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ABSTRACT

Inbreeding, the mating between relatives, has been reported to lead to inbreeding
depression, which can influence male sperm quality. This thesis examinetithe @f
inbreeding on sperm quality in a captive population of lake t&alwvelinus namaycush).

First, | investigated seasonal variation in sperm quality (velocity, ilgotihearity,

longevity and density) across the natural spawning season of the species ia order t
determine when peak sperm quality occurs. My findings suggest that sperm igualgy

to peak throughout the middle of the spawning season. Using this data, | then examined
the effects of inbreeding depression on sperm quality. | found no significaneddéein
sperm traits between inbred (full sibling offspring), moderately inbred (natend

paternal half sibling offspring) and outbred (unrelated offspring) males. Aergétese
results have implications for the optimization of fertilization protocols in hatche
populations as well as provide insight into experimental inbreeding in lake trout

populations.
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CHAPTER 1: GENERAL INTRODUCTION

Inbreeding Depression

The genetic diversity of a population is determined by several evolutionary
factors including mutation, selection, random drift and migration (Wright, 1977). In
addition, the mating system of a population can play a significant role on genetic
diversity, both at the individual and population level. Generally, random mating,is rare
instead individuals tend to base mating decisions on phenotypic similarities or
dissimilarities, a process known as non-random mating (Waser 1993). For the most part
mating between close relatives is typically avoided, however with inceadatat
fragmentation and population size decline, the probability of inbreeding increaskes (K
& Waller 2002). Typically, inbreeding leads to inbreeding depression, which can be
defined as a reduction in fitness (or phenotype value in practical terms)mfragfffom
matings between related individuals compared to the fithess of offspringrfedimgs
between unrelated individuals (Wright 1977). In order to understand the fitness
associated costs of inbreeding, it is important to understand the genetic badisngnder
inbreeding depression (Charlesworth & Willis 2009). Two hypotheses exisplareihe
genetic mechanism of inbreeding depression: the dominance and overdominance
hypotheses (Wright 1977). The dominance hypothesis posits that inbreeding results in an
increase in homozygosity, which in turn leads to the unmasking of deleteriousuecessi
alleles that reduce fitness (reviewed in Charlesworth & Charlesworth 1989). T

overdominance hypothesis states that an increase in homozygosity leads toneduct



fitness of inbred individuals at loci where heterozygotes had a selective agkvaner
homozygotes (reviewed in Charlesworth & Charlesworth 1999). Overall, a redurction i
fitness is likely a combination of both of these mechanisms, which can be difficult

distinguish when studying inbreeding depression (Keller & Waller 2002).

Inbreeding depression is typically measured by comparing fitekged traits
between inbred and outbred groups. Inbreeding levels can be calculated using the
inbreeding coefficient, F, which is the probability that two alleles atglesiocus will be
identical by descent (Wright 1977). In order to calculate inbreeding ceet$, pedigree
information is needed, however this is often difficult to obtain, particularly flok wi
populations. Nevertheless, pedigree construction is possible when studying controlled,
laboratory-reared populations and estimates of F, for example in a single iganarat
full sibling offspring (F= 0.25) and half sibling offspring (F= 0.125) has become
conventional knowledge (Pemberton 2004). A more recent method of measuring
inbreeding levels has been to calculate individual heterozygosity using neditesa
markers (reviewed by Coltman & Slate 2003). This method is based on evidence that
heterozygosity and fitness are correlated and assumes that individual inbreeding
coefficients can be accurately estimated using 10 or more genekierséBalloux et al.
2004). Calculating average heterozygosity as a measure of inbreedirmgrieaarder
recent scrutiny regarding the accuracy with which it can estimateeiding depression
(Balloux et al. 2004) however, both pedigree and genetic methods present advartages a
disadvantages and are both commonly used when studying the effects of inbreeding

depression (Keller & Waller 2002). In order to standardize and compare figlatesir



traits affected by inbreeding depression across different species, @renegaswn as the

coefficient of inbreeding depressias) €an be calculated as follows:

0 =1-(%/Xo)

where X = inbred trait value and & outbred trait value (adapted from Crnokrak & Roff

1999).

The negative effects of inbreeding depression have been documented across a wide
variety of plant and animal species in both captive (Lacy et al. 1993) and witdjsetti
(Crnokrak & Roff 1999; Keller & Waller 2002). Inbreeding depression has beemshow
to affect all aspects of life history traits from offspring survival to tadydroductive
success (Crnokrak & Roff 1999). However, inbreeding depression has been primarily
studied in survival-oriented metrics with the majority of research focusingeoeffiects

on juvenile mortality including parasite susceptibility in young seals (Rijled. 2008),
hatching success in birds (Van Noordwijk & Scharloo 1981) and fry mortality in
salmonids (Kincaid 1976). These studies however may underestimate the sdverity
inbreeding, particularly when it is severe as individuals who expressivecabsles

early in development are likely to die off, leaving behind those individuals withased
levels of heterozygosity (Keller & Waller 2002). An individual’s fitnessastisgent on
both their survival to sexual maturity and their reproductive success once sexaialiy
(Stearns 1992), suggesting a need to also examine reproductive traitsratateep
inbreeding depression. Studies that have focused on reproductive traits haveyprimaril
looked at the effects on mating success (Dietz & Baker 1993) and fertlitygtbn

1992). More recently, however, inbreeding depression has been shown to affecirfitness



more cryptic ways, in particular through negative effects on sperm quititpdtrick &

Evans 2009).

Effects of Inbreeding on Sperm Quality

To date, much of the research regarding the effects of inbreeding dmpass
sperm quality, which can be defined as the ability of a male’s sperm to Sutiges
fertilize an egg as well as compete with other sperm (Rurangwa et al. 2604y hsed
on mammals, while studies on other taxa are rare (Table 1.1). A lack of ligeratur
investigating male gamete quality can likely be attributed to the ulifs in measuring
sperm quality traits in many species. Nevertheless, studies that have dowe s@imdy
focused on factors such as reductions in sperm concentration (Margulis & Walsh 2002),
sperm competitiveness (Zajitschek et al. 2009) and sperm motility (Gomeadlio e
2000) as well as increased sperm abnormalities (Gage et al. 2006). Wildt et al. (1987)
reported significant increases in sperm abnormalities, along with dedreperm
motility and concentration in an Asiatic lioRgntheo leo) population that suffered from
decreased genetic variability. Similarly, sperm abnormalities, spetititynand sperm
concentration were all significantly lower in an inbred Florida panther popul@eis
concolor coryi) when compared to outbred relatives (Barone et al. 1994). Evidence for

inbreeding affecting sperm quality in other taxa has thus far been limited.

It has been suggested that spermatozoa may be more susceptible to the effects of
inbreeding depression given the complex nature of spermatogenesis and the high

potential for mutational defects (Gage et al. 2006). In species whene gpality is a



significant determinant of fertilization success (i.e. in fishes)cesffef inbreeding
depression on such traits ought to be further investigated as sperm quality can
significantly contribute to the fitness of an individual. To date, studies that have
investigated the effects of inbreeding depression on sperm quality indifimded. In

the guppy Poecilia reticulata), both sperm concentration (Zajitschek & Brooks 2010)
and sperm competitiveness (Zajitschek et al. 2009) were found to be significantly
reduced in inbred compared to outbred males while in Nile til&pieothromis

niloticus), male reproductive success (as a result of sperm competitiveness) wa®iowe

inbred compared to outbred males (Fessehaye et al. 2009).

Lake Trout

Lake trout Galvelinus namaycush) are an endemic North American member of
the genusalvelinus, also known as charr. Species of this genus are distinguished from
other salmonids through a lack of dark spots, teeth on only the anterior portion of the
vomer (bone making up the roof of the mouth), small sized scales and preference for
cold, deep water (Behnke 2002). Lake trout are the largest of the charr speciegngccup
many northern North American inland and Great Lakes (Scott & Crossman 1998). The
evolution of this species coincides with the Pleistocene glaciations, consgquentl
restricting lake trout to the freshwater, closed-system lakes ofctineant range (Wilson
& Mandrak 2004). As a result of their evolutionary history, lake trout are adaptee to li
in these low-productivity, glacial refugia lakes with low salinity toleeaand have thus
evolved a life history strategy that includes long-lived (20-25 year old life) Slade-

maturing and large individuals (Gunn & Pitblado 2004).



