increase in sperm path linearity (paiteest: t= 4.8571, df = 15, P = 0.0002,
salmon; t = 3.314, df = 14, P = 0.005, trout). Betimon and trout males also showed a
significant increase in sperm longevity when adgdawith pure OF (Wilcoxon: V = 136, df
=15, P = 0.0004; V=120, df = 14, P = 0.0007, retpely).

When sperm traits of salmon and trout males werapewed between heterospecific and
conspecific OF within males, there was no signiftcdifference in any of the sperm traits
(figure 4.3.9). Mean sperm number per pl for salrand trout males were compared using
an independent samples t test. There was no signffidifference between males (t = -
1.2179, df = 29, P = 0.2335).
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Figure 4.3.8: Comparison of salmon (n = 15) andtt(a = 14) male sperm traits activated
in conspecific ovarian fluid (open bars) and riveater (grey bars). A) Mean VCL + 1

S.E.M (um #). B) Mean LIN * 1S.E.M. (%) C) Mean sperm longgvt 1 S.E.M (s). D)
Mean sperm motility + 1S.E.M (%).
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Figure 4.3.9: Comparison of salmon and trout speaits activated in conspecific (open
bars) and heterospecific (grey bars) ovarian fléijiMean VCL + 1 S.EIM (um$. B)

Mean LIN £ 1 S.E.M (%). C) Mean sperm longevity SE.M (s). D) Mean sperm motility
+1 S.E.M (%).

B)

A)
40 : . 50
Ovarian fluid
- 0 Conspecific
'n Heterospecifig 40 _
£ 30
= (
<
> | €
S J 2
[©) = €
> 5
— c
& 52
= -
= 10
5 10
©)
0
Salmon male Trout male Salmon male Trout male
C) D)
120 100
100 I T 80 I I
—~ 80 l
2] —~~
> 1 T S 60-
& 60 2
2 B
3 S 40
40
20
20
0

0
Salmon male Trout male Salmon male Trout male

99



4: Ovarian fluid mediates conspecific sperm precegen salmon-trout hybridisation

4.4. Discussion

Under non-competitive fertilisation conditions imving the sperm and eggs of single males
and females, conspecific and heterospecific ovafiiaid (OF) has no influence on the
ability of salmon sperm to fertilise either salmontrout eggs. However, trout males had
significantly higher success fertilising trout edggthed in conspecific OF, compared with
trout eggs bathed in heterospecific salmon OF.tRuit sperm fertilisation of salmon eggs
was not affected by ovarian fluid. The rate at whéalmon and trout males could fertilise
salmon eggs was not influenced by OF. Exposure timsperm increased fertilisation
success and trout males had high success initlallyfertilisation success in neither species
was significantly increased by their own specieB. Onder sperm competition, both salmon
and trout males had significantly higher patersitzcess when competing for eggs bathed
their own conspecific OF, independent of which s@ceggs they were competing for.
Thus, it was not egg identity, but OF identity,tthlowed conspecific sperm to father the
majority of offspring. This non-random fertilisatio in salmon-trout inter-specific
reproduction is known as conspecific sperm precegl¢@8SP), and in this case is seen under
conditions of sperm competition rather than monomga#sn mating. CSP results from
postcopulatory sexual selection operating on garoktece or sperm competition. When
females are faced with both conspecific and heperciic ejaculates cryptic choice of
conspecific sperm can occur, or conspecific speamautcompete heterospecific sperm to
achieve differential fertilisation bias to the cpasific male (Howard 1999). Because of the
element of sperm selection demonstrated within scases of CSP, it can be considered a
mechanism of CFC in some cases (Geyer & Palumbb;280ice 1997). Females are
potentially using mechanisms to enable differenfiaitilisation in the avoidance of
hybridisation (Geyer & Palumbi 2005; Howard 1998¢c® 1997), which potentially evolved

under sexual conflict, the avoidance of polyspeamgeinforcement

4.4.1. Conspecific sperm precedence in salmon-trgtidisation

As considered in the introduction, a number of na@ttms have been identified that
account for a female’s apparent ability to bias cwhindividual male fertilises her eggs.

These mechanisms can be physically functional iturea including female ejection of
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ejaculates (Matthias 2010; Pizzari & Birkhead 2Q@0¥ferential sperm storage (Eberhard
1996; Fedina 2007; Hellriegel & Bernasconi 200(grying oviposition timing (Barbosa
2009) and manipulation of clutch size (Arnqvist &ifidelsson 1999b; Bretman et al. 2006;
Thornhill 1983). In interspecies, as well as inpedes fertilisation, there is strong evidence
that biochemical interactions between sperm and eglger than physical mechanisms, can
be responsible for observed patterns of differénfextilisation seen during sperm
competition, as well as being a barrier to hybaten (Dziminski et al. 2008; Evans &
Marshall 2005; Glabe & Vacquier 1977; Marshall &g 2005; Metz et al. 1994; Palumbi
& Metz 1991; Roldan & Yanagimachi 1989; Shaw et H)93; Snell & White 1996;
Wassarman 1999; Wassarman et al. 2001; Wedekinal. e1996; Yanagimachi 1994).
Sperm-egg contact and penetration are fundamemtall isexually reproducing systems,
though the mechanisms are not homologous (Geyeal@niibi 2005). In mammals, sperm
fuse with the egg’s extracellular coat (zona péflay and undergo the acrosome reaction to
penetrate the egg (Wassarman 1999). In many maammsjiecies, sperm fusion to the zona
pellucida is species specific (Roldan & Yanagimad89; Snell & White 1996; Wassarman
1999; Wassarman et al. 2001; Yanagimachi 1994),elkew the molecular mechanisms
behind species specificity in mammals are not wetlerstood (Swanson & Vacquier 1998).
Species specificity as a result of incompatibilitgtween sperm-egg interactions are best

understood in a very few species of externallyilfsirig marine invertebrates.

In sea urchins, as in mammals, sperm undergo as@uoe reaction and fuse with the egg
membrane known as the vitelline envelope, facddaby a protein on the acrosome called
bindin (Vacquier & Moy 1977). This protein mediates adherence of sperm to the vitelline
envelope via carbohydrate receptors in the glydeprolayer (Vacquier & Moy 1977).
Interspecific reproduction experiments have shovinat t heterospecific sperm have
significantly reduced attachment to the receptorthe vitelline envelope of sea urchin eggs
(Glabe & Vacquier 1977; Metz et al. 1994; PalumbM&tz 1991), with those that do attach
failing to form continuity with the eggs plasma nimane resulting in failed fertilisation
(Metz et al. 1994). In the bivalve mollusc abalatie, sperm acrosome protein is called lysin
and again reacts with the egg’s vitelline envelapiegre it binds with the vitelline envelope
receptor for lysin (VERL) on the surface of the g@yyvanson & Vacquier 1997). After

attachment to the VERL receptor, lysin non-enzyoadiy creates a hole in the extracellular
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matrix of the egg to allow the sperm to enter aedilisation to take place (Swanson &
Vacquier 1997). As with bindin, lysin shows strapgcies specificity in the ability of sperm
to attach to the egg membrane receptor (Lee @1985; Lee & Vacquier 1992; Shaw et al.
1993; Vacquier & Lee 1993). Both abalone and sehins have high amino acid divergence
across species as a result of positive selectioen & sympatric populations. It is this
divergence that is thought to result in incompétipbbetween heterospecific sperm and egg
membrane receptors (Palumbi 1999; Palumbi 2009nSeva& Vacquier 1998; Swanson &
Vacquier 2002b). Amino acid divergence is hypotbedito arise in one of two ways;
directional selection from coevolution of egg ankrsn proteins to increase fertilisation
efficiency, or from cyclic selection, where speruokes to increase fertilisation efficiency
and egg penetration rate, leading to evolution gfseto slow sperm entry to avoid
polyspermy (Palumbi 1999). These mechanisms ofuéieol are theorised to potentially
occur under sympatric conditions (Gavrilets & Waxn#2002; Van Doorn et al. 2001) and
could be accelerated by reinforcement as a restiylaridisation avoidance (Palumbi 1999)
and eventually result in CSP (Geyer & Palumbi 20&s)pirical evidence for reinforcement
accelerating the rate of evolution in gamete retmgnproteins comes frorkchinometra
sea urchins. Populations Bf oblonga that are sympatric with an as yet unnamed closely
related congener, show higher divergence in bindileles compared to allopatric
populations and are under positive selection (G&ealumbi 2003). This divergence and
selection suggests reinforcement might be occurtindix mutations in populations that

prevents cross fertilisation (Palumbi 1999).

While it is clear for a variety of vertebrate anohrvertebrate species that the surface of the
egg plays a vital role in fertilisation succesotigh surface receptor ligands, (Hirohashi et
al. 2008) as described above, evidence suggeststbame cases eggs take a further role in
the reproductive process by releasing proteins dltively attract sperm for binding (Al-
Anzi & Chandler 1998; Cherr et al. 2008; Eisenb&cBiojalas 2006; Inamdar et al. 2007,
Zatylny et al. 2002). In the sea urchAnbacia punctulatathe peptide resact diffuses from
the egg stimulating sperm motility and attractipgren (Inamdar et al. 2007; Kaupp et al.
2003). The chemoattraction protein alluring (Xiaetgal. 2001) has also been recognised in
the frog,Xenopus laeviegg (Al-Anzi & Chandler 1998). This protein diffies from the egg

jelly to attract sperm, but unlike in the sea unchidoes not induce motility (Al-Anzi &
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Chandler 1998)In my study, ANOVA of sperm competition results fmuthat the species
egg type, for which males competed, had no effecth® fertilisation success of either
Atlantic salmon or brown trout sperm. This suggdiséd it is not sperm interacting with the
egg that produced the differential fertilisationsetved, but rather it was the type of OF
around the eggs that influenced the fertilisatioocpss in some way. Studies of mammals
have found that oviduct and folicullar fluids indlnce the motility of sperm (Imam et al.
2008; Satake et al. 2006; Suarez & Pacey 2006)appdar to act as chemoattractants that
correlate strongly with egg fertilisation (Raltadt 1991). This suggests reproductive fluids
can play a role not only in attracting sperm to #gg but also in its fertilisation. OF in
salmonids is secreted from cells lining the ovadawity and is released with mature oocytes
into the peritoneal cavity, before passing outh# genital pore with the release of eggs
(Lahnsteiner et al. 1995a). Both seminal fluid &id in salmonids are known to play an
important role in egg storaga vivo (Billard & Cosson 1992; Lahnsteiner et al. 1995a).
Seminal fluid of freshwater teleost fish, includinige Salmonidae, has high levels of
potassium ions (K which keep gametes inactive before release (@8il& Cosson 1992;
Morisawa & Suzuki 1980). On release and contach wiater, salmonid sperm experience
decreased extra cellular’ Kesulting in activation (Morisawa & Suzuki 1980)he same
occurs in salmonid eggs when they come into comtéabtwater. Eggs immediately activate
and undergo osmotic swelling that closes the mideopreventing fertilisation (Billard &
Cosson 1992). Both sets of gametes are viable f@rashort space of time in freshwater,
around 30-40s (Billard 1983; Billard 1986; Billat®92). However, OF has been shown to
increase the fertilisable period of salmonid eggd the longevity of spermatozoa (Billard
1983; Lahnsteiner 2002), giving rise to the podisytinat salmonid OF has a role to play in

fertilisation itself, and may give rise to the C&8bserved in salmon-trout hybridisation.

4.4.2. Effects of conspecific and heterospecifiariam fluid on salmon and

trout sperm

Salmonid OF not only increases the lifespan of repéut has also been shown to increase
the proportion of motile sperm and sperm velociyefrich et al. 2008; Rosengrave et al.
2008; Turner & Montgomerie 2002; Urbach et al. 200%ojtczak et al. 2007). Sperm
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swimming speed in salmonids is thought to be a nfajctor influencing a male’s paternity
success in sperm competition, and has been shobattee primary determinant of paternity
in male Atlantic salmon and Artic charr (Gage et28l04; Liljedal et al. 2008). Interestingly,
some studies have found that within a speciesatiigy of OF to influence sperm mobility
differs between females, with some females’ OF bastly increasing sperm velocity
higher than others (Dietrich et al. 2008; Rosengrat al. 2008; Urbach et al. 2005).
Variation within males has also been shown, witmeanales having consistently higher
sperm velocity in OF regardless of which femalefs tBey are swimming in (Dietrich et al.
2008; Rosengrave et al. 2008; Urbach et al. 200%gse findings suggest that some females
may be enhancing their chances of fertilisatiorcess by increasing the swimming ability
of sperm; and some males may have advantages rim genpetition through higher sperm
velocities in OF (Dietrich et al. 2008; Gage et 2004; Liljedal et al. 2008). The co-
variation between individual males’ sperm within @fid variation within OF itself, is even
proposed to generate compatibility between indigiduales and females, with some male-
female combinations recording higher sperm velotitgn others (Dietrich et al. 2008;
Rosengrave et al. 2008; Urbach et al. 2005). Tihdirfg might mean that females have the
ability to discriminate between ejaculates of indinal males, achieving CFC and biasing
fertilisation in favour of certain males. Howeveq far there has been no link between this
potential compatibility, and other genotypic or pbgpic compatibilities between
reproducing male and female salmonids. Evidence G&C, via certain female-male
interactions proving more successful than otheaas,ldeen seen in other externally spawning
amphibian and marine invertebrate species, anchéset cases fertilisation success was
directly linked to CFC (Dziminski et al. 2008; Eva& Marshall 2005), unlike in fish where
evidence has indirectly hinted at the presencers (Dietrich et al. 2008; Rosengrave et al.
2008; Urbach et al. 2005; Wojtczak et al. 2007)tHa externally fertilising frogCrinia
georgiana half-sib polyandrousin vitro fertilisation experiments found there was a
significant effect of male-female haplotype intéiags on fertilisation success and offspring
fitness (Dziminski et al. 2008). The combinatiofigparental haplotypes that resulted in the
highest fertilisation success produced offspringhwhigher viability and faster juvenile
development than those with low fertilisation swes;esuggesting a potential CFC
mechanism selecting for compatible sperm (Dziminskial. 2008). In my study, | use

crosses between males and females where cleartatipes of incompatibility can be
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identified, and find a strong CSP effect on théilisation success of salmon and trout males
under sperm competition, mediated by OF. In theedaF appears to be able to discriminate
between ejaculates to bias fertilisation to consjesperm, providing evidence that OF can

be a mechanism of CFC in salmonids to avoid hysaitn.

With the results of sperm competition suggestingt tOF identity, not egg identity,
influences the CSP seen in salmon-trout hybridisati the mechanism appears to lie in the
influence OF has on sperm behaviour. In this stuldyind that Atlantic salmon and brown
trout sperm migrated through a permeable membrnarggnificantly higher numbers into
OF from conspecific females, compared with OF filoeterospecific females or water. This
result suggests there may be a chemotactic resmdrssgmonid sperm towards OF that is
heightened by conspecific OF. Chemotaxis is thectivnal change in movement of cells up
a concentration gradient of chemoattractant, or rdosv concentration gradient of
chemorepellent (Eisenbach 1994). Chemotaxis ofnspgeward eggs has been described in
many taxa from marine invertebrates and fish, tgplamans and mammals (Eisenbach
1999; Eisenbach & Giojalas 2006). The sperm usethenchemotaxis assay in my study
were activated prior to entering the Transwell witker water. This makes it unlikely that
the movement of sperm toward OF through the perteeabembrane was due a
chemokinesis response (motility activation) of spéo the OF, although the OF could have
exaggerated sperm swimming through increased &fespn non-mammalian species the
role of chemotaxis appears to be involved in drgwas many sperm to the egg as possible
(Eisenbach 1999), especially important in exteyrattilising species like salmon and trout,
whose sperm need to find eggs in a more diffusdisation environment compared with
internally fertilising systems (Eisenbach 1999).wewer, as motility characteristics of
sperm are known to be enhanced in OF (Dietrich. @088; Rosengrave et al. 2008; Turner
& Montgomerie 2002; Urbach et al. 2005; Wojtczakakt2007), it could simply be that
sperm had enhanced swimming ability in conspeéificthat allowed more of the sperm to
migrate through the membrane than in heterospeCficor water. Both chemotaxis and
sperm enhancement mechanisms are supported bychaignificantly more sperm cells
migrated into a male’s conspecific species OF themwater or heterospecific OF, but there

was no difference in migration between heterospe@Ff and water.
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4.4.3 Potential mechanisms of ovarian fluid as aliater of conspecific sperm
precedence

The fact that conspecific OF appears to attrastiorulate more sperm to migrate through a
permeable membrane, suggests that OF is influerbmgnotility of conspecific sperm in a
way that heterospecific OF and water do not, priagdan explanation for the bias in
fertilisation of a females eggs seen under spermpetition. In a bid to uncover any
mechanisms of this differential behaviour, spemitdrof males were recorded and measured
using CASA when activated in conspecific and hefpeecific OF's and water. Conspecific
OF clearly increased the sperm path linearity amgjévity of sperm over that of water in
both salmon and trout, as seen in previous stu@esrich et al. 2008; Rosengrave et al.
2008; Turner & Montgomerie 2002; Urbach et al. 20Q0kjtczak et al. 2007). However,
sperm velocity and percentage of motile sperm didncrease in conspecific OF over water
for either species, as described for other salnsimighreceding studies (Dietrich et al. 2008;
Rosengrave et al. 2008; Turner & Montgomerie 200ach et al. 2005; Wojtczak et al.
2007). Yet crucially, when comparing salmon anditrgperm traits within conspecific and
heterospecific OF, there were no differences in @nthe traits measured between the two
OF's for either male, failing to reveal a specipedfic mechanism that could explain the
differential fertilisation and sperm migration irghd by conspecific OF. It is possible that
the methods | used to measure the sperm motilitpales were not fine scale enough. Due
to the way the sperm is activated and placed ofceostope slide for image recording (see
2.3) the first 10 seconds of sperm activity arevitadly not captured. Spermatozoa speed
declines rapidly after activation (Kime et al. 200urner & Montgomerie 2002) and the
initial period of activation is thought to be crakin sperm competition of some fish species
(Burness et al. 2004). Fertilisation dynamics indaie show that micropyles are occupied
within the first 6 seconds of sperm release (Iwamat al. 1991), and 80% of fertilisation is
complete after 5s in salmonids (Hoysak & Liley 2))0duggesting the importance of the
initial activation period in the race to locate gmehetrate the egg micropyle. If conspecific
OF was to exert influence on sperm in these impoftest few seconds | would have missed
it. Another possibility as to why there was no eiffnce in sperm behavioural traits activated
in conspecific and heterospecific OF, could be thatsample size used in this study wasn't

big enough. Sperm traits were measured in each i@@e ér each 15 males of the two
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species. The CASA system can only track betweehO&0spermatozoa on the screen at one
time. This means that the mean trait measuresdoh enale in each OF were comprised
from 50-100 spermatozoa. When one considers thebaumwf sperm contained within a
male’s ejaculate number in the billions, the measun my study were unavoidably a tiny
representation of what a male enters into a competilt is possible that if the effects
produced by OF on spermatozoa are subtle, my studi simply not measure enough
sperm to register them; the relatively large varén (seen on figure 4.3.9) support a
relatively low power here to detect differencesjperm behaviour within conspecific versus
heterospecific ovarian fluid. It is also possilitattsperm must be first activated in water (as
would occur naturally) before encountering a high&ncentration around the egg to reveal

behavioural changes.

When fish spermatozoa begin to swim in water, thaye a curved trajectory (Kime et al.
2001) swimming in an elliptical pattern. As shownthis study and others (Dietrich et al.
2008; Rosengrave et al. 2008; Turner & Montgom2@i@2; Urbach et al. 2005; Wojtczak et
al. 2007), sperm path linearity increases in OF gamad to water, so the sperm begin to
swim with straighter trajectories. Path linearisyd measure of a spermatozoa’s trajectory
through a solution (Kime et al. 2001); with a higiearity meaning a straight line path. It is
possible that when sperm reach OF around the egggedd they switch from elliptical to
straight line swimming up the chemical gradientaldimg them to reach the egg and
micropyle faster. If conspecific OF were to moréeefively make the transition in sperm
from elliptical to straight line swimming, this mgyovide conspecific sperm with an
advantage in reaching the egg first. In salmonids, the first egg to reach the micropyle
that tends to successfully fertilise it, suggesspgrm competition involves a race by sperm
to locate the ovum and then swim down the singleropyle (Kobayashi & Yamamoto
1981; Yanagimachi et al. 1992). Anything that wotlklp one male’s sperm locate eggs
faster than another would influence the relativeiligation success of both males in
competition. A faster increase to a linear swimntiagectory in conspecific sperm could be
a potential mechanism of chemotaxis in salmonid Tfs proposed mechanisms indirectly
implied by the results of the Transwell assay amel CASA comparisons of sperm in
conspecific OF versus water. In sea urchins, chaxmis due to ion induced changes in
sperm flagella movement (Béhmer et al. 2005; Kaetpal. 2003; Strunker et al. 2006). The
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chemoattractant peptide resact binds with a receptothe sperm and activates rapid
production of cyclic guanosine monophosphate (Kawgipal. 2003).This phosphate
production in turn opens K+ channels, resultindgiyperpolarization of the cell membrane
and an increased membrane potential, subsequesijting in entry of Cd into the cell
(Strunker et al. 2006). Increases of’Caause the flagella of the sperm to beat in an
asymmetrical fashion and produce a high curvatwmgedtory, while decreases in Ca
produce more symmetrical movements and straighterswimming (Béhmer et al. 2005).
Resact appears to induce spikes of Gathe spermatozoa, with spikes producing a curved
trajectory and turning the sperm toward the soofcgtractant in units of response (Bohmer
et al. 2005). It is possible that a protein in GFsalmon and trout could provide a similar
mechanism. It is known that salmonid sperm is atéd@ via changes in ionic concentrations
(Morisawa & Suzuki 1980), and it is therefore alpossible that changes in ionic
concentration could lead to changes in sperm morgméth a component of OF mediating

this through altering the ion balance within thersp.

Results of my study provide evidence that CSP igliabed by OF, and not the egg, in
salmon-trout hybridisation. These results presediear example of CFC employed in the
avoidance of hybridisation, with direct evidencattla female derived reproductive fluid
biases fertilisation to conspecific males. Howevsoation through CSP is not complete,
with heterospecific sperm still achieving 35-40% tgpaity when competing for
heterospecific eggs in heterospecific OF. It hasnberoposed that CSP is a precursor to
complete gamete incompatibility in the evolutionpofstcopulatory, prezygotic reproductive
isolation (Geyer & Palumbi 2005; Howard 1999), whoould see salmon and trout become
completely isolated in this respect further dowa #volutionary timeline. Despite a clear
effect of conspecific OF mediating sperm compatitsuccess, and some correlated sperm
swimming behaviours that might explain how CSPdkieved, we have yet to isolate the
specific mechanism. Further work is needed to detex what differences exist between
salmon and trout OF, and to then isolate the effetany different components within CSP

and sperm behaviour.
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5: Quantitative fitness measures of salmon-trolarids at early life stages

5.1. Introduction

5.1.1. Hybridisation

Hybridisation, the interbreeding between individu&lom genetically distinct populations,
occurs in many plant and animal groups (Rhymer gl&irloff 1996). The persistence of
distinct species despite hybridisation implies thgbrids are disadvantageous, and many
hybrid zones show evidence that hybrids are uefdtive to parental genotypes (Barton &
Hewitt 1985; Hewitt 1988). Maintenance of sepasyecies with hybridising populations is
due to selection against inferior hybrid genotypad dispersal of pure genotypes into the
hybrid zone (Barton & Hewitt 1985). Where inferibybrid genotypes occur, individuals
that mate with heterospecifics will produce offsgri with lower fithess than those
individuals that mate with conspecifics, resultimg selection against hybridisation
(Dobzhansky 1937; Mayr 1942; Mayr 1963). Selectgainst hybrids has been suggested
to result in reinforcement, a process where natamdl sexual selection against unfit hybrids
causes the strengthening of prezygotic isolatidwéen sympatric individuals (Marshall et
al. 2002). Although the evidence indicates that tmoter-specific hybrids show reduced
fitness relative to pure species individuals, thare examples where hybridisation has
resulted in adaptive shifts within a species, faraple in the face of rapid environmental
change. One well documented case is that of Daswiimches Geospizaspp.) on the
Galapagos Islands. Hybrids were rare and did notodeice before the El Nifio climatic
event (Grant & Grant 1993). Yet, after this clingashift some hybrid and backcrossed
individuals demonstrated equivalent, and in sonse€digher fitness than parental species
in terms of recruitment, reproduction and survi@@tant & Grant 1992). High survival and
fitness in hybrids was explained through their ndyeak morphologies. These intermediate
hybrid beak types were better equipped to accessnédw seed types that had become
available as a result of the environmental charaiewing hybrids increased foraging

efficiency, and thus fithess over parental spef@¥ant & Grant 1996b).
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5.1.2. Environmental change and breakdowns in répctvely isolating

barriers

Natural climatic shifts such as El Nifio are rarevbweer, and rapid environmental change is
more commonly seen as a result of anthropogenigein€es (Chapin et al. 1997; Lepers et
al. 2005). Hybridisation is more likely to take péabetween species where environmental
change has occurred, as habitat disturbance cdrtddareakdowns in spatial and temporal
reproductive isolation that previously isolated@es (Anderson 1948; Arnold 1997; Coyne
& Orr 2004; Hubbs 1955; Rhymer & Simberloff 1998nder disturbed habitat conditions
there are likely to be a wider range of novel hathitiches to exploit than in undisturbed
habitats (Anderson 1948). As well as this, distdrbabitats provide increased opportunities
for parent species to meet, escalating the likelhaf hybridisation (Arnold 1997).
Disturbed habitats usually refer to environments tiave either been disrupted directly or
undergone indirect disturbance as a result of huacéimity nearby. Numerous studies have
described changes in hybridisation patterns thate haccurred in conjunction with
anthropogenic environmental change (Behm et al0o2Dadmont et al. 2003; Mecham 1960;
Mercader et al. 2009; Schlefer et al. 1986; Seedragsal. 1997; Taylor et al. 2006).

One of the main ways humans contribute to habisttidance is through land management,
both on a local and regional scale (Foley et ab520Modification on a local scale can
increase hybridisation between sympatric specieghwiare isolated by habitat niches
(Rhymer & Simberloff 1996). Construction of artiit ponds and clearing of vegetation in
the southeastern United States has led to an seiashybridisation between the green tree
frogs Hyla cinereaand H. gratiosa(Lamb & Avise 1986; Mecham 1960; Schlefer et al.
1986). In undisturbed habitaks cinereamales call for mates whilst elevated on emergent
vegetation near pond banks, in contrasHtogratiosa males who call while submerged
within the ponds themselves. In disturbed habtfa¢semergent vegetation has been cleared
and is no longer available. This resultsHn cinearacalling to mates on the bank or on
vegetation over hanging the ponds, and hybridisatonsequently occurs throudh.
cinereamales interceptingl. gratiosafemales (Lamb & Avise 1986; Schlefer et al. 1986).
On a regional scale, habitat modification can leadxpansion ranges of a species into the

geographical ranges of closely related species rfieRhy& Simberloff 1996). In the eastern
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United States there was widespread habitat chamge forests to agricultural grassland
since colonisation until the 1970’s (Drummond & letand 2010; Williams 1989). This led
to large scale expansions of the grassland adap#didrd duck,Anas platyrhynchgsin
areas occupied by the forest dwelling black déeias rubripesresulting in high incidences
of hybridisation (Johnsgard 1967; Rhymer & Simbiérli®96). By providing permanent
corridors in this way, habitat modification canklipreviously allopatric species that have
not evolved reproductive isolation.

5.1.3. Hybridisation in freshwater fish

Hybridisation in freshwater fish is widespread (Hsb1955), and is more frequently
observed than in any other vertebrate group (Camp887; Scribner et al. 2001). Several
factors associated with freshwater fish mean tleeyl Ithemselves easily to hybridisation;
these factors include: external fertilisation, wéeahavioural reproductive isolation, uneven
numbers of one parental species compared to anabepetition for restricted spawning
grounds, reduced habitat complexity, and suscdipfibof recently diverged forms to
secondary contact (Campton 1987; Hubbs 1955; Sariginal. 2001). Interbreeding between
closely related species of fish can often be linkeedatural ecological settings, or geological
events (Scribner et al. 2001). Glaciations inflezh¢he characteristics and the degree of
connectivity of aquatic habitats (Hewitt 1996), agidcial effects are thought to have made
important contributions to the adaptive radiatioh fish in postglacial novel habitats
(Schluter 1996). Fish species trapped in postdléakas after the retreat of ice were likely
to have mixed, resulting in high hybridisation infthern latitudes (Hubbs 1955).

Yet, as in many other taxa, human activities cay jpl large role in promoting hybridisation
between fish above natural levels (Campton 198iib&er et al. 2001; Verspoor & Hammar
1991), with reproductive isolation between closedlated sympatric species sensitive to
habitat disturbances (Hubbs 1955). Heavy water gemant has led to reduced and
modified aquatic habitats (Dowling & Childs 1992hese changes can result in reduced
spawning grounds which constrain the reproducttiviies of species and increases the

likelihood of contact, which can lead to increadedridisation (Rhymer & Simberloff
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1996). Cichlid species in Lake Victoria were seenuhdergo increased hybridisation in
areas of the lake that were subject to high turpidaused by eutrophication; this reduced
light levels, impairing the assortative mating betw species based on male colour
(Seehausen et al. 1997; Verschuren et al. 2002).

As well as habitat modification, widespread introgon of fish species outside their
endemic range resulting from aquaculture escapsgaking and sport fishing is increasing
(Gozlan 2008). This makes fish some of the mosbdhtced aquatic species in the world,
with some 624 recorded cases (Gozlan 2008). Theseductions have often resulted in
increased incidences of interspecific hybridisa(i®aribner et al. 2001), and can lead to loss
of genetic integrity (Allendorf et al. 2004; Muhlde et al. 2009; Utter 2000). While
introductions account for only 17% of hybridisati¢(@®cribner et al. 2001), it could be of
high importance on a local scale (Allendorf et 2004; D'Amato et al. 2007). In some
instances, local adaptation could be lost thromgtogression, threatening the persistence of
the native species (Allendorf et al. 2004).

5.1.4. Salmonid hybridisation

One group of freshwater fish with high hybridisati@tes are the salmonids. Data from the
literature shows that hybridisation is common withll major lineages of salmonids (Taylor
2004 ), and has been seen in every genus (Heath2€10). Like many other teleost fish in
sympatry, salmonids have weak isolating barriergefaroduction (Verspoor & Hammar
1991). Species are often only isolated by tempanal spatial mechanisms (Docker et al.
2003; Heggberget et al. 1988; Taylor 2004), andabeliral isolations are poor often
appearing non-existent (Grant et al. 2002). As wsllweak precopulatory reproductive
barriers many salmonid species also appear to Waak postcopulatory barriers as well;
displaying little in the way of hybrids with redutdétness (Chevassus 1979; Taylor 2004).
However, this varies from species to species, aatme salmonid hybrids showing heterosis
over parental types (Seiler & Keeley 2007) and &theeing exogenously selected against
(Hagen & Taylor 2001) .
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The weak isolating barriers in salmonids make trsersceptible to aquatic environmental
change, which can lead to hybridisation (Castitlale2008; Docker et al. 2003; Heath et al.
2010; Hindar & Balstad 1994; Jansson & Ost 1998prRductive isolation was found to
breakdown between sympatric populations of cutthtoaut, Oncorhynchusclarki, and
rainbow trout,Oncorhynchus mykisshat had been subject to stocking of hatcheryecka
rainbow trout (Docker et al. 2003). Rainbow trontlacutthroat trout are subtly isolated by
spawning time and spawning habitat, with rainbayutrspawning earlier and lower in river
drainages (Docker et al. 2003). It is thereforeugmssing that these barriers are disrupted
when large numbers of hatchery fish, which havebeein selected to follow these spawning
patterns, enter the system. In the same speciesi@ag term logging was also found to
positively correlate with hybridisation. It was gegted the removal of trees increased
erosion and sediment loads entering streams, pp$e#gulting in reduced areas available for
spawning leading to increased contact and likelihob hybridisation (Heath et al. 2010).
The same study found anthropogenic disturbanceeiergl was strongly correlated with
high levels of hybridisation between the two tr@déath et al. 2010).

5.1.5. Hybridisation in Atlantic salmon and browatit

One of the best studied cases of hybridisationiwitie salmonids is that of Atlantic salmon
with brown trout. These two species are sympatricivers across much of their endemic
European range as well as in North America, whesebtown trout was introduced for sport
fishing. Isolation between these two species seenmsome mainly from peak spawning
time, as brown trout spawn on average 15 dayseedhlan salmon (Heggberget et al. 1988)
Overlaps in spawning time, as well as poor halségfregation, mean reproductive isolation
between the two species is not complete (Heggbetgat 1988). Hybridisation in the wild
between Atlantic salmon and brown trout was fimtfomed using biochemical markers in
the 1970’s (Payne et al. 1972). Since then repafrtsybridisation in Europe and North
America have been widespread (Garcia de Leaniz &poor 1989; Gephard et al. 2000;
Hartley 1996; Hindar & Balstad 1994; Hurrell & R¥id991; Jansson et al. 1991; Jansson &
Ost 1997; McGowan & Davidson 1992b; Payne et ar2i1%/erspoor 1988), and in some
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cases relatively high (Garcia de Leaniz & Versp®8B9; Hartley 1996; Jansson & Ost
1997).

Some sites in Northern Europe have seen rateslmbsaand trout hybridisation increase
(Hindar & Balstad 1994; Jansson & Ost 1997). Anplogenic causes are thought to be
behind the observed rises in hybridisation withuestl spawning grounds, stocking and
aguaculture escapes all being linked to caseslmiosatrout hybridisation (Garcia de Leaniz
& Verspoor 1989; Hindar & Balstad 1994; Jansson & ©97). In a restored river section
in Sweden, salmon and trout were re-introducedpawsing grounds much reduced from
their original size, after which hybridisation wssen to reach as high as 41% (Jansson &
Ost 1997). In Norway, salmon-trout hybridisationswfaund to significantly rise between
1986 to 1992 (Hindar & Balstad 1994). This rise wasitively linked to high numbers of
Atlantic salmon escaping aquaculture nets at time f{Hindar & Balstad 1994). Hatchery
reared and domesticated strains of fish, like thbhaé escape aquaculture nets, show lower
reproductive fitness compared to wild fish due tterad breeding behaviour as a result of
deliberate and unintentional selection during ddicason (Fleming 1996; Levin et al.
2001). It has also been suggested that farmed safm@not adapted to the local spawning
conditions they find themselves in after escapimgs,nmaking them likely to be less
discriminate about partners (Hindar & Balstad 199%)study of hybrids in a sympatric
population of salmon and trout in Scotland, fouhdttall hybrids present were a result of
farmed female salmon breeding with male trout (Myggom et al. 1993). The authors
suggested this was due to farmed salmon femalegnapa at the wrong time, coinciding
with trout spawning (Youngson et al. 1993). Largenber of farmed fish escaping from
nets can mean Atlantic salmon become the dominaeties in some rivers, leading to
brown trout being the outnumbered, rarer speciedachor thought to contribute to
hybridisation (Hubbs 1955). Indeed, in many cade=xtensive hybridisation between these
species it is often adult salmon numbers that ane (Ayllon et al. 2004; Jansson & Ost
1997). Hybrids in Europe are commonly as a reduliéimale Atlantic salmon crossing with
brown trout males (Garcia-Vazquez et al. 2001)ti@aarly so in salmon populations that
are declining (Castillo et al. 2010). All of thetedl examples provide good evidence
anthropogenic actions can result in, and increlageridisation between salmon and trout.

With demand for food and natural resources incnggasaquaculture and environment

115



5: Quantitative fitness measures of salmon-trolarids at early life stages

modification are likely to continue; potentiallyaléing to further increases in hybridisation.
This could be of greatest concern to threatenedilmerable populations of Atlantic salmon,

which have been shown to be more susceptible tadigation (Hindar & Balstad 1994).

Atlantic salmon are viewed with high conservatiorportance, as populations around the
world are in decline as a result of exploitatiord @mthropogenic habitat change (Verspoor
et al. 2007). Thus, salmon are vulnerable to negdtnhpacts on population growth, and
hybridisation is one of a variety of factors to baw adverse effect on salmon populations.
An obvious risk to declining Atlantic salmon popigas is that of introgression via
hybridisation. Introgressive hybridisation resulisnon-native genes entering a population
through interbreeding with closely related speciead can lead to the collapse of
multispecies assemblages into a hybrid swarm (Ssehaet al. 2008). A study of westslope
cutthroat trout hybridising with rainbow trout, fodi that only 20% admixture of rainbow
trout genes was enough to cause a 50% reductitimeimeproductive success of cutthroat
trout and a reduction in their population size (Melld et al. 2009). A study Atlantic
salmon-brown trout hybridisation in Spanish riveieund evidence of introgressive
hybridisation in areas where brown trout had baenked (Castillo et al. 2008). However,
rates of hybridisation were seen to decrease akistpof trout was reduced, removing the
threat of introgression (Castillo et al. 2008).

Another threat to salmon to arise from hybridisatis a reduction in effective population
size through outbreeding depression. Atlantic salfiemales produce a smaller number of
larger eggs per kg of body weight compared to difeshwater fish (Armstrong et al. 2003).
This means each egg is a high energy reproductixestment, and production of unviable
hybrids would be highly costly to female Atlantialmon fithess. Non-viable hybrids,
arising in the Igeneration or delayed until further backcrossoftgn occur in species with
mismatched chromosome numbers (Templeton 1986 Alilentic salmon and brown trout.
Producing reproductively unfit hybrids can resulttihe removal of reproductive resources
(i.e. reproducing adults) from the system (McGiprgt al. 2003). A reduction in effective
population size has been shown to have negativeadmpn the threatened bull trout,
Salvenlinus confluentusybridising with the introduced brook tro8, fontinalis There is

little evidence of hybrids beyond the Generation between these two species, leading to
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wasted reproductive effort having a detrimenta¢etfion bull trout populations (Allendorf et
al. 2001; Leary et al. 1993). Production of hybridat are reproductively unfit can have
further negative impacts if those hybrids are egiclally fit at all or some life stages.
Ecologically fit hybrids have the potential to ooiiepete one or both of the parental species,
thereby driving down pure species fitness via egiokl loading. The Pecos pupfish,
Cyprinodon pecosensiss threatened with replacement by hybrids witbl@sely related
species, the introduced sheepshead min@wariegatesHybrids have elevated swimming
performance and faster growth, both of which inseefood acquisition, reduce the threat of
predation and gain and hold breeding territoriess@Rfield et al. 2004).

To understand the impact that hybridisation has tbreatened salmon populations,
knowledge on the fitness of hybrids is needed. dia this knowledge, we need answers to a
few key questions: what is the frequency of hybtid3o hybrids have the potential to
dominate and out-compete parental species for ress® Do hybrids have the ability to
proliferate and disrupt local adaptation througtragression? Are hybrids infertile, with
their production simply taking resources out of gygstem? With this study | aim to answer
some of these questions and try and establishageclanderstanding of the fithess of salmon
and trout hybrids. Previous studies investigatiagmen and trout hybrids have created
laboratory crosses and commented on the succesgaobf reciprocal cross at hatch, but
results from these studies have been conflictingrlyEstudies reported relatively high
survival of both hybrid crosses (Chevassus 1978\ever, the success of each reciprocal
cross in subsequent studies varies (Chevassus d@¥3eferences therein; McGowan &
Davidson 1992a and references therein; Refstie &lfgm 1975). More recent studies on
salmon and trout hybridisation have reported vewy survival from progeny derived from
brown trout females and Atlantic salmon males (Adza & Garcia-Vazquez 2011;
McGowan & Davidson 1992a). This cross does occuurally in the wild, however,
thought to be as a result of sneaking Atlantic ssirmature male parr (Garcia-Vazquez et
al. 2002; Gephard et al. 2000; Hartley 1996; Jansgs®st 1997). Reports on the fertility
and backcrossing ability of salmon and trout hybrate clearer with little discrepancy
between studies. Maternal salmon hybrids have lsewn to go on and mature and
backcross with females of both species under @iltishnson & Wright 1986; Wilkins et al.

1993) and natural spawning conditions (females q@grcia-Vazquez et al. 2003)), and
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introgression of brown trout genes into Atlantidnsan populations has been seen via
maternal salmon hybrids (Castillo et al. 2008). kb derived from brown trout females
have been shown to produce backcrossed offspritiy Atlantic salmon, though survival
was low (Galbreath & Thorgaard 1995; Garcia-Vazgeeal. 2004; Nygren et al. 1975).
Attempts to backcross either hybrid type to browwsut has been unsuccessful (Garcia-
Vazquez et al. 2004).

In this chapter, reciprocal hybrids of Atlantic sah and brown trout were measured for
different fitness traits at early life stages incantrolled and, for the first time to my

knowledge, hybrid fry were assessed for fithesa semi-natural environment. More often
than not, studies on the fithess of hybrids retatio their parents are carried out in the
laboratory rather than natural setting. Consequeh#se studies only record reproductive
isolation as a result of breakdown in genetic cdibpiies, rather than through lack of

adaptation to the environment (Hatfield & Schlut®©9). Measuring the relative fitness of
hybrids in natural environments is fundamentaléng able to anticipate the ecological and
evolutionary impact hybrids may have on parentgytations (Parris 2001) Furthermore, it
gives insight into the forces behind the genetimgonents that form reproductive isolation
(Hatfield & Schluter 1999). By carrying out assessis of fithess, as detailed in this study,
| hope to be able to provide a more definitive agrsen the fitness of hybrids at early life
stages and hopefully infer any impacts they cowstehon wild populations of Atlantic

salmon and brown trout.

5.2 Methods

5.2.1. Establishing pure and hybrid crosses

To assess differences in the development, growdrsarvival of Atlantic salmon and brown
trout hybrids compared to their parental speciek, fAmilies were constructed from
randomly picked Atlantic salmon and brown trout piagions, both of which were first-
generation hatchery (2.2). Each family consisted sihgle male and female Atlantic salmon
and brown trout. These fish were then used to engate salmon and trout crosses and both

reciprocal hybrid crosses (table 5.2.1).
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Table 5.2.1: Crosses created in each family in edcthe 11 families created. Families
consisted of one Atlantic salmon female and matel, @he brown trout female and male.
Each female and male were used twice, once toeciegiure cross and once to create a

hybrid cross. N is the number of replicates forreaross.

Female Male cross created
Atlantic salmon Atlantic salmon Pure salmon
Atlantic salmon brown trout Maternal salmon hybrid ¢

brown trout Atlantic salmon Maternal trout hybrid (B
brown trout brown trout Pure trout

Gametes were collected and stored in the way destnn section 2.2. To create each
offspring cross a female’s eggs were placed inastic bowl and the corresponding male’s
milt placed directly onto the eggs. The gametesvetirred and left for 3 minutes to allow
fertilisation to occur. Eggs were then transfertted circular incubators in incubation
channels (2.4.3). Each cross in each family haith@ridual incubator giving 44 incubators

in total. An average of 679 + 20 eggs were feddiper cross.