Lake trout are iteroparous spawners, reaching sexual maturity around age 6 or 7
and spawning in the fall anywhere from September to December, depending o the lak
(Scott & Crossman 1998). The spawning behaviour of lake trout differs drastiocatly
that of their close relatives. Lake trout do not build nests (redds): rather, taeicast
gametes on open, clean, course gravel substrate (Gunn 1995). Sexual dimorphism is
greatly reduced relative to other salmonids, and direct male-male coampagpears to
be absent (Martin & Oliver 1980). These differences can be attributed to theolatke t
propensity to spawn at night, another unique characteristic uncommon in other salmonids
(Gunn 1995). Esteve et al. (2008) described lake trout spawning behaviour where
multiple males were observed spawning with a single female. Instead ohguiksts,
females of this species are known to swim around the spawning grounds accompanied by
multiple males. Spawning initiates when both the female and nearby legjiesto
quiver, discontinue swimming and drop to the bottom of the lake. Here, gamete release
occurs with both sexes raising their tails, quivering and gaping theirfens.all
species ofalvelinus, spawning is very brief in lake trout, lasting only 1-2 seconds
(Esteve et al. 2008). Eggs then develop with no parental care in the crevices ofyhe rock
lake bottom for up to 4-5 months, eventually hatching in the spring (Scott & Crossman
1998). As lake trout spawning behaviour differs drastically from other salmonids wher
mating success is highly dependent on sexual dimorphism as well as both male and
female aggressive interactions (Fleming & Reynolds 2004), it may be possildexbat

selection in lake trout has shifted to the gametic level.

Over the past half-century, lake trout populations have drastically dealorad f

their once abundant sizes. Declines in the Great Lakes have primarily todeneat to



overfishing and predation by the invasive sea lamgrely gmyzon marianus) (Walters

et al. 1980). Additional sources of decline in the Great Lakes and inland watedgincl
contamination and eutrophication of lakes, habitat restructuring, and the stocking of
domestic lake trout strains (Gunn & Pitblado 2004). The long-lived and late maturing
nature of lake trout makes this species further susceptible to these threats(G

Pitblado 2004). As lake trout are an important species both commercially and
economically, re-stocking and rehabilitation programs have been set up to restore
population abundances (Piller et al. 2005). Although these programs have been somewhat
successful in restoring population numbers, previous lake trout abundance across the

Great Lakes will likely never be achieved.

The evolution, unique life history strategy and recent population declines makes
the study of inbreeding depression on sperm quality an important issue in lake trout,
particularly in inland lake populations. Habitat isolation along with declining popnlati
size is a common cause of inbreeding and consequently inbreeding depression in many
populations (Keller & Waller 2002). In lake trout, both low genetic diversiigalated
populations (Ihssen et al. 1988) and previous population declines make inbreeding a
probable occurrence in this species. Furthermore, effects of inbreedingsi@pien
sperm quality have recently been reported for a number of species, includi(italide
1.1). Given that gamete quality is likely an important factor in the matingssiof lake

trout, sperm quality may be highly susceptible to the effects of inbreedingsiepre



Overview of the Thesis

The objective of my thesis was to investigate the effects of seasonsibvaaiad
inbreeding depression on sperm quality in a captively bred population of lake trout.
Chapter Two examines the variation in sperm quality metrics (motility, ¥gloci
linearity, longevity, and density) throughout the natural spawning season afdakby
using both a repeated measures and regression approach. Sperm quality in both wild and
captive fish populations have been shown to significantly vary throughout the
reproductive season (Table 1.2), with no obvious pattern for a particular species.
Variability in such studies highlights the importance of understanding when optimal
sperm quality occurs from both an aquaculture standpoint, for the optimization of
fertilization protocols as well as from a theoretical standpoint, in order toinptsperm
guality when studying external factors that may be affecting it (i.e.edbrg
depression). Using sperm obtained during the peak spawning season, as determined in
Chapter Two, | then tested the inbreeding depression hypothesis by investigating t
effects of inbreeding on sperm quality in Chapter Three. This experiment was teshduc
using experimentally inbred (full sibling offspring, maternal half siblingmihg,
paternal half sibling offspring) and outbred (unrelated offspring) groups oflakale
trout. Overall, this thesis has implications for improving our understanding of the
reproductive biology for an important commercial and economic coldwater sdimoni

species.
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Table 1.1Summary of the literature examining the effects of inbreeding on spetity ¢uerphology, percent motility,

concentration, velocity, and competitiveness). A negative sign (-) indit&epérm trait significantly decreased as a result of
inbreeding: brackets after a negative sign repres@uefficient of inbreeding depression), which was measured as [1- (mean inbred
trait value/mean outbred trait value)], wherever means were provided. A zero ¢@jesdio significant difference between the sperm
trait and inbreeding. Blank spaces indicate that the sperm trait was notr@te&perm traits were compared between inbred and
outbred groups. Morphology is the percentage of abnormal sperm, % motility is the g admteotile compared to non motile

sperm cells, concentration is the number of sperm cells in a given sperm,saetgaliy is the speed at which a sperm cell moves per

distance traveled and competitiveness is the percentage of offsprohysirdored compared to outbred sperm.

Common Genus Measure of Sperm trait References*
Name species inbreeding
Morphology | % Matility | Concentration | Velocity | Competitiveness
Mammals
Bull Bos taurus Pedigree 0 - 0 1
Dog Canis Pedigree 0 - (0.86) 2
familiaris
. . Average
Florida panther Felis concolor heterozygosity] = (0.70) - (0.40) - (0.72) 3
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Gazella

Gazelles . Pedigree - - 4
cuvieri
Golden Mesocricetus Average 0 0 5
hamsters auratus heterozygosity (0.87)
Asiatic Lion Panthera leo Average 6
heterozygosity| (0.30) (0.56)
Mexican gray | Canislupus Pedigree _ _ 7
wolves
Peromyscus .
Oldfield mice | polionotus Pedigree - (0.10) 8
Equus .
Shetland Ped|gree - (O 22) - (O 07)
ponies caballus var. 0 9
South African ASS;)I%X Average _ _ _ 10
Cheetah J heterozygosity|
White-footed Peromyscus Pedigree 0 - 11
mice leucopus
Wild rabbits | Oryctoloagus | Average - 12
cuniculus heterozygosity
Fishes
Gu Poecilia Pedigree 13,14
PPy reticulata g ’
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Nile tilapia Orgochrom|s Pedigree - 15
niloticus
Crustaceans
. Eulimnadia :
Clam shrimp texana Pedigree - (0.52) 16
Insects
. Rhizoglyphus .
Bulb mite Fobini Pedigree - (0.53) 17
Tribolium ,
Flour beetle castaneun Pedigree - (0.26) 18
. Drosophila .
Fruit fly relanogaster Pedigree - (0.25), (0.19)| 19, 20

*1 (Maximini et al. 2011), 2 (Wildt et al. 1982), 3 (Barone et al. 1994), 4 (Gomendio2€08l), 5 (Fritzsche et al. 2006), 6 (Wildt et al. 1987), 7
(Asa et al. 2007), 8 (Margulis & Walsh 2002), 9 (van Eldik et al. 2006), 10 {‘éfilal. 1983), 11 (Malo et al. 2010), 12 (Gage et al. 2006), 13
(Zajitschek & Brooks 2009), 14 (Zajitschek et al. 2009), 15 (Fessehaye et 3l. POQ®/eeks et al. 2009), 17 (Konior et al. 2005), 18
(Michalczyk et al. 2010), 19 (Hughes 1997), 20 (Mack et al. 2002)
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Table 1.2Summary of the existing literature examining seasonal variation imgpats (D = density, V = velocity, M = motility L =

longevity) throughout the reproductive season in fishes. Shape and direction refer teetheopaperm trait variation across the

spawning season, where either linear or quadratic equations were fit todsgarm linear + (positive) refers to the straightline

increase in sperm traits over the season, a linear - (negativetoetieesstraightline decrease in sperm traits over the season, a

guadratic positive refers to a U-shaped change in sperm traits over the seasqonadrdtec negative refers to a bell-shaped change

in a sperm traits over the season. Blank spaces represent studies that fouthdmname shape or direction of seasonal change in a

sperm trait.

Common Name Genus species Sperm trait Shape Directio Rednce
Atlantic cod Gadus morhua D,V,L Linear + Butts et al. 2010
Atlantic cod Gadus morhua D Linear + Rakitin et al. 1999
Atlantic cod Gadus morhua D,V Quadratic - Rouxel et al. 2008
Atlantic halibut Hippogl ossus hippoglossus D Linear + Babiak et al. 2006

VvV, M Linear
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L Quadratic
Atlantic salmon Salmo salar D Linear Aas et al. 1991
Atlantic salmon Salmo salar D Linear Piironen 1985
Barbel Barbus barbus D Linear Alavi et al. 2008

\ Quadratic
Brazilian flounder Paralichthys orbignyanus D Quadratic Lanes et al. 2010

L Linear
Brown trout Salmo trutta D Linear Hajirezaee et al. 2010
Haddock Melanogrammus aeglefinus D Linear Rideout et al. 2004
European perch Perca fluviatilis D,V Linear Alavi et al. 2010
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Ocean pout Zoarces americanus M Quadratic Wang & Crim 1997
Rainbow trout Oncorhynchus mykiss D Linear Biyikhatipoglu & Holtz 1984

M, L Quadratic
Rainbow trout Oncorhynchus mykiss D, M Linear Munkittrick & Moccia 1987
Red porgy Pagrus pagrus D, M Linear Mylonas et al. 2003

L Quadratic

Senegalese sole Solea senegalensis M Linear Beirdo et al., 2011
Sharpsnout seabreanDiplodus puntazzo D, L Quadratic Papadaki et al. 2008
Snow trout Schizothorax richardsonii D Linear Agarwal & Raghuvanshi 2009
Turbot Scophthal mus maximus D Linear Suquet et al. 1998
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Linear

Yamu

Brycon amazonicus

Quadratic

Cruz-Casallas et al. 2007
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CHAPTER 2: SPERM QUALITY OF HATCHERY -REARED LAKE TROUT , SALVELINUS
NAMAYCUSH THROUGHOUT THE SPAWNING SEASON*

Synopsis

The objective of this study was to investigate variation in sperm qualitycsétmitility,
velocity, linearity, longevity, and density) of hatchery-reared lake Salwelinus
namaycush throughout the spawning season. Seasonal variation in sperm quality was
investigated using both a regression and repeated-measures approachv&perm
collected from the same 16 individuals over four sampling periods, separatededy thre
week intervals. Regression analyses showed that 7 to 27% of the variation inragerm t
could be explained by seasonal variation, indicating that seasonality can have a
significant impact on the quality of sperm. Significant positive linear oglakiips were
found for percent motility and linearity at 5 s post-activation. Significant negati
guadratic relationships were found for velocity at 5 s post-activation, longedty a
density, while a positive quadratic relationship was found for linearity at 10 s post-
activation. Repeated measures ANOVAs showed a significant effect ohdeapercent
motility and linearity at 5 and 10 s post-activation, velocity at 10 s post-aotivend
longevity. The present study is important for optimizing fertilization progofmyl

hatchery production and can also be used to understand reproductive biology and ecology

of wild lake trout stocks.

! This chapter is the product of joint research \lith Trevor Pitcher, Dr. lan Butts and Dr. Chris|§gn
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Introduction

Lake troutSalvelinus namaycush have historically been a significant commercial
and economic species important to North American inland lakes and the Great Lakes
(Behnke 2002). Over the past half-century, declines in a number of populations largely
owing to sea lampreletromyzon marinus predation and overfishing (Jensen 1994;
Walters et al. 1980), have resulted in the establishment of re-stocking anditediuatbi
programs (Piller et al. 2005). Although captive breeding of this species hassddaurr
several decades, remnant populations remain in only some of the Greatihelkeing
Lake Huron and Lake Superior (Guinand et al. 2003). Today, hatchery populations are
used primarily to stock lakes in need of rehabilitation (Evans & Willox 1991). As
restoration efforts have become increasingly relevant, investiggdimgte quality under
a captive environment is important for the successful propagation of this species.

Sperm quality, which includes measures of sperm motility, velocity, lorygevit
and density, are considered the primary determinants of fertilizationssu@asselman
et al. 2006; Tuset et al. 2007). Essentially, these sperm quality indices can e used t
optimize fertilization protocols, which become important for producing large ngnober
progeny from a limited number of eggs. Sperm quality has been found to be highly
dependent on season (Babiak et al. 2006; Billard 1986; Munkittrick & Moccia 1987). For
example, in Atlantic halibutippoglossus hippoglossus, sperm density, percentage of
motile cells, velocity and linearity were found to vary significantly tgfeaut the course
of the spawning season (Babiak et al. 2006). The most common pattern of seasonal
change in sperm quality across species is linear or quadratic. Lineanpggaerally

increase or decrease steadily throughout the spawning season (e.g. 8ug6H),
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whereas quadratic patterns generally represent bell-shaped curves inpehiorgaality
increases at the start of the season, peaks during the middle, and decreadeshewa
end of the season (e.g. Papadaki et al. 2008). It is therefore important to optimize
reproductive protocols to reflect the natural biology of propagated species.

An understanding of seasonal changes in sperm quality can be used to optimize
fertilization success for hatchery production (Suquet et al. 1998), improve gstoreige
techniques (Rideout et al. 2004), increase the efficiency of selective breeutingnps
(Butts et al2010), and assess the impacts of sperm aging (Alavi et al. 2008). In this
study, | assessed variation in sperm quality of hatchery-reared lakeweoat two-

month interval that spanned the natural spawning season.

Methods

Broodstock and Sperm Sampling

Variations in sperm quality traits were assessed for seven-year dheityatc
reared lake trout from the Ontario Ministry of Natural Resources Codringtharies
Research Facility, located in Codrington, Ontario (Latitude: 44.1468; Long#ude:
77.8045). Fish originated from wild spawn collections in 1983 (two generations earlier),
from native lake trout populations in two interconnected lakes in Haliburton, Ontario
(Clean and Macdonald Lake, Latitude: 45.2501, Longitude: -78.5329). All fish were
housed in two 20ft x 5ft fiberglass raceway tanks (working depth of 26 in) fed by
untreated water from a local stream source and were kept under a natural phadtapebri
temperature regime. Fish were fed AquaBrood feed (7.5 mm pellet; Conetyadut

Company, Fredericton, NB, Canada) at 0.5% body weight per day. At three-week

28



intervals in 2010 (October 28, November 16, December 7 and December 27) milt was
collected from the same 16 individuals in the context of a repeated measures
experimental design. The mean + SEM total length and weight of the broodstock at the
onset of spawning were 582.94 £ 6.73 mm and 1894.12 + 79.22 g, respectively. Fish
were anaesthetized using 40 to 50 ppm solution of MS-222 (Syndel International,
Vancouver, BC, Canada). Milt samples were collected, using slight pressure to the
abdomen and massaging towards the urogenital pore, in 532 mL WHirbRakic bags
(Nasco, Newmarket, ON, Canada) and stored in a cooler. Extra care was taismeo e

that urine, feces, blood or water did not contaminate the milt samples.

Sperm Activity

Sperm were video-recorded using a CCD black and white video camera (XC-
ST50, Sony, Japan) module at 50 Hz vertical frequency, mounted on an external-phase
contrast microscope (CX41 Olympus, Melville, NY, USA) with & h@gative-phase
magnification objective (Pitcher et al. 2009). Sperm metrics (motility, itgJdongevity
and linearity) were assessed by activating an aliquot (< 0.2 pL) of ithll@ pL of
stream water. A bionomic controller (model BC-110) and heat exchanger (model HEC
400, 20/20 Technology Inc., Wilmington, NC, USA) were used to maintain water
temperature at 8.6 0.1°C (the temperature of the activation water during the first
sampling date). Once recordings were taken, sperm traits were analyzethe$#igM-
CEROS sperm analysis system (version 12, CEROS, Hamilton Thorne Biosciences
Beverly MA, USA) set at the following parameters: number of frames = GOpuim

contrast = 11, photometer = 55-65, minimum cell size = 3 pixels. Sperm motility,
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velocity, and linearity were analyzed at 5 and 10 s post-activation. In sdendrhas

been shown that 80% of fertilizations occur within the first 5 seconds of speuatiacti
along with the closing of the micropyle occurring shortly thereaftey$k & Liley

2001), therefore examining sperm at a post activation time of both 5 and 10 seconds was
the most biologically relevant as it corresponds to conditions found in the wild. Sperm
motility was calculated as the percentage of motile cells divided by dientohber of
cells. Sperm velocity was measured as the average velocity measured aotudhe
point-to-track followed by the cell. Sperm path linearity was measurdek akeparture of
the cell track from a straight line. Linearity is the straightneis which a sperm cell
moves per unit of distance traveled. Straighter swimming sperm will havgea lar
linearity value. Longevity was estimated as the time for ~95% of thengpedls to

become immotile (Gage et al. 2004). For each male, the mean value of all siieeparce

each activation was used for statistical analysis.