5.2.2. Fitness measure: Embryo development

On the 20-01-2010, exactly 2 months after fertildaand in the eyed stage, 10 eggs were
removed from each cross in each family and predemet% formalin. The process was
repeated on the 02-03-2010, four days prior to fttet offspring hatching. Preserved
embryos were carefully dissected out of the eggileging the shell, peeling it away and
gently lifting the embryo from the egg mass. Emisryeere then placed on a microscope
slide and orientated horizontally. Slides were @thander a Stereo Discovery \d&secting
microscope (Carl Zeiss Ltd) along with graduateltipeas set to a known distance of 1cm.

Photos of embryos were taken with a PowerShot A65flgital camera (Cannon) attached
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to the microscope. Photos were then transferred tmmputer and embryo length was

measured using the computer software ImageJ.

To compare embryo length across fish types a lingged effects model was used. One of
the advantages of using a mixed effects model avetandard ANOVA is that they give
improved estimates of within subject variance,the.random effect, by pooling information
across subjects (Fox 2002). In this case a lineaedmmodel gives a superior estimation of
the random variation between female and male pareéathelp reveal any differences in
embryo length of offspring by taking this randomrigion into account. In the model
embryo length was the response variable with fygle tas the fixed factor and female and
male identity of each offspring as random factddedels were then fitted using the log-
likelihood ratio test. This test expresses how ljikine data are under one model than
another. At the first time period, 20-01-2010, féenaentify of offspring significantly
influenced the model and male did not, so maletitiewas removed from the model. When
running a linear mixed model t stats are producednot P values. To obtain P values
Markov Chain Monte Carlo (MCMC) method was employeth 10,000 iterations. MCMC
is a simulation method that creates a hypothegioglulation derived from the original data
in the model, and using a sequence of random nwnlmenstructs a sample of the
population (10,000 times in this case) against tikcvalues are computed. The original
model had pure salmon fish type as the intercegtemth other fish type coefficient was
compared to this intercept using MCMC. To gain Rues for all pair-wise comparisons
among the fish types for embryo length, the intetod the model had to be changed and the
model and MCMC re-ran with a different fish typethe intercept. This was done until all

pair-wise comparisons had been made.

5.2.3. Fitness measure: Hatching success

After fertilisation, eggs from each cross were pigoaphed and the total number of eggs
subsequently counted. All dead eggs and alevinge wecorded up until 27 days after
hatching had ceased for each of the 11 family gocqgated (5.2.1). This allowed the

number of surviving fry on the day of hatch andd2ys post hatch to be counted to give a
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percentage survival at hatching (n = 11) and peagensurvival 27 days after (n = 11) for
each cross in each family. This proportion was tbgnmare root arcsine transformed in an
attempt to achieve normality, but the data waérstil normality distributed; most likely due
to the small sample size. Therefore a non-paramétruskal-Wallis test was used to

compare survival across the groups at hatch arth3 post hatch.

The day on which each cross in each family staxidthtch was also recorded. Egg batches
were then observed daily until hatching had ceaBei. gave the number of days it took for

each cross in each family to have every offspriatgin, termed hatch duration. The number
of days to complete hatching was normally disteloutvith homogenous variance so was
compared across the fish types using a one way ANAtch duration was the dependent

factor and fish type a fixed factor. Tukey Honeggn8icant Difference (Tukey HSD) post

hoc test was used for pair wise comparisons betfigetypes.

5.2.4 Fithess measure: Survival in a semi-natutiaasm

Two semi-natural streams, located near to the bagdh Ims, constructed to be as similar as
possible and each measuring 110 meters in length uged to assess growth and survival of
hybrids compared to pure species in an environmiese that which they would be exposed
to in nature. Each stream is fed from the naturatigurring River Imsa that runs adjacent
and in parallel to the streams. The flow rate afhestream can be manually controlled and
each stream has a fish trap to monitor any fishratiigg out of the stream. Within the
streams, fish are exposed to competition, predaihdisease that exist in the natural river.
After hatching, crosses of the same type from dbfie families were combined to give 4
0.5nT (500 I) tanks containing pure Atlantic salmon,venctrout and both reciprocal hybrid
crosses. Densities of fish in all tanks were simifseven weeks after hatching, fry of all
cross types were selected at random from theiremdse tanks and 50 of each type
measured and weighed to give an average weighteaugth for each cross. A further 1800
fry (450 from each cross type) were then randoralgged and anesthetised for marking.
Fish were too small to tag individually with PITgg or coded wires, therefore visual

elastomer dye (VIE [Northwest Marine technologyc, INSA]), was used to mark fish. Due
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to the numbers of fish used in the experiment is waat possible to identify each fish
individually. Fish were therefore identified as @walmon, maternal salmon hybrids, pure
trout, or maternal trout hybrids. Marks were magdrecting a VIE just under the skin of
the fish. The VIE was prepared according to the ufecturer’s instructions on the day of
use and stored on ice. Two colours, yellow and veste used with 2 different marking
locations, giving 4 unique marks to identify eachhe 4 crosses. A total of 450 fish of each
cross were marked (n = 1800). Marked fish were theided into two groups for high and
low density treatments: 400 from each cross, 1600tal, were combined into one portable
tank, and 50 of each cross type, 200 in total, vdaieed into another. These were then left

to recover from their anaesthetic for 1 hour.

Figure 5.2.1: The river park containing two expemtal streams into which fish were
released for 6 weeks. The high density stream wathe left the low density to the right.
The streams were fed by the river Imsa beyond ¢ned in the left of the picture. Photo

credit: Sian Diamond.
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Figure 5.2.2: Fish marked with VIE just after redeanto one of the experimental streams.

Photo credit: Sigurd Einum.

After the recovery period, fish were transportedhi® experimental streams (around 500m)
on the 14 March 2010. In the first stream the 1600 fry (48@ach cross) were released at
the top of the stream close to the flow outlets thias the ‘high density’ stream. In the
second stream, 200 fry (50 of each cross type) walemsed in approximately the same

location as the first stream; this was the ‘lowsign stream.

Fish were then left unattended for 6 weeks. The was monitored for algae build up and
any algae removed to prevent the trap from ovewifig. During their time in the streams
the fish were left to feed naturally from the riveater flowing into the streams and were
exposed to natural pathogens and predation. Aftereéks, on the 24and 28' of June
2010, the streams were electrofished three timebk &a maximise recapture of fish. The
area beyond the trap was also electrofished tif sew fish had escaped the streams, but no
tagged fish were found. After capture, fish weracpl in a high dose of anaesthetic to
humanely kill them and then transported back tarésearch station at Ims, where they were
individually identified via their mark. Most marksuld be seen by the naked eye, but some
required a UV light and orange UV filter glasseack individual recaptured fish was also

measured on a fish board and weighed on electsumaies.
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By sweeping the streams three times with electnofgs equipment it was hoped that most
fish that still remained in the river would be rpttaed to allow an accurate assessment of
survival in high and low density streams acrossfite types. As each stream was just one
replicate of each density treatment it was not ipts$o have mean survival across fish type.
Observed frequency of recaptured fish was the satyival data available. Because of this a
G test goodness of fit analysis was used to comireredbserved frequency of surviving
individuals in each fish type to an expected fremye

The observed frequency was the actual number lofréisovered for each fish type in each
stream. The expected frequency for each fish typs ®alculated by dividing the starting
number of fish (400 in the high density and 50he tow density) by the total observed
(recovered number of fish). The ratio of the obedrand expected frequencies for each fish
type was then calculated. The natural log of thaes was then taken and multipled by the
observed frequency. The sum of the natural logsatias then taken and doubled to give the
G value. This G value was then compared to theSghdlistribution with one fewer degrees

of freedom than the number of categories. (5.3.3).

The null hypothesis of the G test is that obsefveguency (recovered fish) in each category
(fish type) is not significantly different to theected frequency. The alternative hypothesis

is that the observed frequencies are different filoerexpected.

5.2.5. Fitness measure: Length-weight relationships

In an attempt to assess the differences in weigthl@ngth gained (growth), if any, between
the fish types from when they entered the experiaietreams to when they were removed
6 weeks later, a sample of 50 fish from each gnape randomly selected to be weighed
and measured prior to entry of fish to the rivegitee an average weight and length for each
population. Data were normally distributed (ShajWoks test), with homogenous variance

(Bartlett’s test), which were compared using ong-W&lOVAs to explore any differences

in length and weight from before the start of tkpeximent. When fish were recovered from

the experimental stream river park, each was ifledtiand weighed and measured as
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mentioned previously. Length and weights were agampared using one way ANOVA'’s

to see if any differences seen in fish prior taetd the streams still existed.

Length-weight relationships in fish allow morphalea and life history comparisons to be
made between different species in the same orrdiffeenvironments (Petrakis & Stergiou
1995) and can be described by the equation 5.2.4

Equation 5.2.4:
w=al®

WhereW is weight, L is lengtha is the intercept which reflects the initial grovabefficient
andb is the slope of the equation which describes #iative growth of the fish. By log
transforming the weight and length data the refetigp becomes linear (equation 5.2.5)

Equation 5.2.5:
Log W= Log a + Log £

The relative growth of fish can be estimated byngsthis linear regression on log
transformed data. When the slope, b is equal tcs!8 dre growing isometrically, where
length and weight increase proportionally to eattteio To see if the relative growth of the
fish types in the two river treatments was sigaifity different to the isometric value of b
(3) a t-test, It b= 3, at the 95% confidence interval was appégdation 5.2.6 (Sokal and
Rohlf, 1987).

Equation 5.2.6:

WhereTsis the t test value to compare to the T distribufior 1 degree of freedom at the
95% confidence intervah is the slope of the regression &gds the standard error of the

slope. The comparison of and the respective tabled critical values for 1rdegf freedom
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allowed the statistical significance of b to beedetined. If b has a value significantly lower
than 3 the fish are in negative allometric growtiere weight is lower for a given length
than predicted by isometry. A slope value signifitghigher than 3 the fish are in positive
allometric growth, where weight is higher for a@ivlength than predicted by isometry. As
it was not possible to mark fish in the streamsviddally it was not possible to obtain

individual growth parameters for each fish and camapspecific growth rates between
groups and between treatments. In a bid to trysasednether any differences in growth
between fish types existed in either stream, lemgilght regression were compared
between fish types using an ANCOVA analysis, withight as the dependent variable,
length as the explanatory variable and fish typthasovariate. If length and fish type show

a significant interaction then the length-weighatienship is different between fish types.

All statistical analyses were carried out usingftee open software R v 2.13.1.(2008)

5.3 Results

Overall results showed that maternal salmon hybfid/SH) had equal, and in some cases,
higher fitness compared to parental species imiasures used in this study. Maternal trout
hybrids (MTH) on the other hand, while showing dduaess to parental species juveniles
for some measures, showed reduced fithess at ptmexs significantly for survival in a
semi natural stream at high density.

5.3.1 Fitness measure: Embryo development

Embryo lengths were compared between pure crossksegiprocal hybrid crosses as a
proxy for fitness at two time periods. Eggs froma#itic salmon and brown trout females
had significantly different volume$ = 40.18, df = 1 P=<0.001), with eggs produced by
Atlantic salmon females being on average 34% bigigen trout eggs. There was a strong
effect of egg size on embryo length at both timagas throughout the study, with larger
eggs producing larger embryos?(@®0.13, P = <0.001, &= 0.24, P = <0.001, salmon and
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trout eggs respectively). There was no differemciné volume of each egg type between the
two time periods (2 way ANOVA, = 2.475, P = 0.116).

Linear mixed effect models (see 5.2.2) were usetbtopare embryo length across the fish
types. For model structure see table 5.3.1. Okthbryos measured at the first time period
(20-01-2010), salmon and MSH, hatched from Atlars&dmon eggs, were significantly
longer than trout and MTH derived from brown treggs, (Figure 5.3.1a, all pair-wise
comparisons P = <0.01). Within egg types, MTH aodttdid not differ in embryo length (P
= 0.0881). However, MSH were significantly longer arerage than salmon embryos<P
0.0005), making them the longest embryos on averdgall the crosses. There was a
significant influence of maternal identity on theodel at the first time period. Paternal
identity had no effect so was removed from the rhdtible 5.3.1). At the second time
period (02-03-2010), four days prior to hatch, M8idbryos were still, on average, longer
than all other embryos (Figure 5.3.1b, all paireveomparisons P = <0.001). Salmon and
trout embryos no longer significantly differed wmeaage length (P = 0.9399) and MTH were
now significantly smaller than all other fish type®t just those from salmon eggs (Figure
5.3.1b, all pair-wise comparisons P = <0.001). ipale identity of embryos now

significantly influenced the model, as opposed tdemal identity (table 5.3.1).
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Figure 5.3.1: Boxplots showing the median lergftembryos from Atlantic salmon, brown

trout (open boxes) and maternal salmon hybrids (M&ktl maternal trout hybrids (MTH,

grey boxes), at two time periods throughout devalept. A) Embryo lengths of pure and
hybrid fish types on the 20/01/2010. B) Embryo kasgof pure and hybrid fish types on the
02/03/2010. Boxplots show the median (lines indide boxes), interquartile ranges (the
boxes) and the maximum and minimum values (thekeins. Dots are outlier values plotted
individually.
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Table 5.3.1: Summary of model selection to comaneryo length across the fish types for
the first and second time periods, with the glaialdel listed first. Model structures with

significantly lower log-likelihoods were poorerdito the data. Of the models that did not
significantly differ in their log-likelihoods, themodel with the simplest structure was used.

The final model is denoted in bold.

Model structure Log-likelihood 8§
Time 1 (20/01/2010)

embryo length ~fish type + egg volume + female.igl440.33
male.id + egg volume x fish type
embryo length ~fish type + egg volume + female.ig 409.88
male.id
embryo length ~fish type + female.id + male.id 408
embryo length ~fish type + egg volume + male.id 396.06*

embryo length ~fish type + egg volume + female.id | 409.83
embryo length ~fish type + male.id 391.83

embryo length ~fish type + female.id 408.73

Time 2 (02/03/2010)

embryo length ~fish type + egg volume + female.igl649.72
male.id + egg volume x fish type

embryo length ~fish type + egg volume + female.itl649.56

male.id
embryo length ~fish type + female.id + male.id @3400.
embryo length ~fish type + egg volume + male.id .848

embryo length ~fish type + egg volume + female.id 625.88*
embryo length ~fish type + female.id 625.88*

embryo length ~fish type + male.id 648.55

x Indicates interaction term
§Significantly lower logliklihoods are starred taosv different significance levels. *0.05%, **0.0186d ***<0.001%
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5.3.2 Fitness measure: Hatching success

To investigate if and how the hatching successybfitl offspring differs to that of parent
species, the survival of offspring at hatch anddays post hatch between fish types was
compared. There was no significant difference mvigal between the different fish types at
hatch (¥ =5.163, df = 3, P 0.16) or 27 days post hatch completiors £6.85, df = 3, =
0.077). MTH had the lowest hatching success ofhalfour fish at hatch (table 5.3.2 and
figure 5.3.2a) which decreased by 7.5% by 27 daa patch, the biggest decline of all
crosses (table 5.3.2). The P value at 27 dayshaish was close to significant (0.077), and
maternal trout hybrid survival was over 10% lowmart that of other fish types (table 5.3.2).
Survival at this stage may have been significalatiyer than the other crosses with a bigger
sample size. Pure salmon had a large amount dti@ariin survival and both MSH and pure
trout had extreme values, where the egg batch bfiered poor survival compared to the

other replicates (figure 6.3.2b), which may alseeheontributed to the non-significance.

Table 5.3.2: Mean survival at hatch and 27 days pagh of of Atlantic salmon, brown
trout and maternal salmon hybrids (MSH) and matetmoaut hybrids (MTH). Means are
shown with standard deviation (S.D) and standam @f the mean (S.E.M).

Survival at hatch Mean survival
Fish type (%) S.D S.EM
Salmon 75.0 1.7 0.5
MSH 77.8 1.7 0.5
MTH 65.6 1.4 0.4
Trout 72.4 1.1 0.3

Survival 27 days post hatch

Salmon 73.5 1.7 0.5
MSH 74.4 1.7 0.5
MTH 58.2 1.3 0.4
Trout 71.2 1.1 0.3
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The number of days each cross took to completehimgfchatch duration (5.2.3) was also
used as an evaluation of hybrid fitness. There avaggnificant difference between hatch
duration of fish types @=4= 6.263, P = 0.001). MTH had a significantly londetch

duration than any of the other fish types (TukeyPH$&ir-wise comparisons <0.01), with the
average number of days to complete hatching 13paoed to just 8 days and under for the
other fish types (figure 5.3.2). No other pair-wsEmparisons were significant. MSH egg
batches, while not different from the pure crostidshave larger variation in the number of

days it took them to complete hatching but hadstimrtest average at 7 days (figure 5.3.2).

Figure 5.3.2: Boxplot showing hatch duration ofahtiic salmon, brown trout (open boxes)
and maternal salmon hybrids (MSH) and maternalk thgbrids (MTH, grey boxes). Boxplot

shows the median (lines inside the boxes), therqotetile ranges (the boxes) and the
maximum and minimum values (the whiskers) of arsiansformed hatching success. Dots

are outling values plotted individually.
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To examine relationships between the length of gowrduring development and the
survival of cross types, Spearman rank correlatwoe® carried out. There was a significant

correlation between mean embryo length for eackscemd its survival for the first time
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period, 2 months post fertilisation (n = 4Q,=r 0.36, P = 0.023). This association had
disappeared by the time the embryos had reacheth,hats there was no significant
correlation between mean embryo length of a croiseasecond time period, 4 days prior to
the first eggs hatching, and its survival (n =#6,0.24, P = 0.133).

5.3.3 Fitness measure: Survival in a semi-natstedam

Two month old pure species and reciprocal hybydnrere placed in semi natural streams at
high and low density (5.2.4) to examine hybrid dg68 in a semi-natural environment

alongside their parent species.

Table 5.3.3: Frequency table for the high and l@msity stream G tests, where O is the
observed frequency (recovered number of fish), thesexpected ratio (the total number of
fish that entered the stream), Ef is the expeateguencies calculated as £(E)* X (O), R

is the ratio calculated as O/Ef, and LnR is theuratlog of the ratio calculated as

O*In(O*E).

Fish
type @) E Ef R LnR
High Salmon 205 400 195 1.0512 10.252
density MSH 237 400 195 1.2153 46.229
stream MTH 92 400 195 0.4717 -69.11
Trout 246 400 195 1.2615 57.153
Low Salmon 37 50 32 1.1562 5.3717
density MSH 32 50 32 1 0
stream MTH 26 50 32 0.8125 -5.3986
Trout 33 50 32 1.0312 1.0154

The G number = 2 £ (Observed*In(Observed/Expected))

High density G number = 89.047
Low density G number = 1.9775
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When the G number for the high density stream weaspared to the Chi Sq distribution for
3 degrees of freedom there it was significant,dating a significant difference between the
observed frequency and expected frequency acresfistntypes (%; = 89.04, P= 0.001).
Figure 5.3.4a shows the number of fish recoverethfeach fish type in the high density
stream and the expected frequency as a red lingd M&quency is much lower than the
expected frequency, and likely to be the sourcthefsignificant difference. The G number
if the low density stream was not significant wioampared to the Chi Sq distribution for 3
degrees of freedom, indicating no difference in thserved frequency of fish and the
expected across all fish types?1.977, P= 0.577). In other words the observed numbers
of fish in all groups did not statistically diffenom the expected frequency (figure 5.3.4b).
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Figure 5.3.4: Barplots showing the observed frequext pure salmon and trout (open bars)
and maternal salmon hybrids (MSH) and maternalt thgborids (MTH, grey bars), after 6
weeks in a semi natural streams. The null expdegegiency in each case is shown as a red
dashed line. A) Observed frequency of each fiske typ the high density semi-natural

stream. B) Observed frequency of each fish tygberiow density semi natural stream.
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5.3.4. Fitness measure: Length-weight relationships

Before release into the experimental streams, eeseptative sample of 50 fish per cross
was weighed and measured to give an average lemgtlweight of each cross before the
experiment started. ANOVA showed that MTH were Higantly shorter (Tukey HSD pair-
wise comparisons P = <0.0001) and lighter (TukeypHS= <0.0001) than the other fish
types prior to entry into the experimental streantspther fish types differed in length or

weight.

When fish were recovered each fish type was sicamtily larger in the low density stream
compared to the high density (T test, all P vak@901). Within each stream, ANOVA

again showed that MTH had the lowest length andyteacross all the fish types (Tukey
HSD <0.01). MSH in the high density stream weraidicantly longer than pure salmon on

average (Tukey HSD P = 0.02), but significantlyhtey than pure trout (Tukey HSD P =
0.03). In the low density stream MSH did not diffaraverage length compared to pure
salmon and trout, but pure trout were heavier cerage than any of the other fish types
(Tukey HSD P = <0.03). Lengths and weights afteregks in each stream for all fish types

can be seen in table 5.3.3.
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Table 5.3.3:Mean + 1 S.E.M length (mm) and weight (g) of Atiargalmon, brown trout
and maternal salmon hybrids (MSH) and maternak tngbrrids (MTH) after 6 weeks in high

and low density experimental streams.