Sperm Density

Sperm density was estimated by adding 1.5 pL of milt to 500 pL of Cortland’s
saline solution (7.25 g/L NaCl; 0.38 g/L KCI; 0.47 g/L MgS®@H,0; 0.4 g/L NaHPOy:
H,0; 1.0 g/L NaHC@;, 0.22 g/L MgC#$; 1.0 g/L GH1206) to prevent activation. The
sperm suspension was then gently mixed using a wide-bore transfer pipette and 10 pL
was loaded onto a Neubauer-improved haemocytometer. Sperm cells were counted in 5
of the 25 (1 mrf) squares on the haemocytometer (4 corner squares and 1 middle
square). Sperm density was then estimated by taking the mean number of #germm ce

the 5 squares, multiplying by 25, and then finally by 10 (the depth of each chamber in the
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haemocytometer). This number was then multiplied by the initial volume of theestmpl

obtain the total number of sperm cells in 1 mL of milt (Pitcher et al. 2009).

Satistical Analyses

To examine sperm quality of lake trout throughout the spawning season | used
two statistical approaches. In the first approach, | examined seaspafibman sperm
motility, velocity, linearity, longevity and density by fitting eitHerear or quadratic
equations to the data (PROC REG; SAS Institute, 2003). This allowed me to create
predictive models to explore the shape (positive or negative) of seasonal vakciatan.
and quadratic equations were choagmiori to fit the data based on the available
literature (e.g. Butts et.&010; Lahnsteiner et al. 1996, 1998). Final equation selection
(linear or quadratic) was based onFastatistic: dix (—r%)/(1-r%) where: f; is the f for
the i order; f; is the f for the next higher order; dé the degrees of freedom for the
higher-order equation withdegrees of freedom in the numerator ane df-j—1 degrees
of freedom in the denominator (McDonald 2009).

In the second approach | analyzed the data using a series of repeatedsneasure
mixed-model ANOVAs (PROC MIXED; SAS Institute 2003). By using this apprdach
was able to determine how the four sampling periods differed throughout the spawning
season (i.e. Oct 28 vs. Dec 7). Repeated measures mixed-model ANOVAs, for sperm
related variables, were run at each post-activation #ikake’s (AIC) and Bayesian
(BIC) information criteria were used to assess which co-variancewsgycbmpound
symmetry, autoregressive order, or unstructured) was most appropritak ¢Lial.

1996). Sampling date was considered fixed whereas male identity was considered random
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and included as the subject in the repeated statement. Tukey post-hoc analysesdvere us
to compare least square means between treatments.

All data were analyzed using SAS statistical software (version 93;I8stitute
Inc., Cary, NC, USA). Residuals were tested for normality using the Shafilkdest
and homogeneity of variances were tested using plot of residuals vs. fit values. Sperm
velocity, density, and longevity were lpdransformed while sperm motility and linearity
were arcsine square root transformed when data deviated from normdlity a

homoscedasticity (Zar 1996). Data were expressed as mean + SEM.

Results

Motility

There was a significant positive linear relationship between samplinguoidte
sperm motility at 5 s post-activatiorf & 0.18,F; g3= 14.0,P < 0.001, y = 8.34x +
39.28), however there was no significant relationship at 10 s post-activatiof. (7,
Foes= 2.5,P =0.09, y = 21.51x + 3.4%x 17.32) (Figure 2.1a). Sampling date had a
significant effect on sperm motility at 4351= 6.43,P = 0.0014) and 10 s post-

activation 3z 336=7.82,P = 0.0004) (Figure 2.1b).

Velocity

There was a significant negative quadratic relationship between sampkranda
sperm velocity at 5 s post-activatiof €0.10,F, 63 = 3.23,P = 0.046, y = 40.93x —
8.27¥ + 70.0) and a marginally significant negative quadratic relationship at 10 s post-

activation (f = 0.09,F,63= 3.05,P = 0.05, y = 23.64x - 4.88% 49.73) (Figure 2.1c).
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Sampling date had a significant effect on sperm velocity at 10 s post-actifFats, o=

3.81,P =0.02), but not at 5 s post-activatidf f4.0= 2.04,P = 0.12 (Figure 2.1d).

Linearity

There was a significant positive linear relationship between samplin@uidte
sperm path linearity at 5 s post-activaticn<(10.27, F = 22.903 P <0.0001, y = 6.77x
+ 44.56), while a significant positive quadratic relationship was found at 10 s post-
activation (f = 0.21, F = 8.34s3 P < 0.001, y = -18.75x + 4.55% 79.92) (Figure 2.1e).
Sampling date had a significant effect on sperm path linearity at 5 (F 5344 R <

0.0001) and 10 (F = %234 P = 0.001) s post-activation (Figure 2.1f).

Longevity

A significant negative quadratic relationship was found between sampling date
and sperm longevity{= 0.13,F,63= 4.40,P = 0.02, y = 7.30x — 1.68x 17.66) (Figure
2.2a). Running the ANOVA showed that sampling date had a significant effect on sperm

longevity F335= 3.2,P = 0.036) (Figure 2.2b).

Density

There was a significant negative quadratic relationship between sampirgnda
sperm density fr= 0.12,F»63= 4.10,P = 0.02, y = 1.00x — 0.18% 0.13) (Figure 2.2c).
Sampling date had a marginally significant effect on sperm defsity {= 2.8,P =

0.05) (Figure 2.2d).
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Correcting for Multiple Tests

Using a conservative Bonferroni correction for multiple tests, | dividedipina a
value (0.05) by the number of tests (n=5) per grouping (5 and 10 seconds post-activation
for both linear and quadratic equations) thus rendering the new alpha value 0.01. In this
case, 4 of the significant results would become non-significant for theeditfer
groupings. However, Nakagawa (2004) points out that the use of Bonferroni corrections
reduces statistical power, thus increasing type Il errors, whichemdytd bias in data

interpretation.

Discussion

Quantifying sperm quality throughout the spawning season is important for
estimating a stock’s reproductive potential (Trippel 1999, 2003), timing of optimal
fertilization for hatchery production (Rana 1995) and improvement of short-term and
long-term storage (cryopreservation) techniques for many captietydmd endangered
species (Rideout et.&004). Variation in sperm quality across the spawning season has
been previously reported for a number of freshwater and marine fishes (eag. &eat.
2011; Billard 1986; Munkittrick & Moccia 1987; see Chapter 1, Table 1.2). Results have
shown that within and across species, seasonal changes in sperm quality carodiffer. F
example, one study on turb&tophthalmus maximus (Suquet et al. 1998) demonstrated
that motility decreased linearly as the spawning season progressech wigihgficant
linear increase in sperm motility was shown for red p&tagrus pagrus (Mylonas et al.
2003). For sperm velocity, negative quadratic relationships were found in Barbes

barbus (Alavi et al. 2008), and Atlantic cd@adus morhua (Rouxel et al. 2008). Other
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studies have shown that velocity gradually decreased throughout the spawning season,
such as in European perehbrca fluviatilis (Alavi et al. 2010), while a linear increase in
velocity was found in Atlantic cod (Butts et 2D10). In terms of longevity, studies on
rainbow troutOncorhynchus mykiss (Buyikhatipoylu & Holt 1984) and sharpsnout
seabreaniplodus puntozzo (Papadaki et al. 2008) found negative quadratic
relationships. In contrast, a study on Brazilian flouriekalichthys orbignyanus (Lanes

et al. 2010), found that sperm longevity increased as the spawning season progressed.

For lake trout | found significant linear increases for sperm motility ancdriipes
5 s post-activation. A negative quadratic relationship was found for longevity and
velocity at 5 s post-activation. These results suggest the highest sperm loagdvity
velocity occurs during the middle portion of the spawning season. In my resulis, sper
quality was generally lower at the onset of the spawning season, in ternch of éae
metrics that | measured. It is probable that sperm may be less mdiile tame as they
may not have gained the capacity for forward movement (Billard 1986; Myloahs e
2003). Essentially, this may be linked to the seasonal variation in progesti2QR7
dihydroxy-4-pregnen-3-one, which induces spermatozoa maturation in salmonids
(Nagahama 1994).