Difference in Difference In
Stream  Fish L L between W W between
density type (mm)tf S.E.M streams (mm) (g)f S.E.M streams (g)

Low Salmon 53.49 0.74 1.58 0.07
High 47.09 0.38 6.39 1.07 0.03 0.51
Low MSH 52.66 0.98 1.53 0.09
High 45.44  0.43 7.21 0.97 0.03 0.56
Low MTH 46.12 0.92 1.12 0.07
High 38.52 0.46 7.59 0.53 0.02 0.58
Low Trout 54.12 0.51 1.89 0.07
High 46.15 0.39 7.97 1.08 0.03 0.80

T L =length; ¥ W = weight

Log length-weight regressions were carried out dach fish type. T-tests on the slope
coefficients (5.2.5) of each regression revealed tione of the fish types in the low density
river displayed deviations from isometric growths aone of the slope coefficients
significantly differed from 3 (table 5.3.4). In tihegh density river, MTH were the only fish
type to deviate from isometric growth (table 5.3 w)th a slope coefficient of 2.714 (t =
10.922 P =0.029). MTH in the high density river evexhibiting negative allometric growth,
meaning for a given length these fish weighed tleas a fish of the same length from one of

the other crosses.
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Table 5.3.4: The condition of Atlantic salmon, brotwout, maternal salmon hybrids (MSH)
and maternal trout hybrids (MTH) juveniles, estiethtby linear regression on log

transformed data, in the high density and low dgrstream.

Stream Fish type bt SEDb tvalue P value
High Salmon 3.039 0.073 0.534 0.349
density
MSH 3.111 0.069 1.608 0.177
MTH 2.714 0.22 10.922 0.029 *
Trout 3.371 0.062 3.129 0.098
Low Salmon 2.823 0.237 0.746  0.296
density
MSH 3.395 0.122 3.237 0.095
MTH 3.224 0.184 1.2174 0.219
Trout 3.371 0.176 2.108 0.141

¥ b is the slope coefficient of the regression

In the high density river ANCOVA analysis producadsignificant interaction between
length and fish type, meaning the regression slapessignificantly different between the
different fish types in the high density rivers(E 3.2593, P = 0.02). In other words, the
relationship between weight and length varies betwé&e fish types. From figure 5.3.5it is
clear to see that the MTH slope is different to dtiger cross types due to an outlier group
that were underweight for their length. As wellthss, all surviving MTH individuals were
not above 45 mm long, where all other groups havgel numbers of individuals surviving

well above 45 mm, up to 60 mm (figure 5.3.5).

In the low density river, ANCOVA analysis showed difference between the slopes of the
different fish types as there was no significaenaction (5 = 2.0184, P = 0.115). MTH
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relative growth was the same as the other fishstypéh no very underweight individuals as
found in the high density river (figure 5.3.6).

Figure 5.3.5Scatter graph showing log weight and log lengthti@hship for the four fish
types in the high density river; salmon (greenlesy maternal salmon hybrids (MSH, blue
diamonds), trout (MTH, grey squares) and maternailitt hybrids (red triangles). Log
weight-log length regression slopes for each fighetare overlaid on the points in
corresponding colours.
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Figure 5.3.6Scatter graph showing log weight and log lengthti@hship for the four fish
types in the low density river; salmon (green es3] maternal salmon hybrids (MSH, blue
diamonds), trout (grey squares) and maternal troddrids (MTH, red triangles). Log
weight-log length regression slopes for each fighetare overlaid on the points in
corresponding colours.
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5.4. Discussion

This study aimed to assess the fithess of salmdntrant reciprocal hybrids in relation to
parental species at early life history stages. Resdi my study suggest thai Fhaternal
salmon hybrids (MSH) have no significant differennefitness compared to pure salmon
and trout at any of the life history stages exachjrad may even have a fithess advantage at
hatch. Conversely, maternal trout hybrids (MTH)fetdd reduced fitness at some stages, yet
had equal fithess to parent species at othersicplary under low density conditions.
Importantly, neither hybrid cross exceeded fithnesparental juveniles at any life history
stage measured in the study. These results amenimast to those found in previous studies
on R salmon and trout reciprocal hybrid crosses. Chesa$1979) reviewed the literature
available at the time and concluded that MTH hybade superior, but that both perform as
well or better than pure species. In later studiesylts have shown that MTH are less viable
with low hatch success and survival (Alvarez & Gai¢azquez 2011; Garcia-Vazquez et
al. 2002).

5.4.1 Hatching success of hybrid crosses

Survival of hybrid crosses at hatch is an importaeiasure of fitness. If the majority of
hybrid offspring fail to hatch, or suffer high mality soon after, they are unfit and would
represent wasted reproductive effort. If hybrid@maibccurred on a large scale in this case, it
could be damaging to whole populations (Allenddrfak 2001; Leary et al. 1993). This
study found no significant difference in survivahatch, or 27 days post hatch across all the
fish types. Previous studies have found that MTHesed significantly higher mortality at
hatch than parental species or MSH (Garcia-Vazgied. 2002; McGowan & Davidson
1992a). Natural spawning of wild trout females witiid male salmon in experimental
streams produced MTH that suffered extremely lowisal after emergence from redds,
ranging from 0-1.95% (Garcia-Vazquez et al. 2002)a study on artificial hybridisation
between salmon and trout, McGowan and Davidson2dP8oted that the majority MTH
that suffered early mortality failed to absorb th@lk sacs. In this study, while survival of

MTH was lower than that of the other crosses, i wat significantly so at hatch or 27 days

140



5: Quantitative fitness measures of salmon-trolarids at early life stages

post hatch, by which time the egg sac has beenfadxbad found no evidence to suggest that
MTH had problems with egg sac absorption or suffditeaess loss through severe mortality,
as seen previously at these very early life sté@ascia-Vazquez et al. 2002; McGowan &
Davidson 1992a). The low survival of MTH seen byceaVazquez et al. (2002) may have
been due to the fact wild fish spawned, and offgpideveloped and hatched, in natural
stream channels rather than in a hatchery. Theaalatanditions experienced by eggs and
offspring, opposed to the stable environment ofthery, may have exposed an inherent
lack of fitness in MTH. Studies have found thatdaslalmonid fry have higher survival than
domesticated hatchery fish in both wild and hatghemvironments (Hyatt et al. 2005;
McDermid et al. 2010; Miller et al. 2004). The fished to create hybrid and pure offspring
investigated in this study were wild broodstockfisneaning they were hatched from the
eggs of wild fish and raised in the hatchery uatillthood. Therefore the pure and hybrid
crosses created in this study were 1st generatitchéry fish. In this population at least, |
seem to find little evidence that salmon and tn@diprocal hybrids suffer inherent fithess
losses at hatch, although it is possible that thiesalts might be influenced by inherent

hybrid fitness loss at hatch in wild redds.

5.4.2. Offspring size

In many species, including salmonids, juvenile bathe positively correlates with fitness
(Einum 2003; Einum & Fleming 1999; Fox & Czesak @0Marshall et al. 2006; Moran &

Emlet 2001), especially in poorer conditions (Alktral. 2008). Larger juvenile body size in
fish is associated with amplified fithess trait<isuas higher survival (Cutts et al. 1999;
Einum & Fleming 1999; Heath & Blouw 1998; Sogard®71y faster growth (Cutts et al.

1999; Einum & Fleming 1999; Pitman 1979; Wallacé&&sjord 1984), increased swimming
performance (Heath et al. 1999; Ojanguren et 86)1@nd predator avoidance (Segers &
Taborsky 2011). In this study embryo length wasduae a proxy for fitness to compare
reciprocal hybrid crosses to parental species tirout development. MSH were found to
be significantly larger than all other fish types the duration of the study period; both at
the eyed stage of development 2 months afterigatibn, and at 4 days prior to hatch. At
the eyed stage, both trout and MTH were signifigastaller than salmon and MSH, but
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not each other (figure 5.3.1a). This initial measent period saw maternal identity of the
embryo significantly influence the statistical mbdriggesting the differences observed in
embryo lengths between fish types were maternahvdd at this stage, as previously seen
in salmonids (Einum 2003; Einum & Fleming 1999; Hheat al. 1999), and other animals.

At the second, later time period just prior to hadTH were now significantly smaller on

average than pure trout, making them the smallieali the fish types (figure 5.3.1b). Pure
trout were no longer significantly smaller than g@galmon, while MSH continued to be the
largest embryos on average of all the fish typegi(@ 5.3.1b). The statistical model at this
later time period showed that paternal identity nstrongly influenced embryo size,

opposed to maternal identity earlier in developm@&hiese results are in conjunction with
those found by Heath et al. (1999) studying offsprsize in chinook salmon, where
maternal influences on early embryo developmenegaay to paternal effects in the latter
stages. Previous studies have shown that egg rsigalinonids varies considerably within
females and between populations, accounted foathljy female age and size (Fleming &
Gross 1990; Jonsson et al. 1996; L'Abee-Lund & Hirk®90; Ojanguren et al. 1996; Quinn
et al. 1995; Thorpe et al. 1984). Since egg sigeifstantly influences the size of embryos in
salmonids (Einum 2003; Einum & Fleming 1999; Heathal. 1999), egg size has the
potential to confound any differences seen betwmae and hybrid fish. While Atlantic

salmon eggs were larger than brown trout eggse theas no significant difference in eggs
size between females of the same species in thdy.sAll fish in this study were of the

same age and from the same populations (see 2@3fraining the effect of potentially

confounding egg size variation.

The fact that MTH were significantly smaller thaheir parent species at hatch has
previously been noted (McGowan & Davidson 1992agl anderscores the potential for this
hybrid type to suffer fithess losses post hatcludés of brook trout, brown trout and
Atlantic salmon have all found that larger offsgrinenefit from higher survival and growth
in early life than smaller ones, which can becox&ggerated under certain environmental
conditions (Einum & Fming 1999; Hutchings 1991; Ojanguren et al. 1928).well as
higher survival and growth, larger individuals pdtelly have fewer predators due to gape

restrictions, and the increased ability to escapsdaiors through amplified swimming
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performance (Heath et al. 1999; Ojanguren et @6LIMSH with their larger initial size
could potentially have increased fitness over sal@ad trout. Salmonid fry emerging from
the nest quickly establish and defend feeding ttefeis (Fausch 1984; Keenleyside &
Yamamoto 1962; Titus 1990). The ability of salmamgniles to acquire food in the short
period of time after hatching, to enable fast gilgws a critical factor in the survival of
young salmon and trout fry; with those unable tquaire suitable feeding ground either
pushed out further downstream to less lucrative@ifeg positions, or to die (Elliot 1994;
Keeley 2001; Seiler & Keeley 2007). Larger salmog have been seen to have a
competitive advantage over smaller conspecificsnndiequiring territories (Wekowski &
Thorpe 1979), resultingn increased feeding rates and faster growth (Ceital. 1999;
Metcalfe & Thorpe 1992). However, body size is tloé only determinant of fithess in
emergent salmonid fry. Prior residence of juveniigh within territories and high
aggression, have both been shown to be importaenwhktablishing territories, independent
of body size (Brannas 1995; Cultts et al. 1999; Bbglv & Shackley 1973; Harwood et al.
2003; Hojesjo et al. 2002; Metcalfe & Thorpe 1992pminant fish that are able to gain and
maintain feeding territories can then go on to haw@eased body size, and the fitness
benefits associated with it (Huntingford et al. @A study on sympatric assemblages of
Atlantic salmon and brown trout, when the two spgaivere in direct competition, found
aggression rather than body size was more likeipftaence feeding success (Harwood et
al. 2002). MTH could therefore have the potentiahégate fithess loses suffered due to their

smaller size through high aggression or prior resoe.

5.4.3. Hatch duration

Early emergence from the redd can enable higherirdoroe in the social hierarchy of
salmonid juveniles (Metcalfe & Thorpe 1992), and ladso been seen in other vertebrates,
notably several bird species (Drummond 2006; Veda?@00). Early emergence in Atlantic
salmon can also have repercussions on an individlité history (Metcalfe & Thorpe
1992). Fry emerging from redds as little as oneknaeead of conspecifics have been found
to migrate to sea a year ahead of those emerdiaig(Metcalfe & Thorpe 1992). The time it

takes to establish the prior dominance effect temnefore be very short. An experimental
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stream study on Atlantic salmon showed that présidency of just a day was enough to
establish dominance over an area (Huntingford &f@ade Leaniz 1997). When comparing
the time it took for hatching to complete (see &)2across the fish types in this study, MTH
took significantly longer to complete hatching thany of the other crosses; taking on
average 5 days longer for all alevins within an bgteh to hatch. MSH did not significantly
differ in hatching time to either parent speciekisTcorresponds to previous findings that
have also shown hybrids issued from trout femaddng longest to emerge (Alvarez &
Garcia-Vazquez 2011; McGowan & Davidson 1992a).uRe®f previous studies, and this
one here suggest that MTH would therefore emei®a fiedds almost a week after parental
species. This is likely to put them at a real f#disadvantage at the commencement of first

feeding after emergence.

Late emergence, coupled with their significantlyaller size on hatching, suggests that
MTH are less fit at first feeding and less likety gurvive and persist in the river. Yet, as
mentioned, aggression has been shown to influehaghyuveniles occupy superior feeding
sites. Individuals with high aggression that arrsudsequent to establishment of territories
can compete for and win feeding stations (Harwob@le2003). If MTH had elevated
aggression they could negate their fitness lodatefemergence, much as aggression could
combat their small size (see above). While aggoessi juvenile salmonids can provide
enhanced fitness, evidence from stream experimadisates non-aggressive brown trout
juveniles can be successful in heterogeneous halgitawing just as fast as dominant
juveniles (Hojesjo et al. 2002). This suggests #van if MTH are not aggressive, they still
have the potential to survive and persist despi& small size and late emergence in some
habitats. MSH on the other hand did not signifisawiiffer in the time it took them to
complete hatch compared to their parental spemieaning they should emerge from redds
on average at the same time as pure salmon artdryotihis, together with their larger size
at hatch could potentially allow MSH individuals tcompete for territories without facing
prior residency effects in the way that late enmegguveniles would. However, there was a
lot of variation in MSH hatch duration comparedthat of pure salmon and trout. This
variation could arise from the wide range of hylgghotypes that are inevitability created
when bringing together two species’ genomes, lepdina wide range of hybrid fithess

(Burke & Arnold 2001). I hybrid genotypes can often exhibit heterosis assalt of
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additive effects of alleles across loci, thougts #hilvantage often breaks down in subsequent
generations (Burke & Arnold 2001). Results fromstktudy suggest that MSH, while not
exhibiting the vastly elevated fithess seen in tosis, are certainly not suffering inherent
fitness losses at these early life stages in thgeReration. This suggests that MSH have the
ability to compete effectively with parental specieHowever, rearing in a hatchery
environment leads to assessments of relative #tréshybrids through measurements of
genetic effects only, and doesn’t give insight iftow hybrid genotypes survive and
compete under ecological selection in the wild {igklt & Schluter 1999). For this, fithness

must be measured in semi-natural or natural setting

5.4.4. Survival and growth in a semi-natural streamvironment

While previous studies have looked at survival almen-trout k hybrids in hatchery
environments, this is the first study to my knovgedhat has looked at early life stage
hybrid fitness in the near wild. Other studies thate produced hybrids in natural spawning
conditions, have then transferred the offsprinthehatchery environment (Garcia-Vazquez
et al. 2002). Le Cren (1973) postulated that theslist factor influencing juvenile
populations in salmonid species is density-depenteEmitorial behaviour. As discussed,
both Atlantic salmon and brown trout juveniles tigh establish feeding territories very
soon after emerging from the redd, with social dviehies subsequently formed. Within
these hierarchies the most dominant fish are imtbst profitable feeding positions, where
maximum food is gained for minimum energy expen@eausch 1984). Competition for
these feeding stations is density dependent, vigth tensity creating high competition, and
low density conditions allowing well-spaced temytdo be held and reducing aggressive
encounters (Kalleberg 1958). Mortality rates ireains have been to show to be related to,
and be predicted by, salmon fry density (BohlialeR002; Gee et al. 1978).

In this study survival and growth was assessed gnsaimon and trout fry and their
reciprocal hybrids in high and low density semitmat streams. Pure trout fry had the
highest survival in both high and low density stnea(61 and 66% respectively). Brown

trout have been shown to be competitively supet@rAtlantic salmon in sympatric
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assemblages, often due to increased levels of sgjgre(Harwood et al. 2002; Skoglund et
al. 2011; Stradmeyer et al. 2008). The higher sahof trout across both stream treatments
suggests that trout individuals were the most cditipely able of all the fish types.
Survival of all fish types was lower in the highndéy stream compared to that in the low
density stream. It is assumed that the larger numbdish in the high density stream
negatively affected survival. Previous findings é@ashown that fry stocked at lower
densities have higher survival than when stockddgit densities (Bohlin et al. 2002; Gee et
al. 1978; McMenemy 1995as seen here in this study.

In the high density stream survival of MSH fry didt differ from the expected frequency
computed by the G-test; neither did that of putenea and trout. This suggested survival of
MSH was comparable to that of parental specieseaopy intermediate between the two
(figure 5.3.4a). This corroborates previous finding this study that suggest MSH are
capable of competing for space with pure specigsnies (see 5.4.2), and thus able to
persist within a stream. On the other hand, MTHhag significantly reduced survival in the
high density stream, just 23% compared to 61 arfh 3dr pure trout and salmon fry
respectively. This reduced survival suggests th@HMvere unable to compete with the
other fish types for feeding grounds at the headhef experimental stream (the release
point), where feeding is more lucrative (Einum &ifing 2000). MTH were significantly
smaller and lighter than the other fish types whstering the streams (5.3.4). This smaller
size could have led MTH to have a competitive disathge, leading them to be displaced
downstream. In Atlantic salmon displacement doveastr by dominant individuals results
in less competitive juveniles only being able t@ess less profitable feeding grounds, as
well as being at higher risk of predation (EinunF&ming 2000). A study on rainbow trout,
Oncorhynchus mykise semi-natural stream channels found, when eragravas barred,
that smaller fish were less likely to occupy pmadie areas of the stream, which was
positively correlated to density (Keeley 2001). Whemigration out of the stream was
allowed, smaller fish in poor condition were moikely to leave; in both cases increased
competition (density) increased mortality and leddecreased growth (Keeley 2001). The
small size of MTH on entering the streams may reaaeied them off at a disadvantage and
not allowed them to compete for territories, legvthem to be displaced downstream. The

low survival of MTH also suggests that they lack thigh aggression seen in pure trout
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(Harwood et al. 2002; Skoglund et al. 2011; Stragbnest al. 2008), that could see them

compete for territories successfully independenheir body size, as postulated earlier.

In the low density stream the survival of all th€hftypes did not differ from the expected
frequency. Survival of MTH fry was higher than hrethigh density treatment, yet it was still
the lowest of all the groups. They were also loregedt better conditioned than MTH in the
high density stream, though again smaller thanrdibk types (Table 5.3.3). These results
suggest that reduced competition in the low derisi#gtment allowed MTH to feed in more
profitable areas, resulting in higher survival agebwth. This could have important
implications if hybridisation occurs in low densjpppulations in large rivers, as MTH may
be able to survive and persist where they otherwm@d be outcompeted. MSH were equal
to parental species in terms of survival and grovépain suggesting that, in the F1
generation at least, these hybrids do not suffeedis losses at early life history stages, and

can persist to compete with parental species.

Length-weight relationships in the two streams wexamined to assess fish growth, and
whether this differed between fish types and betwgEnsities. When feeding conditions are
poor, fish may lose weight and be lighter for tHeirgth than they would in good conditions
(Jobling 2002). Length-weight relationships carodde a practical index on the condition of
fish, which is useful for comparing life historie§populations in different regions (Petrakis
& Stergiou 1995), and is usually assessed usingessgn analysis. The exponent b (the
slope) of the regression reveals whether fish agergoing isometric growth (Santos et al.
2002). In the high density stream MTH had a sigatfitly different length-weight regression
coefficient to the other fish types (5.3.4). Marfytltese fish were lighter for a given length
than their fellow stream dwellers. These fish walgo undergoing negative allometric
growth (5.3.4), the only fish type in either streaondo so. MSH and parental species
juveniles did not differ in their length-weight a¢lonships. In the low density stream, all fish
types were growing isometrically, and there wadglifi@rence in the way length varied with
weight. The fact that the MTH length-weight relasbip was the same as that of parental
species in low density conditions, and was nohahigh density stream, suggests negative
allometric growth was due to environmental fact@ather than endogenous to their growth.

This again leads to the conclusion that both salamahtrout reciprocal crosses can survive
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and compete with parental species, especially undss competitive environmental

conditions.

5.4.5. Causes of variability between studies ahsal-trout hybrid fitness

Aside from the time it took to complete hatch (lmatitiration), the results of the first half of
my study are in conflict with more recent findings i MTH fitness. This study has clearly
shown that MTH fry, while significantly smaller andking longer to hatch have survival
comparable to that of parental species and thenmmal hybrid cross. This is in stark
contrast to results of the most recent studieshtaae found survival at hatch and post hatch
ranging from 0 to 1.95% in MTH (Alvarez & Garcia-Xuez 2011; Garcia-Vazquez et al.
2002), and yet in conjunction with results of oldéudies that put survival of MTH fry at
68% (McGowan & Davidson 1992a) and in some casgisehi(Chevassus 1979). So why is
there so much variability when it comes to MTH fes

Chevassus (1979) put much of the variation in tessden down to lack of strict methods,
poor control over environmental conditions and dper gametes. Overripe gametes occur
when ripe hatchery fish are not stripped of thaimgtes at the critical time window, leading
to the gametes spoiling while still inside the fi$his may have explained the variation seen
in results of earlier work, but our understandirfgfish culture and the importance of
experimental control has improved, enabling thiobfgm to be avoided. Increased
knowledge of gamete biology means sperm and eggstared on oxygen and ice, allowing
storage without fertility impairment for up to telays (Einum & Fleming 2000). Eggs that
show over-ripeness are not used. This has allosesuiperior and equivalent tests of hybrid
fitness in more recent studies without confoundsnfunequal gamete ripening times, and it
is therefore unlikely that these reasons explaiy thie results of my study differ to similar
work carried out in the last ten years (Alvarez &r@a-Vazquez 2011; Garcia-Vazquez et
al. 2002). However, Chevassus (1979) also hypateddhat the variability in results could
be due to the fact that studies often use fishratgg from different populations.

148



5: Quantitative fitness measures of salmon-trolarids at early life stages

The most recent works preceding this study (Alvagefarcia-Vazquez 2011; Garcia-
Vazquez et al. 2002) were carried out using sal@oed trout originating from Spanish
populations, at the southern end of their Europdiatribution. The fish used in this study
originated from populations in Norway, the northeend of the species’ European
distribution. The study by McGowan and Davidson9@#&) was carried out on North
American fish, a region where brown trout wereadtrced by humans around a century
ago, making it a secondary contact zone. It has lbe¢ed many times that some hybrid
genotypes are fitter than others within the sani@itlyzone, and even within the same brood
or cohort (Arnold et al. 1999; Arnold & Hodges 19%rke & Arnold 2001; Kruuk et al.
1999; Parris 2001), making it likely that some hgbgenotypes will be fitter in some
populations compared to others. The genetic strecfiNorthern European Atlantic salmon
has been found to be generally distinct from tHahodern Southern European populations
(Campos et al. 2008; King et al. 2001). The same been found when comparing
populations in North America and Europe (King et 2001; McConnell et al. 1995),
providing evidence of genetic divergence acrosgggahically isolated populations. It is
therefore possible that different hybridising p@idns of salmon and trout have different
levels of fitness expressed by their hybrids, duditergence in parental genomes. There is
often variation in hybrid fithess and introgressioocurring across and between hybrid
zones, making it important to compare them to deitee the importance of intrinsic and
extrinsic factors influencing their dynamics (Aboiet al. 2010). A comparison of two
hybrid zones of pied and collared flycatchers shbweat hybrids in a hybrid zone on the
Baltic islands had apparently higher fitness thasé hybrids in the Central European clinal
zone. This was proposed to be the result of higgesis of introgression brought about by
increased contact in the confined island habitatpcing fitter hybrid genotypes (Seetre et
al. 1999). As well as variation in hybrid fitneggnetic differences between populations has
been postulated to result in differences in theeddion of hybridisation seen between
hybridising populations (Wirtz 1999). In Atlanti@lsmon and brown trout the direction of
hybridisation is reported to be different in NorBmerica, where female brown trout
hybridise with male salmon (Gephard et al. 2000mpared to Europe where the majority
of hybrids are via female salmon and male troutr¢@avazquez et al. 2002). Genetic

differentiation between geographically distinct plgtions could therefore potentially be
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responsible for hybrid fitness, as well as detemngjrwhich cross is more prevalent, both of

which could have implications for levels of intregsion.

From the results presented here, | believe thatay not be possible to achieve an all-
encompassing assessment of the relative fithesalofon and trout hybrids at early life
history stages; and that this can potentially drédydone on an individual population basis. It
is important in conservation terms to assess tlheathposed by hybrids, especially to
declining Atlantic salmon populations known to thégher risk of hybridisation (Hindar &

Balstad 1994). This will be especially true if ttheeat and impact of hybridisation varies

with location, as the fithess and success of hgbraties.

5.4.6. Conclusions

Results of my study suggest that salmon and treutyBrids have the ability to compete
alongside parental crosses, particularly under Id@nsity, good growth conditions.
Importantly, | also find that hybrids are not abdeoutcompete pure parental species during
early life. However, it is possible that hybrids go to perform poorly at later life stages.
There has been relatively little experimental whnrdking at environmental fitness traits of
salmon and trout hybrids when older than yearliag.gMSH created in natural spawning in
experimental streams were noted to reach thenl gear under hatchery conditions (Garcia-
Vazquez et al. 2002). A few studies have lookedadt water tolerance in salmon-trout
hybrids. One study found that MSH had comparableiwal and growth to that of pure
Atlantic salmon when transferred to saltwater pafter 17 months freshwater rearing
(Galbreath & Thorgaard 1997). Urke et al. (201Q)nfd that 21% (250) of fish migrating
downstream in the River Driva in Norway were MSHyshof which were adapted to enter
full strength seawater, as were salmon but not.tie fact that one fifth of the fish caught
during migration to sea (Urke et al. 2010) is enckethat MSH are capable of surviving past
early life history stages and of undergoing the lsfraation process successfully. This,
together with evidence of introgression of browoutr genes into a Atlantic salmon
population (Castillo et al. 2008), shows that sdmerids are capable of returning to spawn

after seaward migration. Production of posthlfbrid offspring was observed under natural
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spawning conditions from 4 female MSH; 66.9% (83 of 124) of the resulting offspring

survived until their first year under hatchery regrconditions (Garcia-Vazquez et al. 2003).

My work is adding to the growing body of evidentatt hybridisation between these two
species may pose a threat to endangered populaticasne circumstances. The survival of
hybrids in natural conditions could also be anaskr pure salmon juveniles in declining
populations. MSH juveniles appear particularly ddpaof competing for resources and
could potentially displace pure salmon downstretlungatening their survival and increasing
the risk of further population decline. Despite tfaet both reciprocal hybrids appear
ecologically fit in early life, evidence suggestsey are reproductively unfit (Garcia-
Vazquez et al. 2004) and could represent wastegbdaptive effort for salmon and trout
females. However, both hybrid crosses do seem tmpzfbproducing gametes and F
backcrossed offspring (Garcia-Vazquez et al. 200A& next step of my thesis is therefore
to investigate the reproductive fitness of salmod &out reciprocal f£hybrid males when
backcrossing to salmon and trout eggs, and whetiternity could be gained in competition
with salmon and trout males for a female’s eggss Mill allow insights into whether

salmon-trout hybrids are capable of longer termgndrgenerational fitness effects.
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6.1. Introduction

Chapter 5 of this thesis investigated the fitheéssatmon-trout hybrids at early life history
stages, in relation to their pure parental spedierder to measure the ecological and
evolutionary impacts hybrids pose. Both reciprdodirid crosses were found to have equal
survival at hatch to parental species and couldiweiras well in semi-natural streams,
particularly under low density conditions. In orderknow if this equivalent hybrid fitness is
trans-generational, or if salmon-trout hybrids @&assentially an evolutionary dead end,
information on the ability of these hybrids to puod viable sperm and backcross to parental
species is needed. Many closely related speciss tegether in sympatry even when there is
no R hybrid inviability (Grant & Grant 1992). In manyech cases, precopulatory and
postcopulatory, prezygotic barriers maintain reptve isolation (Coyne & Orr 1998).
Precopulatory barriers are induced by differencedabitat use, mating behaviour, and
reproductive timing (Coyne & Orr 1998), and aretjpatarly well observed in birds (Grant
& Grant 1996a). Postcopulatory, prezygotic barries to isolate species after mating has
taken place but before a zygote is formed, as @tret conspecific sperm precedence and
gamete incompatibility (Coyne & Orr 1998; Howard993. Postcopulatory, prezygotic
barriers do exist between salmon and trout, as showchapters 3 and 4 of this thesis.
However, as highlighted in these previous chaptées prezygotic barriers to hybridisation
are far from complete in this system, further emizkl by the discovery of natural hybrids in
many wild populations in Europe and North Ameri€Gagtillo et al. 2008; Castillo et al.
2010; Garcia de Leaniz & Verspoor 1989; GephardleR000; Hartley 1996; Hindar &
Balstad 1994; Hurrell & Price 1991; Jansson ell@91; Jansson & Ost 1997; McGowan &
Davidson 1992c; Youngson et al. 1993).

6.1.1. Postzygotic reproductive isolation

Postzygotic reproductive isolation can inhibit gdiev between species through hybrid
inviability or sterility (Coyne & Orr 1989; Coyne &rr 2004). Dobzhansky (1936) and
Muller (1942) postulated that sterility and nonhbilay in hybrids is a pleiotropic side-effect

of genetic interactions formed when species ar@lopatry. The Dobzansky-Muller model
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draws together the ideas of Dobzhansky (1936) anteM(1942) to propose that genetic
substitutions built up by a species when in allppathile small-scale enough not to reduce
fitness in that species will, when brought togethigh genes from a divergent species, result
in inviability or sterility in the F hybrid or backcross generations (Coyne & Orr 1998;
Russell 2003). Alleles brought together from diwsrgspecies have never been ‘tested’
together and the loss of co-adaptation may thezefesult in hybrids with reduced fitness
(Coyne & Orr 1998). The Dobzhanzky-Muller model armins almost all modern work on
the genetics of postzygotic isolation (Coyne & @908), and there is now strong evidence
that hybrid sterility and inviability arise throudbcus incompatibilities (reviewed by Orr
1997). Situations can arise where hybrids are Wiathie and capable of reproducing, but are
disadvantaged as they fail to mate with parent ispe¢hrough mate discrimination or
impaired mating behaviour (Coyne & Orr 1989). Fraraple, male hybrids of limnetic and
benthic sticklebacks had no disadvantage reprodudirthe lab, but did in the wild with
limnetic parents due to poor choice of intermedratbitats by hybrids, compared to parental
males (Vamosi & Schulter 1999). This highlights thportance of conducting experiments
within environments that present relevant selecpwecesses in order to pick up habitat
selection effects upon hybrids. But it is often ¢omations of isolation barriers to
reproduction that are needed to completely isotecies from one another (Price &
Bouvier 2002; Schluter 2001).

When hybrids are inviable or sterile they are dfiety wasted reproductive effort for the
parental individuals involved (Rhymer & Simberld®96), as they themselves are unable to
reproduce. Total sterility insFhybrids can result in replacement of one specyeariother;
this is particularly the case when one of the ldibimng species has been introduced and is a
successful ‘invader’ (Largiader 2008). While Irybrids can be fit, the,Fand backcrossed
generations can be inviable or sterile due to lweaks in co-adapted genes or
chromosomes (Barton & Hewitt 1989; Templeton 198&aryotypes regularly differ
between different species, which can lead to cheammal based hybrid sterility (Turelli et
al. 2001).Different chromosome numbers in the parent specaés sometimes result in
recombination of chromosomes ip ybrids that produce aneuploid gametes, whichdéan
or cause zygotes to perish (Rieseberg 2001). Sabmdntrout have a large difference in

chromosome numbers, with trout having 80 compam@d5S8 (typically) for salmon
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(Pegington & Rees 1967The difference in number is thought to have evoltldugh
redistribution and structural change as a resufusibn or fragmentation of chromosomes,
rather than polyploidy (Rees 1964). While the nurabaf chromosomes differ, the total
amount of nuclear DNA is similar (Rees 1964), witbut having smaller but more
numerous chromosomes (Pegington & Rees 1967).ditiésence in chromosome sizes is
maintained within hybrid nuclei, leading to the gastion that the change in karyotype
through speciation arose through redistribution atrdctural change, rather than being
genotypically determined (Pegington & Rees 19@@cause of this large karyotypic
difference, salmon — trout hybrids were expectedeaosterile; however, reports of fertile
Fi’'s and production of F£and back-crossed offspring are established in liteeature
(Galbreath & Thorgaard 1995; Garcia-Vazquez €2@04; Johnson & Wright 1986; Nygren
et al. 1975; Wilkins et al. 1993), suggesting pggtttic reproductive isolation may not be
complete between these species. Having establibleesimilar ecological fithess of salmon-
trout hybrids in Chapter 5, this chapter will tHere investigate F1 hybrid fertility, and also

measure this in the context of sperm competition.

6.1.2. The threat of introgression

When pre and postzygotic barriers to hybridisato® incomplete or break down, genes of
one species can become introduced into the genlkegb@mother, via fertile recombinant
hybrid and backcrossed genotypes. The resultinge dgknw can lead to partial genetic
mixing of the two species genomes in a processeaaihtrogression (Wright 1977).
Introgression can play a positive role in the etiolu of a species by proving sources of
adaptive genetic variation (Grant et al. 2005) andbling species to widen their ecological
niche (Choler et al. 2004). However, the transferexotic genes into a population via
introgression is more likely to create negativessmuences, potentially resulting in genetic
extinction of that species by swamping and repladime endemic genome (Epifanio &
Nielsen 2000; Hails & Morley 2005; Mallet 2005; Rhgr & Simberloff 1996), and leading
to hybrid swarms (Seehausen 2004) and outbreedipgesision (Rhymer & Simberloff
1996). Postzygotic barriers to hybridisation carsée-biased due to the phenomenon known

as Haldane’s rule. Haldane (1922) noted that whea sex in the F offspring of
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interspecific crosses is missing, rare or stettilai sex is more likely to be the heterogametic
sex. Haldane’s Rule does not appear to be a pagtzygolation mechanism in salmon-trout
hybridisation, where males are the heterogametic dee to reports of fertile male and
female k hybrids (Galbreath & Thorgaard 1995; Garcia-Vazgat al. 2004; Johnson &
Wright 1986; Nygren et al. 1975; Wilkins et al. B3@&nd no described bias in abundance of

one sex over another.

Introgression of genetic material between specses lee asymmetrical, both in terms of
which species undergoes introgression, and thegressed genes themselves (Largiader
2008). Across natural hybrid zones, asymmetricttepas of gene introgression have been
observed due to particular genes being more ‘r¢adirogressed than others, perhaps due
to a selective advantage conveyed to the backaagmsotype (Avise 1994). Asymmetrical
hybridisation and introgression can occur througkiesal mechanisms. Size dimorphism
between hybridising species can lead, for exampléie smaller species’ females to be the
only ones to hybridise successfully. This can be thu mechanical incompatibilities, for
example where smaller males trying to mate witlydarfemales are physically unable to
copulate (Karl et al. 1995). Size dimorphism caspdead to asymmetrical hybridisation,
when females of the smaller species accept mates farger heterospecific males, but
females of the larger species reject males of thaller species due to sub-normal mating
cues(Grant & Grant 1997). Poor mate discrimination,fprence for heterospecific mates or
gamete incompatibility in one hybridising speciean also result in asymmetry (Wirtz
1999).

It has long been proposed that the relative abuedah closely-related species can impact
hybridisation dynamics and directionality of intregsion (Hubbs 1955; Mayr 1963). If one
of the hybridising species is less abundant tharother, females of the rarer species will be
more likely to encounter heterospecific gametesugh increased encounters with the more
common species’ males (Wirtz 1999). Thus, oftenrtta¢ernal species in a hybrid cross is
from the rarer species, which has been observeshammals, fish and birds (Avise &
Saunders 1984; Hofmeyr et al. 1997; Lajbner et2809; Vali et al. 2010), suggesting
female mate choice can also play a role in asymca¢tintrogression (Wirtz 1999). Males

of a rare species can attempt to court femalesnodr@e common, closely related species, but
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are rejected in favour of common conspecific matesulting in no hybrids between rare
species males and common species females; whilbeowther hand, females of the rare
species initially reject common males, lack of guwfic encounters results in reduced mate
discrimination in the rare species female and smecific mating occurs, leading to uni-
directional hybridisation and introgression (Witt299). In conjunction with this,;Fybrids
are also more likely to mate with the more abundapdcies due to increased encounter
rates, leading to backcrossed individuals from mi@re abundant species (Lepais et al.
2009). This could be damaging to the minority specparticularly if represented by a few
individuals that produce a large proportion of hgbr as they may become locally extinct
due to gene swamping and dilution of the genomeg@as et al. 2005; Lajbner et al. 2009;
Lepais et al. 2009; Rhymer & Simberloff 1996; Rds#d et al. 2000). This scenario could
be of concern in the case of Atlantic salmon armmbrtrout. Atlantic salmon are known to
be declining in the majority of their distributialue to anthropogenic influences (Parrish et
al. 1998; WWF 2001). Trout, by contrast do not @ppe be suffering to the same extent,
showing no general declines in abundance (Jonssdan&son 2011); however, declines in
localised areas have been seen (Burkhardt-Holm ;2B@8sen et al. 2002; Jonsson &
Jonsson 2011). Hybrids in Europe are commonly eceais a result of female Atlantic
salmon crossing with brown trout males (Garcia-\teemjet al. 2001), particularly where
salmon numbers are low (Castillo et al. 2010) aiffieérénces in relative abundance of the
two species within a river can lead to extensivbrigysation in some cases (Ayllon et al.
2004; Jansson & Ost 1997). This is possibly assalr®f lack of male salmon to spawn
with. In a survey of southern European rivers, lsddc brown trout inflated natural
populations and hybridisation with Atlantic salmamas found to increase, with hybrids
mostly from domesticated brown trout males and mitasalmon females (Castillo et al.
2008). Introgression of brown trout genes into Afia salmon populations resulted, though

the effect was reversed after stocking ceased i(l0astal. 2008).

6.1.3. Loss of local adaptation due to introgreassio

Both Atlantic salmon and brown trout show strongneje differentiation among

populations across river basins (Ferguson 1989séta& Loeschcke 1996; Hindar et al.
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1991; McConnell et al. 1995; McConnell et al. 19%ielsen et al. 1996) and even in
continuous habitats (Heggenes et al. 2009). Thge Idifferentiation in genetic structure is
brought about by strong natal fidelity and hominkility of anadromous salmonids
(reviewed by Stabell 1984), with 94-98% of indivads returning (Jonsson et al. 2003),
together with the low iteroparity of individualssidting in constrained gene flow (Garcia de
Leaniz et al. 2007). Low gene flow, together witlnge environmental differences across
their distribution (3200 km in Europe [Garcia deab& et al. 2007]) and wide genetic
variation, provide Atlantic salmon populations wittear opportunities to become locally
adapted to their environments. Local adaptatioprésent in populations when the average
fitness of individuals originating in the populatidabitat exceeds the average fitness of
conspecific immigrants entering the habitat (Lenamch 2002). The evidence for local
adaptation in salmonids is mostly indirect, comifrgm ecological correlates with
phenotypic traits (Garcia de Leaniz et al. 2007yI3ia1991), with most phenotypic traits
having heritable components (Carlson & Seamons 20@8 the evidence, both indirect and
direct, makes a convincing case for local adaptafi@arcia de Leaniz et al. 2007). Several
studies on Atlantic salmon have identified gendifterences between populations for traits
that relate to fitness, such as body size, growth and survival (Friedland et al. 1996;
Jonasson 1993; Jonasson et al. 1997; Jonsson2@04)). Introgression of non-native genes
into a salmon population could potentially erodealoadaptation by introducing genes that
are non-adaptive, with evidence that populationimgcan lead to outbreeding depression
(Einum & Fleming 1997). This is of large concerm $almon and trout populations that are
subject to domesticated fish of hatchery origint #rer populations through stocking and
escapes. Hatchery reared fish have not been subjewger conditions and have been under
relaxed natural selection pressures, with domesticatlantic salmon showing reduced
survival and reproductive fitness in the wild (Flamet al. 2000; McGinnity et al. 2003).
However, escaped farmed fish are known to sucdéssteproduce with wild Atlantic
salmon and introgression of genes from hatchemedefish into wild populations is feared
to have negative effects on the genetic integnity fitness of wild populations (Bourret et
al. 2011; Einum & Fleming 1997; Fleming et al. 20MzGinnity et al. 2003; McGinnity et
al. 1997). Tentative evidence of farmed salmonogmessing with a wild population of
Atlantic salmon having an increasing negative impgaer time has been seen in Canada.

The Atlantic salmon population of the Magaguad&ixer in The bay of Fundy has been in
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severe decline for the last 20 years, which camslavith interbreeding with escaped farmed
salmon (Bourret et al. 2011). A detailed geneticdgton the population found strong, but
not definitive, evidence for introgression of faemgenes within the wild population

(reduced differentiation between farmed and wiltmsa over time), that has resulted in
significant alteration in genetic integrity with gagive effects (Bourret et al. 2011). More
controlled experiments have found evidence bothafod against, that repeated breeding

with farmed individuals reduces local adaptatioragier 2008).

Perhaps the best evidence for local adaptatiam iihogen resistance (Garcia de Leaniz et
al. 2007). Salmon in the Baltic sea are resistanthe monogenean flatworm parasite
Gyrodactylus salarisafter building up resistance through prolongeposxre when isolated
in glacial lakes (Meinila et al. 2004). Whereast8sb and Norwegian stocks are susceptible
or partly susceptible to infection due to a lackeaposure to the parasite (Bakke 1991;
Bakke et al. 2002; Bakke et al. 1990; Dalgaardl.e@03). Introduction ofs. salaristo
Norwegian rivers in the 1970’s lead to populatiatirections 5-7 years after the introduction
event in infected rivers (Johnsen & Jensen 198@ection resistance is known to be
heritable, with interspecific hybrids between Atlansalmon and brown trout showing
intermediate resistance to that of the parents KBadt al. 1999). Brown trout have innate
resistance tds. salarisand hybrids fathered by brown trout (the most cammaross in
Europe) inherit this resistance. This could meat tfout and hybrids may be the survivors
in infected rivers where the two species are syngaand may form a reservoir and
dispersal mechanism of the parasite (Bakke et®9) Introgression of salmon genes into
brown trout also has the potential to disrupt troutate ability to resist the parasite,

threatening survival.