Understanding how sperm density changes throughout the season is necessary for
determination of optimal sperm to egg ratios to essentially maximizizggran success
(Butts et al. 2009; Casselman et al. 2006). Quantifying density can also be useful for
estimating the biochemical properties of a known volume of milt (i.e. ATP, protein
concentration; Boryshpolets et al. 2009). In the present study, we found a negative

guadratic relationship for sperm density, with the densest sperm samples found7on Dec

35



(or middle of the season). Studies on Atlantic cod (Rouxel et al. 2008) andBygcot
amazonicus (Cruz-Casallas et al. 2007) found similar relationships. Increases in sperm
density throughout the spawning season have been found in Atlantic sadimorsalar
(Piironen 1985), and Atlantic cod (Butts et al. 2010; Rakitin et al. 1999). In contrast,
studies on rainbow trout (Buyikhatipoylu & Holt 1984), snow t&mhizothor ax
richardsonii (Agarwal & Raghuvanshi 2009), brown trdsstimo trutta (Hajirezaee et al.
2010) and Atlantic salmon (Aas et al. 1991) found that sperm density decreased
throughout the season.

In salmonids, gametogenesis is a discontinuous process where spermasl releas
from the sperm ducts over several months, ageing throughout the spawning period
(Billard 1986). During this timeframe, declines in ATP levels (Dreanna 498D),
hormonal activity of the sperm duct (Koldras et al. 1996; Shangguan & Crim 1999) and
seminal plasma contents (i.e. ions, proteins, antioxidants; Ciereszko & Dabrowski 1995;
Hajirezaee et al. 2010) have been reported. All of these biochemical and gdigsiol
milt indices have been linked to sperm activity (Lahnsteiner et al. 1996, 1998). Therefore,
further work should be undertaken to explore how these indices are affecting sperm
quality in lake trout. In addition, researchers should investigate how diet, stage of
maturation, environmental conditions (e.g. temperature, photoperiod), and broodstock
stress can affect sperm quality in captivity.

In conclusion, | found that 7 to 27 % of the variation in sperm traits can be
explained by seasonal variation, indicating that seasonality can havefigangmmpact
on the quality of sperm motility, velocity, linearity, longevity, and densityderstanding

this seasonal variation in sperm quality is important for quantifying peffeats on
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fertilization success. For example, based on the available literataedtirer salmonid
(Tuset et al. 2008), seasonal differences in sperm velocity that | have shown egoltld r
in ~ 10% difference in fertilization success. Overall, these findings haaearele for the
aquaculture industry, salmonid rehabilitation programs as well as for estinoéta

male’s reproductive potential in the wild.
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Figure Captions

Figure 2.1 The relationship and effect of sampling date on motility (A and B), velocity
(C and D) and linearity (E and F) at 5 (dashed lines) and 10 s (solid lines) peostiacti
Filled circles in plots A, C, and E represent mean vatu8EM for each of the 16 male
lake trout at 5 s post-activation; open circles represent mean individual values for 10 s
post-activation. Means with shared letters in plots B, D, and F did not differ sagiyic

from one another based on Tukey post-hoc tests.

Figure 2.2 The relationship and effect of sampling date on longevity (A and B) and

density (C and D). Means with shared letters in plots B and D did not differ sagntiyic

from one another based on Tukey post-hoc tests.
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Figure 2.1
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Figure 2.2
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CHAPTER 3: THE EFFECTS OF INBREEDING ON SPERM QUALITY IN L AKE TROUT ,
SALVELINUS NAMAYCUSH?

Synopsis

The effects of inbreeding, the mating between relatives, in both captive and wikkspec
have been reported to negatively affect a wide variety of life histoty tedated to
survivorship, known as inbreeding depression. More recently however, the effects of
inbreeding on reproductive traits such as male sperm quality have becomécafgrart
interest (primarily in mammals while studies on other taxa are lackingli$echtheir
direct role in competitive fertilization success. The objective of this stadyto test the
inbreeding depression hypothesis as it relates to sperm quality metricsaxsiatlys

mature males from a captive population of experimentally inbred and outbred lake trou
Salvelinus namaycush. | found that sperm quality metrics (including velocity, motility,
linearity, longevity and concentration) of moderately (whose parents vaezmal and
paternal half siblings) and highly (whose parents were full siblings) inbedels, did not
differ significantly from outbred males, providing no support for the predictions of the
inbreeding depression hypothesis. The lack of differences in sperm qualggamit

likely be explained by several factors including no inbreeding depression in the
population (due to purging, low levels of inbreeding or no detection at the gamete level),
or the captive conditions of the individuals used in the experiment. The findings in this
study suggest that inbreeding does not necessarily lead to inbreeding depressi

captive salmonid populations.

2 This chapter is the result of joint research viith Trevor Pitcher and Dr. Chris Wilson
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Introduction

Inbreeding, defined as the mating between relatives, has been dersdrstrat
reduce the fitness of species in a wide variety of taxa. A reduction in fibress (
phenotype value in practical terms) of offspring from matings betweeedefatividuals
compared to the fitness of offspring from randomly mated individuals is known as
inbreeding depression (Wright 1977). The reduction in fitness arising from inbregding i
commonly believed to be due to the combination of effects originating from dominance
and overdominance (Charlesworth & Charlesworth 1999; Wright 1977). Fitness loss as a
result of inbreeding has been reported in both captive (Lacy et al. 1993) and wigdl (Kel
& Waller 2002; Crnokrak & Roff 1999) populations. Fitness losses due to reduced
survivorship caused by inbreeding are related to a number of factors including for
example, increased parasite susceptibility (Rijks et al. 2008), growth digdsr(Grant
& Grant 1995), and decreased juvenile survivorship (Jiménez et al. 1994). Most research
to date has focused on aspects of survivorship, however an individual's fitness is
contingent on both their survival to sexual maturity and their reproductive success onc
sexually mature (Stearns 1992), suggesting a need to examine reprodutsiees titzey
relate to inbreeding depression.

Inbreeding depression has been primarily studied in survival-oriented metrics
however, reproduction is closely linked to fitness and can therefore be sighjficant
reduced as a result of inbreeding depression (Saccheri et al. 2005; Crnokrak & Roff,
1995). The focus of such studies has been to investigate reproductive traits such as
mating success (Joron & Brakefield, 2003) and fertility (Johnston 1992), although,

inbreeding depression has also been shown to affect fithess in more cryptiuolags s
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having detrimental effects on sperm quality (reviewed by Fitzpatrick@&&2009). For
example, in both wild rabbit©fyctoloagus cuniculus) and lions Panthera |eo),
decreased levels of heterozygosity (resulting in the expression of edreasls of
deleterious recessive alleles) were associated with an increasenmatp®rmalities
(Gage et al. 2006; Wildt et al. 1987). Additionally, inbreeding depression has been shown
to affect sperm quality traits such as sperm motility, sperm velocity anah spe
concentration, which have been determined to have significant effects ondeatili
success (Fitzpatrick & Evans 2009). In white-footed mireedgmyscus leucopus) and
Mexican gray wolves@anis lupus) an increase in inbreeding led to significant reductions
in sperm motility (Malo et al. 2010; Asa et al. 2007) while in the Florida parfies (
concolor coryi), sperm motility and sperm concentration were significantly lower when
compared to non-inbred panther populations (Barone et al. 1994). It is thought that
spermatozoa may be more susceptible to the effects of inbreeding depressiahei
complex nature of spermatogenesis and the high potential for mutational defge®{Ga
al. 2006). As sperm quality can significantly contribute to the fithess of an individual, it
becomes an important mechanism influencing reproductive success. The majority of
studies that have investigated the effects of inbreeding on sperm quality have focused on
mammals, meanwhile studies on other taxa have been largely ignored (but seetWeeks
al. 2009; Zajitschek & Brooks 2010; Zajitschek et al. 2009).

Lake trout Galvelinus namaycush) are an interesting species to study the effects
of inbreeding on sperm quality metrics due to their unique life history. Unlike most
salmonids, lake trout are a long-lived (average life span of 20 years), itmrsfgpecies

that have a tendency to breed nocturnally (Gunn 1995). As a result, lake trout lack sexua
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dimorphism and exhibit little to no pre-spawning male-male competitioe\(E &t al.
2008; Gunn 1995). Given these unique traits, it is possible that sexual selection operates
predominantly at the gamete level in this species.