While there is little direct evidence to concludkattintrogression disrupts local adaptation,
the threat of introgression to Atlantic salmon eéslrand does occur between salmon and
trout (Castillo et al. 2008). But how likely is mgression to occur under natural conditions
in sympatric rivers? Interspecific mating could teparticular relevance where the two
species are forced together through reduced spgvwgrmunds and stocking activities, and
when population levels of either species becomarjzad, where increased encounter rates

may lead to increased interspecific mating andeased hybridisation (Castillo et al. 2008;
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Hindar & Balstad 1994; Jansson & Ost 1997). Howerreting behaviour of both sexes in
both species will play a role in how successful id/bmales are. Natural spawning
experiments showed Atlantic salmon males chasedy aiv@wn trout males and
hybridisation with female trout only occurred irethbsence of conspecific males, and only
with trout of intermediate size (Beall et al. 199These changes in spawning behaviour
could mean hybridising males would not face speampetition. However, only a single
small scale spawning study has been done, whicimligely to capture natural spawning
conditions in a mixed species assemblage. Salmenkaown to be polyandrous, with
multiple males spawning for a female (Fleming 198rtinez et al. 2000), and sheak
salmon male parr are thought to interfere with trepawning to produce hybrids (Garcia-
Vazquez et al. 2001; Gephard et al. 2000), meadmybgidising salmon and trout males will
be likely to face sperm competition. Moreover, thedence of hybrid males within natural
spawnings may be difficult to determine in natwedds when precocious parr or smaller
trout males are present. Therefore the primary gbtilis study was to investigate the ability
of hybrid sperm to compete against sperm from adale salmon and trout in fertilisations
of salmon and trout eggs. However, to gain an wfethe basic ability of hybrid sperm to
fertilise salmon and trout eggs vitro fertilisation trials with  hybrid males fertilising
salmon and trout eggs in the absence of competitiene also carried out. Due to financial
constraints, | was unable to grow uphybrid offspring from these single fertilisatioadk
crosses to assess hatching success and fitnesglthtloe juvenile stages. To achieve the
principal aim of the study, sperm from Rybrid males was competed against sperm from
anadromous salmon and trout males for eggs from tbaspecific females withim vitro
sperm competitions. This design allowed the abdityybrid sperm to gain paternity under
competition with conspecific males to be assesSpdrm motility traits of hybrids were also
measured, in conjunction with sperm competitionscdmpare sperm function to that of
adult anadromous ‘pure’ salmon and trout males. Aylyrid males in a population that go
on to spawn will conceivably be subject to the pogtilatory selection generated by sperm
competition, and their success or failure will detime whether introgression is a real threat

to Atlantic salmon populations or not.
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6.2. Methods

To measure the fertility of hybrid;Fnales,in vitro fertilisation experiments were set up
where sperm from male maternal salmon hybrids (M&ht) maternal trout hybrids (MTH)
were used to fertilise salmon and trout eggs. lis&ation success was compared to that of
conspecific male controls. Further to this, the pefitive ability of hybrid sperm in
competition was also assessed thoumghitro sperm competition experiments. Motility and
behaviour of sperm from hybrid males and pure maie® recorded in conjunction with
vitro sperm competitions in order to compare the behavid hybrid sperm to that from

pure species males.

In 2007, S. Yeates created offspring batches oé matmon and trout, and salmon-trout
reciprocal hybrids, from adulf*igeneration hatchery reared Atlantic salmon an@hbrwout
originating from fish from the Figgjo River. Aft&x years of development in the hatchery,
these parr-stage fish were checked in November 200%perm-producing males after
anaesthetisation in chlorobutanol (0.5 ml per XOlvater). Spermiating male parr then had
their milt collected into 10ml plastic vials by dgnapplying pressure to the abdomen in a
downward motion from the pectoral fins to the vergusing the milt to run into the vial.
Care was taken to dry the vent and surrounding efeweater, urine and faeces to prevent
activation of the sperm (see 2.3). Samples wene sh@red on ice until needed in the same
way as described in section 2.2. At the same tadelt anadromous Atlantic salmon and
brown trout males and females were stripped ofr th@metes and also stored on ice until
needed (see section 2.2). As all the fish wered, a sample of fin tissue was taken and
placed in 95% ethanol for later DNA analysis thauld allow offspring paternity analysis.

6.2.1.In vitro fertilisation trials

Each hybrid male type was back-crossed to batch@slantic salmon eggs (n= 20 crosses
per hybrid male type) and brown trout eggs (n= t@sses per hybrid male type). To
compare the fertility of the hybrid males to thétpore species males, conspecific control
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crosses between Atlantic salmon males and the sammaes (n =20), and brown trout male

and the same females (n=15) were performed. Thergss types are detailed in table 6.2.1

Table 6.2.1: Single fertilisation crosses carrietlio vitro between maternal salmon hybrids
(MSH), maternal trout hybrids (MTH), and Atlantialsion and brown trout males with

Atlantic salmon and brown trout females. N is thmple size for each cross.

Female Male n
Salmon Salmon 20
Salmon MSH 20
Salmon MTH 20
Trout Trout 15
Trout MSH 16
Trout MTH 16

Thein vitro fertilisation trials were carried out as descriliedection 2.3.1. On average, 67
+ 12 eggs (range = 47-104) were placed on onedidedry beaker, and 50 pl of sperm in
extender (see 2.3) was added to the other side.n800f river water, with an average
temperature of 5.7 £ 0.15 °C (range = 5.5-5.8 °&9 added rapidly and the eggs then left to
stand for a minimum of 3 minutes to allow complédilisation. Egg batches were then
placed in individually numbered incubators and \a#d to develop for ten days before

fertilisation success was determined using the@aetd method (see 2.3.4).

6.2.2In vitro sperm competition trials
In vitro sperm competition trials were carried out usii§ beakers as detailed in section

2.4.2. Hybrid males were competed against salmdesriar salmon eggs and against trout

males for trout eggs, leading to 4 competitivettrests in each group (table 6.2.2).
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Table 6.2.2: Sperm competition crosses carriedrowuitro, between conspecific males and
maternal salmon hybrid (MSH) and maternal troutrldyMTH) males. Males entered the
competition simultaneously with equal volumes oérep. N is the sample size for each

Cross.

Female Male 1 Male 2 n

Salmon Salmon MSH 9

Salmon Salmon MTH 10
Trout Trout MSH 9
Trout Trout MTH

On average 68 + 12 (SD) (range = 45-113) eggs paeed into a dry IVF beaker on one
side. Equal volumes of sperm in extender from tvades (40 ul per male) was mixed using
a Gilson pipette and added to the opposite sidiheidried beaker to the eggs. 300 ml of
river water, with an average temperature of 5.7160C (range = 5.5-5.8 °C) rapidly poured
over the eggs and sperm, after which the eggs leéirto stand for at least 3 minutes. Egg
batches were then placed into individually labeliecubators and offspring left to develop
until hatch, when they were humanely killed anccgthin 95% ethanol to preserve tissue for
later microsatellite paternity analysis. Each egtgh was photographed before being placed
into the incubator so the initial number of eggat thvere subject to sperm competition could
be counted. Eggs that died throughout development wicked and the numbers recorded,
leaving only live embryos at hatch. Offspring siive at hatch were counted and compared
to the initial egg number, allowing the survivalhatch for each sperm competition to be
calculated for each cross.

6.2.3. Sperm trait analysis

To measure differences in sperm traits between tgpks, sperm motility of each male was
recorded after activation in river water, as ddsatiin 2.3.2. Traits recorded and analysed
were curvilinear velocity (um™, sperm path linearity (%), percentage of motfersn (%)

and sperm longevity (s). These traits have beewstio be important when assessing the
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viability and competitiveness of teleost sperm (Kigt al. 2001; Rurangwa et al. 2004), and
thus were used to compare the quality of hybridrep® that of pure males. For detail on
the sperm traits measured see 2.3.2. Spermatozear@erded in parallel with fertilisation

and sperm competition experiments, allowing a remm@ative record of the behaviour of

each male’s sperm entering tinevitro fertilisations.

6.2.4. Microsatellite and paternity analysis

Offspring of sperm competitions between hybrids pate males were genotyped using the
method described in 2.5. Between 7 and 22 offspwiege genotyped per cross, with an
average of 15 offspring per cross typed. Genotygake were read using GeneMapper v 4.0
(Applied Biosystems). Each offspring was unambigp@assigned to one of the males that

took part in the sperm competition cross.

6.2.5. Statistical analysis

All statistical analysis was done using the R Ribjer Statistical Computing software
version 2.13. For fertilisation crosses the prapartof eggs fertilised by each male was
arcsine square root transformed to achieve nomnaitd homogenous variance. To
investigate differences between the fertilisatiartcess of MSH and MTH males with
salmon eggs compared to Atlantic salmon males,eaveay ANOVA was performed. The
same test was performed comparing MSH and MTH miadeess with trout eggs compared
to trout males. In the case of a significant ANOVésult, Tukey's Honest Significant
Difference (TukeyHSD) post hoc testing was usedsée where the differences in

fertilisation success occurred.

The sperm competition result data were not normadlistributed, and could not be
transformed to normality. To compare the paterbiggween males within a competition
cross, the proportion of eggs won by each maldédompetition was compared using a

non-parametric Wilcoxon rank sum test. This testhis non-parametric equivalent of the
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independent samples t-test, using medians, anddsedbon the magnitude of difference
between pairs of data points. When a competitr@sscwas unanimously won by a single

male type, no statistics were necessary.

Curvilinear and longevity sperm trait data weremalty distributed (Shapiro-Wilks test for
normality) with homogenous variance (Bartlett teat)d the percentage of motile sperm for
each male was arcsine square root transformed tmatity and homogenous variance.
Linearity data (the percentage of net distance mdeetotal path distance) could not be
arcsine transformed to normality. Differences ie thdividual traits between the male types
was investigated using one way ANOVA’'s when theadaere normally distributed with
homogenous variance. When data were not normadtyilolited, the non-parametric version
of ANOVA, the Kruskal-Wallis test was used.

6.3. Results

Of the 51 29 year MSH checked, 22 were found to be with speampared to 31 out of 51
MTHSs. As the fish were not sexed it was not posstbl compare the proportion of sperm
producing males between hybrids, as differences maag been due to more females being
randomly selected in one group than the otherhBetiprocal crosses were capable of
fertilising both salmon and trout eggs in the albseaf sperm competition, though they
achieved approximately 30% lower fertilisation sgx than conspecific males. Under
sperm competition for salmon eggs with conspecifiales, both hybrid crosses had
extremely low paternity success, siring less th& 6&f the offspring typed. Neither
reciprocal hybrid could backcross successfully vigmale trout eggs in competition with

conspecific males.

6.3.1. Fertilisation trials

Both hybrid crosses were capable of fertilisingseggd producing live embryos ten days

post fertilisation with both egg types. There wasignificant difference in the fertilisation
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success of salmon males and hybrid crosses forosaéggs (k. s7= 16.77, P = <0.0001).
Both MSH and MTH males has significantly lower fiesation success with salmon eggs
than salmon males (TukeyHSD pairwise comparisons: £0.0001). There was also a
significant difference between the fertilisatiorcsess of hybrid crosses and male trout for
trout eggs (R, 45= 3.81.77, P = 0.02). While both MSH and MTH fésgld significantly less
eggs than trout males, the effect was not as stasrgpen with salmon eggs (TukeyHSD: P
= 0.04), and MTH were on the cusp of significanee=(0.06). However, despite fertilising
significantly less eggs than pure salmon males, M&ke still able to fertilise over 60% of
salmon eggs and over 50% of trout eggs on aveye (0.7 and 55.1 + 11.1 (1 S.E.M) %
respectively). MTH followed the same pattern as M®ith both salmon and trout eggs
(61.5+ 12 and 57.4 + 11.4 (1 S.E.M) % on averagpectively). There was no significant
difference in fertilisation success of hybrid malgken fertilising salmon or trout eggs

(TukeyHSD pairwise comparisons: P = >0.05).

6.3.2. Sperm competition trials

To determine whether sperm from hybrid male parreneapable of fertilising eggs of
salmon while in competition with pure males,vitro sperm competition trials were run.
Salmon hybrids and trout hybrids were only ablegéin some paternity when competing
with pure salmon males for salmon eggs. MSH acliereaverage 4.8 + 7.1 (1 S.E.M) %
success with salmon eggs when competing againg palmon males (figure 6.3.2),
significantly lower than pure salmon males (Wilcox@ = 80, P= 0.0002). Trout hybrids
had lower success than salmon hybrids when congpeiitth salmon males for salmon eggs
with 2.8 + 5.2 (1 S.E.M) % paternity on averagg\fe 6.3.2), again significantly lower than
salmon males (Wilcoxon: W = 80, P = 0.001). Whebrld/ crosses were competed with
trout males for trout eggs, neither maternal salmotrout hybrids were able to gain any

paternity success (figure 6.3.2).
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Figure 6.3.1: Mean = 1 S.E.M proportion of egggilieed by hybrids and pure males. A)
Maternal salmon hybrids (MSH [blue bars]), matertmalt hybrids (MTH [yellow bars])

and pure salmon males’ (open bars) success ferglisalmon eggs. B) Maternal salmon
hybrids (MSH), maternal trout hybrids (MTH) and eurout males’ success fertilising trout

eggs.
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Figure 6.3.2: Mean proportion of eggs = 1 S.E.Milised by hybrid and pure males under
sperm competition. A) Paternity success of salmabem (open bar) in competition with
maternal salmon hybrid (MSH) males (grey bar) falim®on eggs. B) Paternity success of
salmon males (open bar) in competition with matetmeaut hybrid (MTH) males (grey bar)
for salmon eggs. C) Trout males (open bar) winpallernity when in competition MSH
males for trout eggs. D) Trout males (open bar) alirpaternity when in competition with
MTH males for trout eggs.
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Average survival to hatch £ 1 S.E.M of eggs feséti in sperm competitions was calculated
for each competition (6.2.3). Results are showtaloe 6.3.1. All sperm competition crosses
had lower average survival than the usual hatchegrage for pure crosses of 95% (K.

Bergesen personal communication).

Table 6.3.1: Mean + 1 S.E.M percentage of eggs gbatived to hatch fom vitro sperm
competitions of maternal salmon hybrid (MSH) andenzal trout hybrid (MTH) male parr

with adult anadromous salmon and trout males.

Pure adult Hybrid parr % Embryos
Eggs male male survived to hatch SEM Range %
Salmon Salmon MSH 74.2 3.1 37.7-96.5
Salmon Salmon MTH 75.5 2.7 56.5-92.6
Trout Trout MSH 58.2 6.3 16.6 - 89.6
Trout Trout MTH 54.9 6.7 0-90

6.3.3. Hybrid sperm motility traits

Sperm traits of hybrid males were measured in carjon with sperm competitions, along
with those of pure males, to explore for differengemotility and behaviour of spermatozoa
originating from hybrids and pure males using cotepassisted sperm analysis (see 2.3).
No significant difference was found between hybrasl pure males in linearity F7,=
1.07, P = 0.364), a measure of sperm path trajpectdaowever, ANOVA did reveal a
significant difference in curvilinear velocity beden crosses (¥ 72= 4.23, P = 0.008). Post
hoc testing indicated that salmon males had samtly faster sperm MSH (TukeyHSD P=
0.004), but no other comparisons were signific&perm longevity was also significantly
different (F3, 7= 7.92, P = 0.0002), with post hoc testing showsafmon males to have
significantly longer lived sperm than both hybridgses (TukeyHSD, P = <0.001 stats), no
other comparisons were significant. Motility alséfeted between crosses {F,-6.51, P =
0.0005). Post hoc testing revealed trout malesdigwificantly higher sperm motility than

any other fish types (TukeyHSD, P = <0.01), no othemparisons were significant.
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Previous work has also shown that salmon males fester sperm than trout and that trout

sperm are longer lived (personal observation) sstggghybrid sperm is no less competitive
than salmon or trout sperm.

Figure 6.3.3: Comparisons of sperm motility trameasured by CASA, between pure
salmon (open bars) and trout (grey bars), matesalahon hybrids, (MSH [blue bars]) and
maternal trout hybrids, (MTH [yellow bars]). A) Me& 1 S.E.M sperm curvilinear velocity.

B) Mean = 1 S.E.M sperm path linearity. C) Mean $.E.M sperm longevity in seconds.
Mean + 1 S.E.M sperm motility, arcsine square tcasformed.
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6.4. Discussion

This study aimed to assess the reproductive fitdésmale i salmon-trout reciprocal
hybrids, both in terms of quantifying their ability fertilise eggs of parental species and
their competitive ability in sperm competition witbnspecific males. Both maternal salmon
hybrid (MSH) and maternal trout hybrid (MTH) parere able to produce viable sperm that
showed comparable motility traits to that of adsdimon and trout pure species males.
When backcrossed to salmon eggsvitro, hybrid males fertilised significantly less eggs
than adult salmon males, but still gained over 68gtisation success (compared with 75 to
95% success for pure trout and salmon males ragelgt When backcrossing to trout eggs
in vitro, fertilisation success of hybrid crosses was 0%6%, with MSH fertilising
significantly less eggs than adult trout males. iBegr, MTH had no significant difference
in their ability to fertilise trout eggs, thoughighwas on the cusp of significance. A bigger
sample size may have revealed a reduced abiliTdf to fertilise trout eggs. Despite their
clear potential to fertilise, both hybrid crosse®rev notably less successful in their
reproductive ability under sperm competition. Whasmpeting with salmon males for
salmon eggs, both reciprocal crosses were ablaito gaternity, but average success was
very low. MSH gained around 5% paternity and MTH,38tviously significantly lower
than that of adult salmon males. When competingnag&out malesn vitro, neither hybrid
cross was able to gain any paternity at all. Thisduggests that hybrid males were perhaps
unable to compete with sperm from conspecific maleshat hybrids were able to fertilise a
large proportion of eggs in the sperm competitiont those eggs failed to develop and
hatch.

6.4.1. R hybrid backcrossing

The primary aim of this study was to investigate #bility of R hybrid males to compete
against adult salmon and trout, as sperm competiiould be a likely scenario for
spawning in natural populations. To determine thiétg of hybrid males to fertilise salmon
and trout eggs in the absence of sperm competsiogle-pairin vitro fertilisation crosses

were carried out. Earlier studies on the abilithgbrid offspring to backcross to salmon and
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trout have shown that MSHs are capable of produciiadple offspring (Galbreath &
Thorgaard 1995; Garcia-Vazquez et al. 2004; Joh&sdiright 1986; Nygren et al. 1975;
Wilkins et al. 1993). Survival of offspring by malSH is very low with both salmon and
trout females (Galbreath & Thorgaard 1995; Garcaauiez et al. 2004; Johnson & Wright
1986; Nygren et al. 1975; Wilkins et al. 1993).\Bual of offspring from female MSH were
found to have relatively high survival (comparedthat of male’s offspring) when crossed
with Atlantic salmon males (Galbreath & Thorgaam@3; Garcia-Vazquez et al. 2004).
Offspring from both reciprocal crosses have beawshto produce recombinant genotypes
in post k offspring when crossing back with Atlantic salm@&vjdence that chromosome
pairing at meiotic division is possible (Garcia-daez et al. 2004; Johnson & Wright 1986;
Wilkins et al. 1993). MSH males are able to prodiakploid gametes and are thus expected
to be fertile; however, female hybrids of this @dmve only been shown to produce diploid
gametes (Galbreath & Thorgaard 1995; Garcia-Vazeieal. 2004). The large eggs and
triploid offspring produced by female MSH are irative of unreduced gametes (Galbreath
& Thorgaard 1995; Garcia-Vazquez et al. 2003; Gaxazquez et al. 2004), and when
female hybrids were backcrossed to Atlantic salmmates, offspring had 2 sets of salmon
chromosomes and 1 of brown trout, which must havginated from the hybrid mother
(Galbreath & Thorgaard 1995; Garcia-Vazquez e2803; Garcia-Vazquez et al. 2004).
Female MSH have been shown to spawn with Atlarati;men males under natural spawning
conditions, and offspring survived under hatchesgditions until the second year (Garcia-
Vazquez et al. 2003). However, due to their trigploature, offspring from this cross will
likely be sterile (Garcia-Vazquez et al. 2003; Gaéazquez et al. 2004). There have been
no experiments examining spawning behaviour of MBHATH male spawning behaviour
with adult salmon. As with male MSH, both sexesMbfH can produce haploid gametes
(Garcia-Vazquez et al. 2004), resulting in the pattn of diploid offspring when
backcrossed to Atlantic salmon, some of which sedj though survival was much lower in
these crosses (Garcia-Vazquez et al. 2004). Dubetdiploid nature of post;Foffspring
produced by MTH, there is no reason to suggesetbéspring would not produce haploid
gametes (Garcia-Vazquez et al. 2004) and thusrbke faend able to reproduce themselves.

Neither hybrid cross was able to gain paternityeungperm competition conditions when

competing with brown trout males for brown troutgeg(figure 6.3.2 d-c). In previous
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studies, all backcrosses to brown trout have failedng the embryo stage (Galbreath &
Thorgaard 1995; Garcia-Vazquez et al. 2004). Thises the possibility of hybrid males
being able to gain fertilisations when competing foown trout eggs, but fail to achieve
paternity due to their progeny failing to develdphis hypothesis is supported by the fact
that both MSH and MTH parr are capable of fertilgsover 50% of brown trout eggs in the
absence of sperm competition, with live embryoseatdays. Further support comes from
the fact that survival to hatch (6.2.3) of offsgrifrom competitions for trout eggs against
trout males was 54.9 *+ 6.7% for MSH and 58.2 + 6f8%MTHs. This seems abnormally
low as average survival to hatch in pure crosseéleatms hatchery where all work for this
thesis was carried out, is generally very highm%9K. Bergesen personal communication).
This further substantiates the possibility thatritylnales were able to win fertilisations, but
those embryos died during development. The spertamas throughout the sperm
competitions were high enough to ensure 100% iatibn of egg batches, so it is unlikely
that eggs were sperm limited and did not get fsetll at all. In sperm competitions for
Atlantic salmon eggs between hybrid males and salmales, hybrids were able to gain
small paternity success (less than 5%). Again bgtirid crosses were found to be capable
of fertilising both salmon and trout eggs in theseriice of competition, with over 60%
success (figure 6.3.1). But, as discussed prewipasidies have found very low survival of
offspring from hybrid F males backcrossed to Atlantic salmon females (®ath &
Thorgaard 1995; Garcia-Vazquez et al. 2004; Joh&sdiright 1986; Nygren et al. 1975;
Wilkins et al. 1993). This, combined with lower thaverage survival to hatch of
backcrosses to Atlantic salmon eggs in competiath salmon males, with 74.2 £ 3.1%
and 75 % 3.1% for MSH and MTH respectively, agamggests that MSH and MTH were
capable of gaining fertilisation success within sperm competitions, but only a very small
proportion survived to hatch. This hypothesis ipparted in both salmon and trout
backcrossing by analysis of hybrid sperm. CASA andlysis of the sperm motility trait
data showed that both hybrid crosses have comyitequivalent sperm to parents in
terms of motility characteristics (Gage et al. 200dlowever, this of course is just
conjecture. It is also possible that hybrid malessen competitively inferior or less
compatible sperm and were unable to gain fertibsat in competition with pure species
males. Under both scenarios it seems that hybrelpastzygotically isolated from brown

trout. To confirm the hypothesis that Rybrid males are able to gain fertilisation under
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sperm competition but they fail to hatch due to gmbdeath, detailed analysis of all
embryos in a batch of fertilised eggs would be ededCarrying out the same sperm
competitions and then genotyping embryos as theyadd all live embryos at hatch, would

confirm the ability of hybrid males to gain fersidition success under sperm competition.

The fact that all backcrosses of reciprocal hybtidsbrown trout resulted in inviable
offspring suggests genetic mismatching leads @ fahbryo developmental problems. Co-
adapted gene complexes in parental species canrdkerbup in recombinant hybrid
genotypes, where mosaic chromosomes are createfdosenh of two divergent genomes
(Renaut & Bernatchez 2010). As stated in the intetion, the Dobzhansky-Muller (B-D-M)
model is used to explain hybrid breakdown and teenlincreasingly supported (Coyne &
Orr 2004). A simple scenario in the B-D-M model poses that a mutant alledebecomes
fixed at locusA for one population, while in a second populatiepasated from the first by
allopatry, a mutant allelb gets fixed at the locuB. When the two populations come into
secondary contact,; FRybrids would have copies of the wild typeandB alleles as well as
mutanta andb alleles, leading to normal genetic interactionaticming with no negative
effects on hybrid fithess. However, a proportiontled F, or backcross generation will be
homozygous for both mutant allelasand b which, having evolved in separate lineages
where selection could not act positively on thateraction, will lead the alleles to interact
poorly together, resulting in hybrid fithess breakah (Burton et al. 2006; Coyne & Orr
2004). Genomic incompatibles, such as the onegitleddn the B-D-M model can lead to
disruption of DNA transcriptions by RNA, impactimg the way genes are expressed and
result in novel gene expression in hybrids, ankyjsothesised as a pivotal factor in hybrid
breakdown (Landry et al. 2007). Renault and Betre#xd2010) found transcriptome-wide
disruption was responsible for hybrid breakdownthie backcrossed progeny of hybrids
from a species pair of dwarf and normal white fi€loregonusspp. which reside within the
Salmonidae family). Fhybrids backcrossed to normal type parents rebutteoffspring
with a genome comprising 25% dwarf and 75% norngpk tgenes. Of the backcrossed
offspring, 33% showed abnormalities that resultedeath. Renault and Bernatchez (2010)
compared the transcriptome of parents and foungst virtually identical during embryonic
development, yet all hybrids showed strong divecgan gene expression. When comparing

transcriptome expression between healthy and defrhybrids, the authors found over
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2000 genes were misregulated in abnormal hybridhk, avbias toward developmental genes,
providing the mechanism for the observed hybrichkdewn (Renaut & Bernatchez 2010).
This whitefish case is an example of regulatorympatibles that can arise in hybrids and
backcrosses through recombination of divergent geso A simple scenario that would give
rise to regulatory incompatibilities would be the-evolution of transcription factors and
transcription binding sites within a genome (Landtyal. 2007). There has also been
suggestion that hybridisation may lead to disruptio mitochondrial function and could be
an underlying cause of hybrid breakdown (Burtoralet2006). All work on salmon-trout
hybrids has shown they suffer from a large degredybrid breakdown in backcross
generations to Atlantic salmon, and total breakdawibackcrosses to brown trout; however
the underlying causes have not been investigateg. O the asymmetrical reproductive
isolation between salmon and trout, resulting fréailed backcrossing to brown trout,
introgression into brown trout via hybrids is natspible it seems. However, viable diploid
offspring from backcrossing to Atlantic salmon segkg introgression of trout genes into
Atlantic salmon populations is possible (Garcia-jazz et al. 2004). Indeed, introgression
of brown trout genes into an Atlantic salmon popalahas been seen in a Spanish river that
had undergone sustained stocking with brown triwat ied to increased hybridisation
(Castillo et al. 2008). Introgression occurred etyMow levels however, and the effect was

seen to be reversed after stocking had ceasedl{@€astl. 2008).

6.4.2. Salmon-trout hybrids and wasted reproductiffert

Evidence from this study and previous work, seemsuggest that introgression is not a
major threat to Atlantic salmon populations; it eps the larger threat posed by hybrids is
that of wasted reproductive effort of pure salmaodividuals put in to creating hybrids,
leading to reductions in population size (figurel.6). The consequences of reduced
effective population size due to wasted reprodecéffort can be seen in a few cases in the
wild. The European mink has been in decline for@a/dundred years (Maran & Henttonen
1995) with part of this decline blamed on the idtrotion of the larger, more competitive
American mink. European mink are known to hybridigth male American mink, but the

hybrid embryos abort in the womb resulting in wdsteproductive effort (Rozhnov 1993).

175



6: Fertility and sperm competiveness afdalmon-trout hybrid males

The wasted eggs that result from these -producive couplings are thought to |
accelerating the decline of European n(Allendorf et al. 2001)

Figure 6.4.1: Hybridisation where the offspring aterile or inviable can lead to declines
rare specie (open triangles) while not impacting on the mabeindant species (clos
circles). In the scenario depicted below, the nunab@ffspring have increased overall in
generations, but due to the sterility/inviability the hybrid the rarer species lines in
frequency (after Levin 2002 ; Rhymer 20(

Key
= === Hybridisation Species 1 Species 2

=== Pure cross
Sterile hybrid
Cross

Species 1

! Species 2

Breeding pairs

Generation 1

Breeding pairs

Generation 2

A similar situation occurs between the bull trcSalvelinus confluent, and the introduced
brook trout,S. fontinali. Hybridisation of the two species in sympatric adskages result
in displacement of the native bull tro(Leary et al. 1993)The hybrids produced a
predominantly steril(Leary et al. 1993)neaning any reproductive effort used in crea
them is lost and reduces the effective populatiaa sontributing to the next generatic
This has the largest effect on bull trout popions, as it is the females that predomina
produce the hybrids with male brook tr(Kanda et al. 2002)As well as this, bull trout d

not sexually mature until-6 years of age, whereas brook trout can matureyiea?s, thu:
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any reduction in effective population size will leag larger negative impact on bull trout
populations than brook trout (Leary et al. 1993)wdver, well documented cases where F
sterility and inviability cause loss of fitness parent taxa are not common. If hybrids are
inviable and die at early life stages, hybridisatrnay go unnoticed. which would explain
the lack of empirical evidence for introgressiomi@ader 2008). An additional explanation
is simply that hybrid F sterility and inviability have relativity little nnpact on the

displacement of parental taxa (Huxel 1999), as lasgsufficient parents continue to

reproduce conspecific offspring in sufficient numsb@.argiadér 2008).

The consequences of wasted reproductive efforiAftantic salmon populations could be
severe for declining populations. Individuals tisgtawn to produce functionally sterile
salmon-trout hybrids are not contributing to thextngeneration, lowering the effective
population size. The effective population size, @ymstated, is all the individuals in a
population that contribute to their genetic malettathe next generation, i.e. excluding
juvenile or sterile individuals. A population’s efftive population size is related to its
viability, and can allow predictions about a popioias potential extinction to be made
(Newman & Pilson 1997). It is known that small plgions are at risk of losing genetic
variation through random genetic drift, regardletsheir effective population size; but this
can be compounded by a small effective populatine, and populations can rapidly lose
genetic variation (Nunney & Elam 1994). A smalleetive population size can lead to a
reduction in heterozygosity which can have a nggdtpact on fitness (Allendorf & Leary
1986), and correlate with population extinction \iMean & Pilson 1997). If reproducing
adults can survive an effective population sizéléoéck and go on to breed again, then the
genetic effect on the population will be much restigNunney & Elam 1994). However,
Atlantic salmon (particularly females) generallyagm once in their lifetime (Fleming 1996)
meaning any reproductive effort that is wasted spawning season, lowers the effective
population size of that generation permanently. ridlgation between salmon and trout has
been recorded at high levels (Jansson et al. 1.2®isson & Ost 1997), and is at risk of
increasing (Hindar & Balstad 1994). With Atlantialmon are declining in much of their
range (Parrish et al. 1998; WWF 2001), the impé&c¢he production of functionally sterile

hybrids to vulnerable populations could be high.
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If genetic incompatibility leads to reduced viatyiliof offspring, as seen in salmon-trout
hybridisation, selection should favour pre or poptdatory mechanisms to avoid it (Welke
& Schneider 2009). It is hypothesised that polysridrs potentially evolved as a mechanism
to avoid inbreeding (Michalczyk et al. 2011; Zeh Zeh 1997), where genetic
incompatibility is high, and numerous studies hapsovided good evidence that
postcopulatory mechanisms play a role in inbreedv@dance (Bretman et al. 2004; Jehle
et al. 2007; Kraaijeveld-Smit et al. 2002; Mackakt2002; Olsson et al. 1996b; Thuman &
Griffith 2005; Welke & Schneider 2009; Zeh & Zeh9Id. Although precopulatory mate
discrimination (Roberts & Gosling 2003) and postdafory behavioural mechanisms such
as sperm ejection (Pizzari et al. 2004) have baggested as the mechanism behind the way
females ensure fertilisation by a less related midere is evidence for postcopulatory
inbreeding avoidance. One such potential postctgmylamechanism is cryptic female
choice (CFC), where morphology, physiology, or hiétar of a female non-randomly
biases the paternity of her offspring (Birkhead 889Eberhard 1996; Pitnick & Brown
2000). CFC can only occur when a female’s ova aposed to two or more ejaculates, i.e.
she is polyandrous. At the other end of the relsed scale to inbreeding, CFC could also
be used to avoid hybridisation via conspecific spg@recedence or heterogamy (Howard
1999), as seen in the salmon-trout hybridisati®iesy in chapter 4, mediated by a female’s
ovarian fluid. Polyandry in my study system seemsetuce the risk of hybridisation, as a
bias toward conspecific sperm will mean that thgomitg of eggs will not be wasted
through hybrid fertilisations under sperm competiti(Chapter 4). This is strongly
reinforced when hybrid ;Fmales attempt backcrossing under sperm competitions
therefore possible that the high degree of polyasden in Atlantic salmon has evolved as a

mechanism to allow CSP and avoid hybridisation.
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7: General discussion and conclusions

This thesis tackles both pure and applied quessan®unding the reproductive biology of a
naturally-hybridising, externally-fertilising fiseystem. | present further evidence for the
conspecific sperm precedence (CSP) seen in Atlaatimon and brown trout hybridisation
(Chapter 1, Chapter 3 and Chapter 4), and ideatifyechanism that explains this CSP when
sperm from both species are introduced simultatgdo®ggs (Chapter3 and Chapter 4). A
variety of in vitro fertilisation experiments were conducted in confiorc with gamete
motility analysis, fertility scoring and microsditd paternity screening, to explore the
dynamics of gametic interaction within the incontpleeproductive isolation between these
species. These findings are presented alongsi@¢adedl examination of the ecological and
reproductive fitness of JFsalmon-trout hybrids, allowing a risk assessmédrthe impacts
hybrids may have on wild populations. Reciprocabrity crosses were measured for
different fitness traits at early life stages, undeombination of controlled and semi-natural
environments (Chapter 5). In addition to thrs,vitro fertilisation and sperm competition
experiments were again used in combination withegammotility and paternity analyses to
compare sperm function of hybrids with adult salmad trout (Chapter 6), and assess
whether hybrids pose a real threat of gene intgsjoa or represent wasted reproductive
effort (Chapter 6).

7.1. Gametic reproductive isolation between Atlant salmon and

brown trout

Investigations into salmon-trout reproductive isiola in the past have shown the two
species to be isolated mainly in the form of défares in peak spawning times, with brown
trout spawning on average 15 days earlier than walfileggberget et al. 1988). This
segregation is far from complete, with widespreagorts of hybridisation in Europe and
North America (Garcia de Leaniz & Verspoor 1989;pard et al. 2000; Hartley 1996;
Hindar & Balstad 1994; Hurrell & Price 1991; Janssd al. 1991; Jansson & Ost 1997,
McGowan & Davidson 1992b; Payne et al. 1972; VeosptO88), and in some cases
relatively high (Garcia de Leaniz & Verspoor 198frtley 1996; Jansson & Ost 1997). No
studies have previously looked at the success bfidiging salmon or trout males under

sperm competition, conditions which they are likidyface in the wild (Elliot 1994; Fleming
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1996; Martinez et al. 2000; Weir et al. 2010). Wditectly preceding this thesis carried out
in vitro sperm competitions between salmon and trout maled, found that conspecific
males won significantly more paternity than hetpemsfic males (figure 1.4.1). This
provided clear evidence for the existence of aekegf reproductive isolation at the level of
the gamete in the form of CSP, for the first timehis system (S. Yeates unpublished data).
Because these findings exist under external featilbn, the result suggests that salmonid
eggs possess a mechanism that allows them to @néfdly ‘select’ conspecific sperm
through the fertilisation process, if such sperm present. To determine the temporal
dynamics of this CSP, | ran experiments which iehiced a timing delay to sperm entering
the competition. There is a first male sperm preoed in intraspecific sperm competitions
in Atlantic salmon (Yeates et al. 2007), so | hyyesised that the mechanism of conspecific
sperm choice might reveal CSP, even if the confpesperm are in the disadvantaged
second-male position. My results indeed showed Wian a 2 second advantage was
provided to heterospecific males durimgvitro sperm competition with conspecific males,
first male precedence was not seen (Chapter 3)s@cBnd advantage in sperm release did
allow hybridising heterospecific males to boostirthgaternity over that gained under
simultaneous release, but paternity on averagesha®d with conspecific males, with both
achieving near equal 50% fertilisation successu(@g3.3.1a and c). These results further
confirm that a mechanism of CSP is acting to comieradvantage to conspecific sperm
when they enter the competition, even if they Hasen temporally disadvantaged. A simple
scenario may be in operation in salmon-trout hybaigon to bring about the paternity
patterns observed. When hybridising sperm are fostnter the sperm competition, they
probably gain advantage in the first few secondenilisation over that under simultaneous
release, as they have sole access to the eggs.veElgwenen conspecific sperm enter the
competition, any first-male advantage to hybridjsisperm is countered by the CSP
advantage. This would result in the majority of tremaining fertilisations going to
conspecific sperm. In reverse roles my results sttt when heterospecific males enter
sperm competitions as P2, with a 2 second delaydw sperm, they suffer a significant
fertilisation disadvantage compared to conspeaii@tes who won the significant majority of
fertilisations. This produced results similar togk seen under simultaneous release (figure
1.4.1 and figure 3.3.1b and d). These paternitjepas suggest that, in the first 2 seconds

when conspecific sperm have sole access to the sgghanisms of CSP are not in effect.
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However, when heterospecific sperm enter the catigpet CSP mechanisms come into
play, promoting fertilisation by conspecific spetmproduce the same paternity share as
under simultaneous release. Evidence from somestelishes shows that the egg micropyle
can be occupied within 6 seconds following gametease (lwamatsu et al. 1991), making
timing in sperm release and crucial to fertilisatguccess (Hoysak et al. 2004; Yeates et al.
2007). The rapid sperm-egg association in salmahiagigh a micropyle possibly provides
females with a lower discriminatory capacity agtimotentially hybridising sperm
compared with other systems, particularly thoséa witernal fertilisation where sperm must
traverse selective barriers or are stored for Ipagods of time (Briske 1996; Hellriegel &
Bernasconi 2000; Snow & Andrade 2005). Despitevidnsy short time frame in which to
discriminate against heterospecific sperm, my tesigmonstrate clear evidence of CSP at

the gamete level.

7.1.1. Ovarian fluid as a mediator of conspecifiersn precedence

Having established CSP within sperm competition®erehdifferent males’s sperm were
released simultaneously or after a short delaynthe logical step was to investigate which
mechanisms mediate the observed CSP within salrohttybridisations (Chapter 4). CSP
can represent a form of cryptic female choice (CH@cause females can be using
reproductive selection mechanisms to avoid featil by heterospecific sperm, or promote
fertilisation by conspecific sperm, when a choigests (Geyer & Palumbi 2005; Rugman-
Jones & Eady 2007). Recent work has provided sosiderece for CFC in salmonid species.
Yeates et al (2009) showed that Atlantic salmorsesg preferentially fertilised by sperm
from males that are more similar to them at the MB@ce female salmonids have released
their eggs, there are two biological traits thatildgpotentially play a role in CFC: the ova
and/or the ovarian fluid (OF) that surrounds andtg€dhe eggs and is released at spawning.
The ovum in salmonids has a single micropyle whioh sperm must access, enter and
penetrate to locate the egg pronucleus. The eggs.ttaus the mycropylar opening, are
bathed in a considerable amount of fluid thoughbeasecreted by the ovaries (Lahnsteiner
et al. 1995a). In salmonid species, OF has beenrshmenhance maotility traits of sperm by

increasing velocity and the duration of progressin@vement, or longevity (Dietrich et al.
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2008; Lahnsteiner 2002; Turner & Montgomerie 2008hach et al. 2005; Wojtczak et al.
2007), making it a logical candidate for mediati@®P in salmon-trout hybridisation.
Results from chapter 4, in which experiments cdietlothe presence of conspecific or
heterospecific OF, showed that conspecific OF cgadea significant paternity advantage to
conspecific sperm, and that ovum identity playedaie in the direction of CSP, i.e. salmon
OF gave salmon sperm significantly higher ferttisia success when competing with trout
sperm for either trout or salmon eggs (figure 4.3T#Hhe same pattern was observed from the
trout male perspective (figure 4.3.4). These resstliongly suggest that it is OF and not egg-
sperm surface interactions that mediate CSP inasatmout hybridisation. My results also
provide good evidence for CFC in an external fisgil, where the potential for female
postcopulatory control could be considered unlikéyevious studies have suggested that
OF could allow a mechanism of CFC in intraspeafémonid fertilisation, as the influence
OF has on sperm mobility differs between females within males (Dietrich et al. 2008;
Rosengrave et al. 2008; Urbach et al. 2005). Thadags suggest that some females may
have the ability to discriminate between ejaculatesdividual males, achieving CFC and
biasing fertilisation in favour of certain malesitimo direct links to fertilisation success have
been made. Here | directly link increases in fisdtion success to conspecific OF, providing
strong evidence for OF operating as a mechanisn€leC to promote fertilisation by

conspecific males and avoid hybridisation.

Following the isolation of OF as a factor drivin&RE, | examined sperm function of salmon
and trout in conspecific and heterospecific OFngs cell migration assay which quantifies
the degree of cell movement through a permeablebrare into a chemoattractant, | found
that activated sperm of both salmon and trout négrdhrough a permeable membrane into
conspecific OF, compared with heterospecific OFufe 4.3.6 and 4.3.7) or water (4.3.4).
Direct examinations of salmon and trout sperm iairtown OF compared with water,
showed that OF caused significant changes in sg&imming behaviour, specifically in
terms of the straightness of the sperm swimmindp,patd increases in sperm swimming
longevity (Chapter 4, figure 4.3.8). However, diregaminations of salmon and trout sperm
activated in conspecific OF compared with heterodigeOF did not reveal differences in
sperm motility traits (figure 4.3.9). It is possblhat the methods used to compare sperm

motility in conspecific versus heterospecific OFrgv@ot able to detect changes in sperm
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motility because of the rapid nature of sperm atibn and fertilisation. Fertilisation
dynamics in salmonids show 80% of fertilisations aomplete within 5 seconds of gamete
activation (Hoysak & Liley 2001), suggesting thia¢ tinitial activation period in the race to
locate the micropyle is very important. The methbdsed to measure sperm motility in this
thesis may not have been fine enough scale to maphese crucial first seconds of
fertilisation (discussed in Chapter 4). In additidhe relatively high variance in sperm
motility traits within a small sample size of tgaay have struggled to demonstrate any
differences in sperm behaviour between conspeedisus heterospecific OF. It is possible
that sperm must be first activated in water (asld/@gcur naturally) before encountering a

high OF concentration around the egg to reveal\ebeal changes.