Lake trout are also of conservation and management concern, due to population
declines and losses in the Great Lakes over the past half-century (McDeahi2(4.0).
Overfishing and predation by the invasive sea lampely gmyzon marinus) caused
major declines in lake trout populations throughout the 1940s and 1950s, culminating in
the loss of native populations from several of the Great Lakes (Walterd88@|
Selgeby et al. 1995 and references therein). The long-term persistenaeyahiand
populations is similarly of concern, with many jurisdictions employingeeking and
rehabilitation efforts to help restore natural populations (Piller et al. 2005)eas
programs are focused on ways to improving the success of this species in the wild,
assessing gamete quality is an important element of anticipating refvediuccess or
failure.

In this study | tested the inbreeding depression hypothesis by examining the
effects of varying levels of inbreeding on sperm quality metrics in avelpbred
population of lake trout. | predict that inbred offspring would produce poor quality sperm
(including lower velocity, motility, linearity, longevity and concentration) paned to
offspring arising from unrelated parents. | examined sperm traitsifidividuals from
four different levels of inbreeding, including: (i) offspring arising fraut siblings, (ii)
offspring arising from maternal half siblings, (iii) offspring amigifrom paternal half

siblings and (iv) offspring arising from unrelated individuals.
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Methods

Creation of Family Lines

Lake trout originated from wild-caught populations in two interconnected iakes
Haliburton, Ontario (Clean and Macdonald Lake, Latitude: 45.2501; Longitude: -
78.5329). In 1983, wild lake trout were manually spawned at the Ontario Ministry of
Natural Resources Codrington Fisheries Research Facility, located im@todr
Ontario (Latitude: 44.1468; Longitude: -77.8045). Single-pair crosses (18 aralel0
females) from this collection were used to create 10 presumably unrelatdiéd. All
fish at the hatchery were freeze-branded and fin clipped to allow for individual and
family identification. In 1994 (when males and females were sexuallyre)atour
unrelated offspring from the single-pair crosses (2 males and 2 femwalesghosen
haphazardly and used to set up a 2 x 2 factorial cross, producing four unrelated families
(see Figure 3.1a). Individuals chosen for the 2 x 2 factorial cross weratadriehsed on
allozyme data (Wilson C., personal communication). In 2003, the mature adults from
these four families were used to set up experimental inbreeding crossetriafaross
with 8 females and 4 males (each female mated to the same four males)duas use
create families (n = 32), each exhibiting four levels of inbreeding; (i¥itlings, (ii)
maternal half siblings, (iii) paternal half siblings and (iv) unrelated iddads (see
Figure 3.1b). On November 9 and 10, 2009, 102 males from the 32 families were
sampled for milt. Previous research has shown that sperm quality traitge(edity,
longevity and density) in captive lake trout tends to peak in the middle of the spawning
season (Chapter 2), therefore the data we used in this study was collectedhatiring

timeframe.
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Fish Husbandry and Sperm Collection

Individuals were housed in 5 circular tanks (5’ diameter with a working depth of
24") fed by untreated water from the headwaters of Marsh Creek (La#tdd&34;
Longitude: -77.7828) and were kept under a natural photoperiod and temperature regime.
Individuals from all four inbreeding treatments were distributed randomly throutteut
5 tanks. Males and females in each tank were prevented from mating by a lackadf nat
substrate on the bottom (Yeates et al. 2007). Fish were fed AquaBrood feed (7.5 mm
pellet; Corey Nutrition Company, Fredericton, NB, Canada) at 0.5% body weight p
day. Total length and weight (mean + SEM) of the males at the onset of spawreng wer
539.87 + 3.83 mm and 1697.08 + 36.74 g, respectively. Males were anaesthetized using
40 to 50 ppm solution of MS-222 (Syndel International, Vancouver, BC, Canada). Milt
samples were collected, using slight pressure to the abdomen and massaguhgtteava
urogenital pore, in 532 mL Whirl-P@lplastic bags (Nasco, Newmarket, (dnada)
and stored in a cooler (~ 8°C). Extra care was taken to ensure that uringeogsor

water did not contaminate the milt samples.

Sperm Activity

Sperm were video-recorded using a CCD black and white video camera (XC-
ST50, Sony, Japan) module at 50 Hz vertical frequency, mounted on an external-phase
contrast microscope (CX41 Olympus, Melville, NY, USA) with axlfegative-phase
magnification objective (Pitcher et al. 2009). Sperm quality traits (velouoiyiity,

linearity, and longevity) were assessed within 3 hours of collection, by taogizen
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aliquot (< 0.2 pL) of milt with 10 uL of source water circulating through the hatcher
Water temperature was maintained by holding water samples in a doe#Ca
(temperature of the water on Novembean@ 10, 2009). Once recordings were taken,
sperm quality traits were analyzed, using the HTM-CEROS sperm angjssem
(version 12, CEROS, Hamilton Thorne Biosciences, Beverly MA, USA) set at the
following parameters: number of frames = 60, minimum contrast = 11, photometer = 55-
65, minimum cell size = 3 pixels. Sperm velocity, motility and linearity wecerded at
5 s post-activation. It has been shown in salmonids that once sperm is released and
activated, there is ~ 5 s to fertilize eggs (Hoysak & Liley 2001). Thexedopost-
activation time of 5 s is the most biologically relevant as it corresponds to ocosditi
found in the wild. Sperm velocity was estimated as the average velocity ntkagere
the actual point-to-track followed by the cell. We also examined sperm yaloterms
of VAP (average path velocity) and VSL (straightline velocity) and found qunaditat
similar relationships, so we do not present them here. Sperm motility waktzdcas
the percentage of motile cells divided by the total number of cells. Spermrzstitl;,
which is the straightness with which a sperm cell moves per unit of distandedravas
measured as the departure of the cell track from a straight line. Strasglmming
sperm will have a larger linearity value. Longevity was estimateleatsme for ~95% of
the sperm cells to become immotile (Gage et al. 2004). The sperm analy=is ggss
the average number of sperm per recorded track to estimate sperm caigdit{Erch
sperm track was manually checked for quality assurance (e.g. no spexisiwely

moving due to flow of the water added for activation).
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Sperm Concentration

Sperm concentration was estimated by adding between 250 pL to 1000 pL milt
(depending on how much milt was available) for individual males into separate 1500uL
Eppendorf microcentrifuge tubes. Eppendorf tubes were then centrifuged for 10 min at
7500 x g(accuSpin Micro 17, Fisher Scientific, Fair Lawn, New Jersey, USA).
Centrifuging milt separates sperm and seminal plasma into opaque whiteaand cle
solutions, respectively (Hoysak & Liley, 2001). To calculate sperm camtemnt, the
volume of the opaque layer was recoded for each sample and then divided by total milt

volume and expressed as a percentage.

Satistical Analyses

JMP (v.8.0.2; SAS Institute Inc., Cary, NC, U.S.A) statistical softwareused
to analyze data. One-way ANOVA models were used to compare sperm traébtand
Fulton’s condition factor [K= total mass/(total lendtkYL00000] between the levels of
inbreeding. Sperm velocity, motility and linearity were analyzed at 5 sagtisation.
All traits were tested for normality using the Shapiro-Wilk test anddgameity of
variances were tested using Levene’s test. Motility data weremarsguare root
transformed to satisfy statistical assumptions. The Kruskal-Waltisveessused to
analyze longevity, sperm concentration and Fulton’s K after attempting trewasiton
which was not successful. Potential tank effects were tested for beforegame-way
ANOVAs. All p-values were greater than 0.05, therefore individual tanks mer

included in the analyses.
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Results

Sperm velocity (full-sibling offspring (FS): 111 £ 21.7; maternal half+sdpli
offspring (MHS): 102.8 + 26.4; paternal half-sibling offspring (PHS): 106.7 + 25.3;
unrelated offspring (UN): 118.8 + 25 B; 9s= 2.03,P = 0.12), motility (FS: 61.8 £ 19.2;
MHS: 59.6 + 18.8; PHS: 59.9 + 23.6; UN: 62.6 + 2E9ys = 0.17,P = 0.92), and
linearity (FS: 69.4 £ 10; MHS: 68.2 £ 9.1; PHS: 73.1 £ 10.2; UN: 71.5 H8.¢5 =

1.30,P = 0.28) did not significantly differ between the levels of inbreeding (Figure 3.2).

For traits that were analyzed using the Kruskal-Wallis test [spmrgevity (FS:
24.3 +7.6; MHS: 24.9 +8.9; PHS: 25.8 + 10.3; UN: 27.6 i)@z.:l;2.86,df =3,P=
0.41), sperm concentration (FS: 48.2 + 22.8; MHS: 51.4 + 16; PHS: 43.5 + 26.1; UN: 44
+ 23.4;)(2: 4.60,df = 3,P = 0.20) and Fulton’s K (FS: 1.07 £ 0.11; MHS: 1.06 + 0.07;
PHS: 1.05 + 0.10; UN: 1.06 + 0.0%°= 1.35,df = 3,P = 0.72)], no significant difference

was found between the levels of inbreeding (Figure 3.3).

Because no significant relationship was found between sperm quality metrics and
inbreeding, a post-hoc power analysis test was conducted to examine thieadtptiwer
of our tests (GPower, http://www.psycho.uni-duesseldorf.de/aap/projects/gpaower/
found on average, the statistical power for sperm traits was 76% (perceitynto§b;

velocity: 0.93; linearity: 0.85; longevity: 0.74; concentration: 0.74).

Discussion

My findings did not provide support for the hypothesis that inbreeding depression

affects sperm quality in a captive population of lake trout. | found that for molgerate
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inbred (whose parents were maternal and paternal half siblings) to highlg males
(whose parents were full siblings), sperm quality showed no apparent signs odiiimipree
depression. These results do not follow the general pattern found in the literature;
inbreeding causes detrimental effects on sperm quality in many spead&Shapter 1,
Table 1.1). For example, in a recent comparative analysis across 20 endangeneal ma
species, decreased levels of heterozygosity (as a result of increasedfi@vieteeding)
significantly reduced sperm quality metrics across both wild and captive popsla
(Fitzpatrick & Evans 2009). Here, | provide possible explanations as to why inyeedi
did not lead to inbreeding depression in my study.

The lake trout’s unique life history strategy along with their natural ldigtan
may provide support for a lack of detection. The retreat of glaciers falipthie
Pleistocene has resulted in the existence of lake trout inhabiting small, inéstyditer
lakes, which act as isolated, closed systems (Wilson & Hebert 1998). Lake trdu, unli
most salmonids, are a long-lived iteroparous species adapted to live in small populations
throughout these isolated lakes (Wilson & Mandrak 2004). Given this, it is possible that
generations of inbreeding may have occurred and consequently the purging of lethal
alleles (Larsen et al. 2011). Purging is a mechanism that reduces theriflaésd losses
of inbreeding through the removal of deleterious recessive alleles via regie@ion
(Hedrick 1994; Thornhill 1993). Purging is more likely to occur in small populations with
a long history of inbreeding and consequently an accumulation of these letlesl allel
(Crnokrak & Barrett 2002). Once populations have been purged of deleterious recessive
alleles, further inbreeding would in theory have no effect on the fitness of the papulati

Evidence for purging has been shown in both plants and animals (reviewed in Crnokrak

58



& Barrett 2002). For example, in guppié®écilia reticulata), purging was demonstrated
in a captive population that had been experimentally reared for 10 generations dtarse
al. 2011). Inbreeding depression in offspring survival and clutch size increased
throughout the first 4 to 6 generations of inbreeding followed by a recovery in fithness
thereafter, despite further generations of inbreeding (Larsen et al. 201631l Otvies
difficult to determine whether deleterious recessive alleles weveopsty lost in this
population due to the conditions and assumptions underlying purging as a mechanism for
reducing inbreeding depression. An understanding of the genetic mechanisms responsible
for inbreeding i.e. dominance (necessary for purging) or overdominanceistoétine
deleterious recessive alleles, and strength of selection on those allblesvild is
needed to provide support for purging (Wang et al. 2002).

Another possible explanation for my results may be that inbreeding depression
only affects early life-history traits. There is a possibility thathireeding depression
was severe enough, individuals who expressed recessive alleles early apoherd!
would have likely died off, for example at the hatching stage, leaving behind those
individuals with increased levels of heterozygosity and thus increased fitredkes &
Waller 2002). Once these remaining males reached sexual maturity, theyinvthdory
be unaffected by further inbreeding and possible inbreeding depression, which would
otherwise reduce sperm quality. In salmonids, there is evidence for inbreegiagsion
affecting early life history traits such as fry mortality in raintosut (Oncorhynchus
mykiss) (Kincaid 1976), while no effect was found for fertility or egg hatching success

(Su et al. 1996). In order to conclude that inbreeding depression in this population had no
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effect at the gamete level, | would need more information on the wild-origastams of
the population.

A lack of inbreeding depression in this lake trout population could also be
attributed to having only one generation of experimental inbreeding in my studydIn wi
salmonids, inbreeding is expected to be a gradual process that can take several
generations to demonstrate any negative effects (Wang et al. 2002). Sawdies have
found evidence for inbreeding depression in species that have experienced multiple
generations of inbreeding (Crnokrak & Barrett 2002). In a study on guppiesitsciek
et al. (2009), 4 generations of brother-sister matings (F = 0.59) were requirgeicto de
any evidence of inbreeding depression on sperm competitiveness, while moderately
inbred males (F = 0.25) showed no reduction in the trait. With one generation of
inbreeding in my study, full sibling offspring had an F value of 0.25, while materdal a
paternal half sibling offspring had an F value of 0.125. My results are potentially
consistent with those found in the guppy where an inbreeding coefficient of 0.25 was not
strong enough to detect negative effects on sperm quality. In rainbow troas, it w
suggested that a lack of detection of inbreeding depression on male fentillaatcess
could be attributed to low levels of inbreeding in the study (Su et al. 1996). Although |
did not find evidence for inbreeding depression in this population, we cannot exclude the
long-term effects i.e. successive generations of inbreeding as a@laentice of
inbreeding depression.

Soft selection due to captive conditions has more recently been shown to mask the
effects of inbreeding depression (Armbruster & Reed 2005; Crnokrak & Roff 1999).

Differences in the severity of inbreeding depression between captiveldnd w
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populations have been documented in a variety of species. Benign living conditions often
result in an underestimate of the effects of inbreeding due to a lack of environmental
pressure (e.g. Armbruster & Reed 2005; Crnokrak & Roff 1999; Hedrick & Kalinowski
2000; Keller & Waller 2002). These environmental pressures range from ungipgslict
climate conditions, disease, and resource limitation to the absence of ciom petit

mates (Crnokrak & Roff 1999; Joron & Brakefield 2003). Studies that involve the
introduction of captively bred individuals into their wild environments often show an
increase in the negative effects due to inbreeding. For example, in white-foimte
(Peromyscus leucopus), survivorship rates were lower for inbred individuals reintroduced
into the wild, compared to those living under laboratory conditions (Jiménez et al. 1994).
In butterflies, male mating success was lower when inbred individuals enqestia

natural free flight environment compared to a caged environment (Joron & Brakefiel
2003). As male-male competition is generally absent in captive populationsyaegati
effects of inbreeding depression are frequently exposed when malely daeet
competition for mates (Meagher et al. 2000). For example, in Nile til@pe¢hromis
niloticus), the proportion of offspring sired in a single spawning event by inbred males
was decreased when there were an increased number of males competing fooespula
(Fessehaye et al. 2009). Male-male competition at the gamete leviddhatiaidated
similar negative effects at the gamete level. In the flour béHileo{ium castaneum),

male fertility was not significantly different between inbred and outbrediohdls,
however under competition, inbred males were found to suffer from decreased sperm
competitiveness (Michalczyk et al. 2010). In gupplsCilia reticulata), sperm number

was significantly reduced in inbred compared to outbred males however duisveds
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not observed under laboratory conditions (Zajitschek & Brooks 2010). Lake trout in this
study had been living in a captive environment for seven years. Although conditiens we
semi-natural, with no manipulation of water quality (i.e. water was providedhbtuaal
stream) or temperature, competitive interactions for both resources andvesdes

absent. Evidence for relaxed selection on lake trout from the same hatchetyn tisg
study has been demonstrated. McDermid et al. (2010) found that wild-origin lake trout
outcompeted hatchery-reared lake trout in a number of life history traitslimgl
fertilization success (an indicator of sperm quality). Wild lake trout, compareaptive,
have an opportunity for post-copulatory sexual selection as multiple males have been
observed accompanying a spawning female (Esteve et al. 2008). The loss dé¢hisese
pressure on sperm competition in captively bred males may help to explain why both
inbred and outbred individuals did not differ in sperm quality metrics.