Whatever the effect of conspecific versus heterafipeOF, my motility results revealed a
clear effect of OF on sperm behaviour compared vattivation in water, with a
straightening of the sperm swimming path and aresse in sperm motile lifespan. Previous
work has demonstrated that when fish spermatozganlie swim in water they have a
curved trajectory (Kime et al. 2001), following an elliptical pattern. As shown in this
study (figure 4.3.8) and others (Dietrich et al020Rosengrave et al. 2008; Turner &
Montgomerie 2002; Urbach et al. 2005; Wojtczakle2@07), sperm path linearity increases
in OF compared to water, so the sperm begin to swistraighter trajectories in OF. Path
linearity is a measure of a spermatozoa’s trajgctimrough a solution (Kime et al. 2001),
with a high linearity meaning a straight line path.potential mechanism for the CSP
induced by OF in salmon-trout hybridisation obsdrnia this thesis could come from
changes in sperm linearity caused by OF as a fdrah@moattraction up an increasing OF
concentration gradient. It is possible that wheerspreach OF around the eggs in a redd,
they switch from elliptical to straight line swimng in order to continue up the chemical
gradient, directing sperm to reach the egg and bhaicentration of OF in the micropyle
faster. If conspecific OF generated a more spedfgnal to sperm that stimulated the
transition from elliptical to straight-line swimngnthis may provide conspecific sperm with
a directional advantage in reaching the egg f#keithing that would help one male’s sperm
locate eggs faster than another’s would influertative fertilisation success in competition,
as in salmonids it is the first egg to reach therapyle, which is a single sperm head in

diameter, that tends to successfully fertiliseMarfagimachi et al. 1992). This proposed
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mechanism is suggested by the results of the Trelhassay and the CASA comparisons of
sperm in conspecific OF versus water (Chapterd¥el urchins, changes in sperm flagella
movement occur when the egg peptide resact binttsamieceptor on the sperm, activating
rapid production of cyclic guanosine monophosph@aupp et al. 2003). This rapid
phosphate production opens K+ channels and ingedbe membrane potential,
subsequently resulting in entry of Tanto the cell (Strunker et al. 2006). This cautes
flagellum of the sperm cell to beat in an asymroatriashion and produce a high curvature
trajectory (Bohmer et al. 2005). Resact appearindoce spikes of Gain sea urchin
spermatozoa, with spikes producing a curved trajgcand turning the sperm toward the
source of resact in units of response (Béhmer.&20415). It is possible that a peptide in the
protein-rich OF of salmonids could provide a simil@echanism (Rosengrave et al. 2008).
Since ions regulate sperm activation in fish (Mawa & Suzuki 1980), it is also possible
that changes in OF ionic concentration could l@adhtanges in sperm movement. Whatever
the specific regulator of sperm swimming behaviourOF, my results show that it is
relatively species-specific, which would be expdcié divergence were promoted by

reinforcement to allow CSP for hybridisation aveida (Swanson & Vacquier 2002a).

7.1.2 Divergence in sperm—egg compatibility in elgselated species

CSP between salmon and trout provide evidence \adrgénce in gametic compatibility
between two very closely related species. But whgukl this occur? Strong gametic
incompatibility is seen in externally fertilisingarne invertebrate species of sea urchins and
abalone, and can be considered as a form of medgmgion (Geyer & Palumbi 2003). In
these invertebrates, sperm proteins bind with tecepon the egg envelope that allow
penetration and fertilisation, and this binding baen shown to be species specific (Glabe &
Vacquier 1977; Lee et al. 1995; Lee & Vacquier 1992tz et al. 1994; Palumbi & Metz
1991; Shaw et al. 1993; Swanson & Vacquier 1997%queer & Lee 1993), and result in
CSP (Geyer & Palumbi 2005). Divergence in sperm+ggggnition is thought to be due to
divergence in sperm protein amino acid sequenaese ©f which have been shown to be
under positive selection, resulting in incompaiipibetween heterospecific sperm and egg
membrane receptors (Palumbi 1999; Palumbi 2009nSeva& Vacquier 1998; Swanson &
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Vacquier 2002b). Amino acid divergence is hypotbedito arise in one of two ways:
directional selection from coevolution of egg anpkrsn proteins to increase fertilisation
efficiency, or from cyclic selection, where speruolkes to increase fertilisation efficiency
and egg penetration rate, leading to evolution gfseto slow sperm entry to avoid
polyspermy (Palumbi 1999). While these mechanisnmuildv most logically arise in
allopatry to create incompatibility on secondaryteat (Coyne & Orr 2004), evolutionary
theory postulated that they have the potentialdouo under sympatric conditions as well
(Gavrilets & Waxman 2002; Van Doorn et al. 2001)rtRer to this, these mechanisms of
selection could be accelerated in sympatry thraegiforcement as a result of hybridisation
avoidance (Palumbi 1999), resulting in reproductiharacter displacement in the form of
CSP.

Reproductive character displacement (RCD) occursrnwa trait crucial to reproduction
differs between populations of a species that iiveympatry with closely related species,
compared to populations of that species that livallopatry (Geyer & Palumbi 2003). This
can relate to sympatric divergence in traits sushmate recognition (Hobel & Gerhardt
2003; Waage 1979) and timing of reproduction (Elilli981; Marshall & Cooley 2000).
RCD is thought to result through direct selectiotimit hybridisation, and is closely linked
to reinforcement often with confusion over the tigoms. Reinforcement is the process by
which prezygotic isolation evolves as a direct ltesliselection against hybrids. It describes
the mechanism by which natural selection againgit dnybrids strengthens prezygotic
isolation (Coyne & Orr 2004; Geyer & Palumbi 200BCD is often thought of as the
pattern resulting from the reinforcement mechan{®uandle & Schluter 1998). In some
cases authors reserve the term reinforcement @rtevhat led up to species divergence, and
RCD to those that strengthen isolation after spgebave split and already become “good”
species; i.e. they are different processes thalitré&®m the same mechanism of selection
(Butlin 1987). However, those distinctions will nbé made here. RCD is identified in a
number of cases, but only a few clearly demonsttaeole of selection (Geyer & Palumbi
2003). As discussed, sea urchins are isolatedagarhetic mate recognition as a result of
divergent amino acid sequences of sperm proteins.sga urchifechinometraoblongais
found in mixed sympatric assemblages with an asigaamed closely related congerigr,

sp C.Individuals ofE. oblongasympatric withE. sp. Cshow much higher divergence at
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sperm binding protein alleles compared with indints in allopatric populations, that are
shown to share, in some cases identical, allelaesexgs with allopatri& sp. C(Geyer &
Palumbi 2003). This divergence is driven by positelection on sperm binding alleles, and
is an example of RCD that is suggestive of reirdarent (Geyer & Palumbi 2003).
However, specific knowledge on the fitness of hgbris needed in this case before
conclusions on whether selection is acting to limyibridisation can be drawn, as RCD could
also arise as a secondary effect of environmerdaptation (Coyne & Orr 2004; Noor

1999), opposed to directly selecting against umfiirids.

The CSP between salmon and trout observed in iy €ould be another example of RCD
arising from reinforcement in an external fertitismediated through OF rather than sperm
egg recognition proteins. As salmon and trout slem@rlapping habitats with very little
segregation (Armstrong et al. 2003; Heggberget|etl@88), there is probably limited
potential that CSP would arise as a by-produchefrenmental adaptation. If OF also plays
a role in fertilisation it is unlikely to differ gatly between the two species. The place
environmental selection could potentially influerdieergence between sperm and OF, is in
the part OF may play in helping to prevent eggs spetm being dispersed from the females
nest (Rosengrave et al. 2008). The high viscodityabmonid OF (Rosengrave et al. 2008;
Turner & Montgomerie 2002) may help impede theatdigement of eggs from redds in fast
flowing water, creating a more stable nest envirentiio allow more efficient fertilisation.
OF in the abalone speciddaliotis rufescens as shown to create a low rate laminar shear
flow that allowed for faster sperm swimming speeadsieased encounter rates and increased
fertilisation relative to water (Riffell & Zimmer@7). In humans, sperm are also subject to
fluid shear flow in the reproductive tract and oslyim effectively at very low shear flows
(Winet et al. 1984). However, if nesting sites afnson and trout differed in surrounding
water velocity, different selection pressures may @n OF to shape how viscous it is
between species, with sperm naturally selectedvim sn their own species OF. This could
possibly result in incompatibility between the swimg efficiency of a male’s sperm and
heterospecific OF. Yet, for this to happen salmod &out would have to have differences
in the flow speed of water where females nest. B\iére are subtle differences in the water
velocity at nest sites between salmon and trouettsealso a large amount of overlap. Mean

velocity of river water at redds are very similatleen the two species (Armstrong et al.
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2003), making it unlikely that differential spawgirhabitat is currently driving gametic
divergence in these species.

7.2 Hybrid ecological and reproductive fithess

For reinforcement to be possible as the drivingddoehind the RCD in salmon and trout
CSP, knowledge on the fitness of hybrids is neetfegroducing hybrids does not confer
fitness losses they will not be selected againsl, reinforcement cannot lead to prezygotic
isolation. Chapters 5 and 6 assessed the fithesalofon-trout reciprocal hybrids. While
both hybrids showed fitness relative to that ofepaispecies at early life stages, particularly
maternal salmon hybrids (Chapter 5), males of eeitlybrid cross were able to backcross to
brown trout females, and had very low paternitycegs with salmon females in competition
with conspecific males (Chapter 6). Evidence fromwork and previous studies (reviewed
in chapter 6) suggest strong postzygotic isolaéirists between these species. Pre-existing
postzygotic isolation is one of the criteria neettedllow RCD as a result of reinforcement
to develop between species (Coyne & Orr 2004). idatselection will only act to limit
hybridisation if the high costs to fithess existemtproducing hybrids. In the case of salmon
and trout, the cost of fitness appears to comehanform of wasted reproductive effort
(Chapter 6). However, Marshall et al (2002) argtleat in species with strong conspecific
gamete precedence (CGP) and multiply mated fenfikessalmon and trout), selection for
reinforcement would be weak in females. This isaose the cost of mating with
heterospecific males would be much reduced if thiep mated with conspecific males, as
the presence of CGP would mean that the majorithaf progeny would be of conspecific,
rather than hybrid, origin (Marshall et al. 200¥kt, the fact that salmon and trout share
spawning habitats so closely and CSP is not comp(gmales still producing on average
37% hybrids when ‘spawning’ with salmon and trowl@s simultaneouslyir( vitro sperm
competitions, S. Yeates unpublished data)), togethiéh strong postzygotic isolation
suggest that selection could be acting to limitridibation in these species through CSP. To
effectively test whether reinforcement is playingoge in the RCD of salmon-trout CSiR,
vitro spawning experiments like those carried out irptéra4, with the manipulation of OF,

need to be done with sympatric and allopatric pagaohs of salmon and trout. This will
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allow investigation into whether CSP is strongersympatric populations as opposed to
allopatric populations of these species, which wd# indicative of CSP as a population-

level mechanism of reinforcement.

7.3. Consequences of salmon trout hybridisation

One of the main aims of my thesis was to asses#tttess of salmon and trout reciprocal
hybrids in relation to parental species at eaftyHiistory stages, in order to infer impacts of
hybridisation on wild salmon and trout populatiomhkis is important as Atlantic salmon are
viewed with high conservation importance due tolidety populations in the majority of
their distribution (Parrish et al. 1998; WWF 2004nd are vulnerable to negative impacts on
population growth. Hybridisation is one of a vayief factors to have a negative effect on
salmon populations, and has been seen to be imoge@tindar & Balstad 1994; Jansson &
Ost 1997). Possible threats hybridisation poseutnerable Atlantic salmon include loss of
local adaptation due to introgression and/or genstwamping, reductions in effective
population size due to wasted reproductive effant] being out competed and replaced by

ecologically fit hybrid progeny (reviewed in Chasté, 5 and 6 of this thesis).

The survival of hybrids in natural conditions colde an issue for pure salmon juveniles in
declining populations that find themselves subjechybridisation as a result of lack of
conspecific mates. Hybrids that are ecologicallydfi all or some life stages have the
potential to generate ecological or evolutionarypacis on one or both of the parental
species, thereby driving down pure species fitnessecological or genetic loading. The
Pecos pupfishCyprinodon pecosensiss threatened with replacement by hybrids arising
from breeding with a closely-related species, tieapshead minnow. variegatesHybrids
have elevated swimming performance and faster dgmowbth of which increase food
acquisition, reduce the threat of predation, angrawve the gaining and holding of breeding
territories (Rosenfield et al. 2004). Results of stydy into the ecological fithess of salmon-
trout hybrids (Chapter 5), suggest that mRaternal salmon hybrids had no detectable
differences in fitness in relation to pure salmard d&rout at any of the early life history

stages examined, and may have a potential fitnessntage at hatch (Chapter 5).
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Conversely, maternal trout hybrids suffered redufidss at some stages, yet had equal
fitness to parent species at others, particulariglen low density conditions. Importantly
however, my results show that neither hybrid cresseeded parental fitness at any life
history stage measured in the study. This suggestsunlikely that salmon-trout hybrids
would be able to out-compete juvenile individuafgparental species, at early life history
stages at least. However, if hybrids were showbddsterile or unable to produce viable
offspring themselves, they would represent wastggtoductive effort for their parents;
regardless of how fit they were at other life higtetages. The next step of my thesis was
therefore to investigate the reproductive fithefsamon and trout reciprocal; Fybrid
males when backcrossing to salmon and trout egglswaether paternity could be gained in
competition with salmon and trout males. This woalldw insights into whether salmon-

trout hybrids are capable of longer term, transegational fitness effects.

Results described in Chapter 6 found that both maéernal salmon and maternal trout
hybrid parr were capable of producing viable speith comparable motility trait values to
that of adult salmon and trout pure species malbéss motile, viable sperm from both
crosses was able to fertilise over 50% of both eal@and trout eggs compared with pure
species fertilisation rates under equivalent coowlét of over 70% for trout and 90% for
salmon (figure 6.3.1). When competing with salmaales for salmon eggs, both reciprocal
crosses were able to gain paternity, but averageess was very low at less than 5% (figure
6.2.3a-b). When competing against trout males hghbrid male crosses failed to backcross
at all, gaining no paternity. In previous studia$ backcrosses to brown trout have failed in
the embryo stage (Galbreath & Thorgaard 1995; @areizquez et al. 2004), and survival
of offspring from hybrid Fmales backcrossed to Atlantic salmon females bBan bery low
(Galbreath & Thorgaard 1995; Garcia-Vazquez €2@04; Johnson & Wright 1986; Nygren
et al. 1975; Wilkins et al. 1993). This, togethathwmy results, shows a strong postzygotic
reproductive isolation between salmon and troutkingaintrogression unlikely, though not
impossible. Castillo et al (2008) found evidencevefy low levels of introgression in
Atlantic salmon populations in rivers that had bestificially stocked with brown trout.
This introgression disappeared with the cessati@tazking (Castillo et al. 2008). So while
introgression has been observed in salmon and, ttbaetthreat of introgression to local

adaptation and population fithess appears to bdigidg, and the reproductive and
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ecological fitness | have measured here confirnh fihding, especially where competition

exists.

It seems likely, therefore, that the larger thrpased by salmon-trout hybrids to wild
populations is that of wasted reproductive efftading to reductions in population size as
illustrated in figure 6.4.1. The consequences ofte reproductive effort for Atlantic
salmon populations could be severe, especially the many declining populations.
Individuals that spawn to produce functionally ®Bersalmon-trout hybrids are not
contributing to the subsequent generation, lowetirggeffective population size. This is a
problem that could become a real issue in Atlasgienon conservation if hybridisation was
to increase. Hybridisation between salmon and thastbeen seen to be increasing in some
places in Europe (Hindar & Balstad 1994; Janssdds&1997), and is at risk of increasing
further as the demand for food and natural ressurise, leading to continued growth in
aquaculture and environment modification and distaces to river flow (Hindar & Balstad
1994; Jansson & Ost 1997). Further to this, if ¢hiasctionally sterile hybrids go on to mate
themselves, their fertilisations will fail to resim viable backcrossed progeny (Chapter 6),
again wasting the gametes of the pure specieswtitbh they have reproduced. It is known
that small populations are at risk of losing genefariation through random genetic drift,
but this can be compounded by a small effectiveufadjon size, leading to rapid loss of
population genetic variation (Nunney & Elam 1998y producing functionally sterile
hybrids, salmon and trout populations are at riskeducing their effective population size,
(those individuals that can contribute to the nggheration), by effectively removing
gametes from the population. A small effective gapon size can lead to a reduction in
heterozygosity (loss of genetic variation) whichs hbeen shown to have a negative
relationship with fithess (Allendorf & Leary 1986nd exacerbate the risk of population
extinction (Newman & Pilson 1997; Saccheri et &98). If reproducing adults can survive
an effective population size bottleneck and go@breed again, then the genetic effect on
the population will be much reduced (Nunney & EId®94). However, anadromous
Atlantic salmon (particularly females) generallyagm only once in their lifetime. The huge
energetic effort of migration coupled with the @gm of feeding during this time often
leads to death after reproduction (Fleming 1996)s Tneans that any reproductive effort

that is wasted in a spawning season lowers theteféepopulation size of that generation.
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With Atlantic salmon declining across much of thainge (Parrish et al. 1998; WWF 2001),
the impact of the production of functionally stertiybrids to vulnerable populations could
be high.

7.4. Summary

The primary findings of this thesis have quantifibd risks of hybridisation between salmon
and brown trout under sperm competition, showirgf some level of reproduction does
occur at the level of the gamete. This isolatiomas complete however, with hybridising
males still able to gain a third of fertilisationader simultaneous sperm release. There is
clear evidence that salmon and trout eggs aretabéas fertilisations toward conspecific
sperm, even when heterospecific males have an tygous position in the sperm release
sequence (Yeates et al. 2007). Further to thisyéHound strong evidence that this CSP is
mediated by female OF, the first evidence for CK& av reproductive fluid in an external
fertiliser. The CSP mediated by OF is also an exarapdivergent gametic incompatibility
in an external fertiliser. This reproductive chaeadisplacement has possibly arisen through
selection against unfit hybrids as a mechanisnewffercement. Experiments on Rybrid
males of salmon and brown trout in this thesis hsivewn them to be ecologically fit at
early life history stages compared with pure speeiguivalents, but ultimately males show
low reproductive fitness. This situation would stlagainst their production, potentially
driving the creation of the CSP | observe. Morekmbiat compares allopatric and sympatric
populations of salmon and trout are needed to wuhater whether OF-mediated CSP is

stronger in sympatry, providing evidence that thia case of reinforcement.

The results for hybrid fitness in this thesis swgygihat the largest threat to declining
populations of Atlantic salmon from hybridisatiomnees from reductions in effective
population size, more than loss of local adaptatiorough introgression. My results,
together with previous work (Galbreath & Thorgad®@b5; Garcia-Vazquez et al. 2004),
have shown that there is strong postzygotic ismhatietween salmon and trout. This makes
the threat genetic swamping from introgressionatérospecific genes negligible. Due to the

low reproductive fithess of salmon and trout recgad male hybrids, any females that hatch
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hybrid progeny will themselves suffer lower longre fithess. Reductions in effective
population sizes in already-declining Atlantic saimpopulations could have serious
negative effects on population fitness and surviVdith hybridisation likely to increase
through further aquaculture and habitat modificaijdindar & Balstad 1994), hybridisation
could have a tangible effect on threatened Atlas&tmon, and should therefore be

considered when trying to implement conservati@amngl

The results of my thesis on aspects of hybrid &isnat early life history phases are in stark
contrast with those from some studies, while beingsistent with others. My study has
clearly shown that maternal brown trout hybrids,ilevtsignificantly smaller and taking
longer to hatch have survival comparable to thadawéntal species and the reciprocal hybrid
cross. In antithesis to my findings, results of thest recent studies have found survival at
hatch and post hatch ranging from 0 to 1.95% inemal trout hybrids (Alvarez & Garcia-
Vazquez 2011; Garcia-Vazquez et al. 2002). By esitrthe results of older studies show
survival at 68% (McGowan & Davidson 1992a) and samaally higher (Chevassus 1979).
The inconsistencies between my results and those fecent studies are unlikely to be due
to inconsistencies in methods or relative gametalityu Due to some salmon trout
populations differing in peak spawning times thé&ea risk when generating hybrids
artificially that the two species gametes will mpat different times, possible weeks apart. In
this case older gametes would have to be storedriamdhe risk of becoming over ripe.
Improvements to fish culture and recognition of exmental control and non-confounded
gamete storage techniques have improved since etautlies, enabling the problem of
overripe gametes to now be avoided. This has atlosugerior and equivalent tests of
hybrid fitness in more recent studies without caomids from unequal gamete ripening times.
In addition, the differences seen between studieshybrid fitness could be due to
population-specific variance in genetic compatipjliperhaps as a result of sympatric and
allopatric considerations already outlined. Thé fised in my thesis originated from the
northern-most range of both salmon and trout speewhile fish in preceding studies used
fish originating from species at the southern ehtheir European distribution (Alvarez &
Garcia-Vazquez 2011; Garcia-Vazquez et al. 200Re @enetic structure of Northern
European Atlantic salmon has been found to be gé#pedistinct from that of modern
southern European populations (Campos et al. 28@8) et al. 2001), as has that of
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populations in North American and Europe (King &t2001; McConnell et al. 1995),
providing evidence of genetic divergence. Furtloethis, it has been noted many times that
some hybrid genotypes are fitter than others withan same hybrid zone, and even within
the same brood or cohort (Arnold et al. 1999; Adn& Hodges 1995; Burke & Arnold
2001; Kruuk et al. 1999; Parris 2001), making kely that some hybrid genotypes will be
fitter in some populations compared to others. slttherefore possible that different
hybridising populations of salmon and trout haviedent levels of fithess expressed by
their hybrids due to divergence in their genomesthfere is often variation in hybrid fithess
and introgression occurring across and betweenichyames, it is important to compare
specific combinations in order to determine theantgnce of intrinsic and extrinsic factors
influencing the dynamics of all possible hybrid sses (Aboim et al. 2010). Genetic
differentiation between geographically distinct ptgpions could therefore be responsible
for variation in relative hybrid fitness, as we#l determining which cross is more prevalent.
Both of these factors could have implications fog tevel of impact hybridisation will have
on wild populations. These differences betweenaiticin populations may therefore make
it impossible to achieve an all-encompassing ass&ssof relative hybrid fitness of salmon

and trout hybrids for every natural population.
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