Finally, it is possible that we did not have enough statistical power to detect any
effects of inbreeding depression on sperm quality (Thomas & Juanes 1996). However,
using a post-hoc power analysis test suggests that this is unlikelytictipiswer for
sperm traits ranged from 55-92%, with an average of 76%. Compared to other studies
that have investigated the effects of inbreeding on sperm quality, a sampleXi2e of
males in our study is large. Therefore, it is expected that if inbreeding sieprbad any
detrimental affects on sperm quality, it would have been statisticallgtddte my
study.

In summary, sperm quality appears to be unaffected by experimental levels of
inbreeding in a captive population of lake trout. Coefficients of inbreeding depré®s

whered =1 — (% / X,) (adapted from Crnokrak & Roff 1999) in my study were
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extremely low, ranging from 0.12 for sperm longevity to -0.09 for sperm conttentra
(where the inbred mean trait value, ¥as higher then the outbred mean trait valug, X
Compared to inbreeding coefficients calculated for sperm traits in athesgecies,

along with other species in general (Table 1.1 in Chapter 1), | assume wgtileval of
certainty that these fish did not suffer from the effects of inbreedingsiemneon sperm
quality. Although my findings are inconsistent with those found in the literaturegcke |
of differences in sperm quality traits might be explained by no inbreedingssaqnm in

the population (due to purging, low levels of inbreeding or no detection at the gamete
level), or the captive conditions of the experiment. My study highlights the impertd
the conditions and assumptions needed to detect inbreeding depression at the gamete
level and provides important insight into inbreeding in hatchery-reared salmonid

populations.
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Figure Captions

Figure 3.1Breeding scheme, representing the creation of four levels of expéaiiye

inbred and outbred lake trout. In 1994, four fish (2 males and 2 females) were used to set
up a 2 x 2 factorial cross, producing four families (A). Sexually matured aoftsfrom

the 2 x 2 cross were then used to set up experimental inbreeding crosses in 2003 (B).
Eight individual females were mated to the same four same males to prodwsdesiull
maternal half sibs, paternal half sibs and unrelated individuals. Subscript numbers
indicate female family origin (family 1, 2, 3 or 4) and subscript letters itedai&erent

females from the same family.

Figure 3.2The relationship between sperm velocity (A), percent motility (B) and
linearity (C) at five seconds post-activation. These sperm performagtdesid not
significantly differ between inbred and outbred males (see text for defdiks)ine in the
center of each box represents the median. The upper and lower bounds of the box
represent the upper and lower quartiles respectively and the extended linssnegbie
maximum and minimum values excluding outliers. Raw data are presented fakehef s

clarity.

Figure 3.3The relationship between inbreeding level and measures of sperm longevity
(A), sperm concentration (B) and individual Fulton’s condition (C). These spemcsnet
and body condition did not significantly differ between inbred and outbred males (see
text for details). The line in the center of each box represents the median. Thendpper a

lower bounds of the box represent the upper and lower quartiles respectively and the
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extended lines represent the maximum and minimum values excluding outliers. Raw dat

IS presented.
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Figure 3.2
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Figure 3.3
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CHAPTER 4: GENERAL DIScuUSSION

Summary

In this thesis | examined seasonal variation and the effects of inbreedingon spe
quality in a captive population of lake trout. The purpose of this final chapter is to
summarize the findings of my research and provide implications and futurgosisec
that could expand on my results. | found that sperm quality tends to peak throughout the
middle of the reproductive season in lake trout. Overall, | was able to demotisitate
to 27% of the variation in sperm quality traits can be explained by seasonality. Usi
these data, sperm from experimentally inbred and outbred lake trout weredauring
the peak of the reproductive season in order to test the inbreeding depressiorsks/pothe
which predicts that inbreeding will have detrimental effects on sperm qudbiynd no
significant relationship between inbreeding level (full sibling offspringtemal half
sibling offspring, paternal half sibling offspring, and unrelated offspring) peds
quality suggesting there was no inbreeding depression. Together, thetsepresidle

important implications for studying sperm quality in captively bred saldhpopulations.

Chapter Two

Sperm quality, which includes measures of motility, velocity, longevity and
density are considered the primary determinants of fertilization succeasous

externally fertilizing fish species, including salmonids (e.g. Casseénal. 2006; Gage
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et al. 2004; Tuset et al. 2007). As sperm quality plays a vital role in ferblizsticcess,

it is important to understand the environmental factors that can affect spery fgual
example, temperature and photoperiodic conditions (Chemineau et al. 2007), which
ultimately depend on the timing of the reproductive season. It has been deradribaat
sperm quality is highly dependent on the timing of the spawning season, both amevild
captive fish species (Babiak et al. 2006; Butts et al. 2010; Munkittrick & Moccia 1987).
Therefore, understanding when peak sperm quality occurs has important impsidati
both the aquaculture industry and studies that examine sperm quality (in orderotat rule
seasonality as possible consequence of poor performance). Thus, in Chapter Two, |
examined the seasonal variation in sperm quality of a captively bred population of lake

trout using both a regression and a repeated measures approach.

| found significant positive linear relationships for percent motility andtibeat
5 seconds post activation, significant negative quadratic relationships fortyekoi
seconds post activation, longevity and density and finally a significant positideatjoa
relationship for linearity at 10 seconds post activation. Using the repeategreseas
approach, | found a significant effect of season on percent motility, vellioggrity and
longevity. Overall, sperm quality was highest during the middle two sampling dates,
corresponding with the middle of the reproductive season for wild populations of lake

trout in Ontario.

Sperm quality was generally low at the start of the reproductive seasah for
sperm traits measured except linearity at 10 seconds post activationbdtemasuggested
that sperm may be less motile at the onset of the season as they may not geirteave

the capacity for forward movement (Billard 1986; Mylonas et al. 2003). Follothiang
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onset of the spawning season, sperm quality in this experiment either increased
continually until the end of the season or peaked in the middle, decreasing ¢nereaft

This decrease in sperm quality towards the end of the spawning seasaridavhere
negative quadratic relationships were found can likely be attributed to sperm. &geing
salmonids, spermatogenesis is a discontinuous process in which sperm is released from
the sperm ducts over several months, ageing throughout the spawning period (Billar
1986). During this timeframe, declines in ATP levels (Dreanno et al. 1999), hormonal
activity of the sperm duct (Koldras et al. 1996; Shangguan & Crim 1999) and seminal
plasma contents (i.e. ions, proteins, antioxidants; Ciereszko & Dabrowski 1995;
Hajirezaee et al. 2010) have been reported. These biochemical and physiolegical m

have been linked to differences in sperm quality (Lahnsteiner et al. 1996, 1998).

In order to further understand mechanisms underlying seasonal changes in each of
the sperm quality metrics, future work should investigate whether biocHéngc#ons,
proteins, antioxidants) and physiological (i.e. ATP, hormonal activity)icsdtr milt
differ across the reproductive season as well as and whether these diferemelate
which the observed differences in sperm quality demonstrated in lake trout. Future
studies should also measure the most biologically relevant time framasomaperm
quality in lake trout. This could be achieved through fertilization success exp&jme
where percent fertilization is measured for batches of eggs fattiliziag sperm
activated at different post activation times. Although studies in other salntavds
found that eggs are fertilized within 5 seconds of sperm activation (Hoytdk\&
2001), time to fertilization has yet to be determined in lake trout. Fineliyguld be

useful to study the effects of seasonality on sperm quality in a microenvirotiraent
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more closely mimics that found in the wild. For example, female ovarian fluidhwaic
released along with eggs during a spawning event, has been shown to increase sperm
velocity in a number of salmonids (eg. Rosengrave et al. 2009; Turner & Montgomerie
2002; Wojtczak et al. 2007). Future studies could look at the effects of seasonality on
sperm quality by activating sperm with female ovarian fluid rather treanthroughout

the reproductive period.

Chapter Three

Using sperm obtained from the peak of the reproductive season, as determined in
Chapter 2, | tested the hypothesis that inbreeding has detrimental effecédeosperm
guality in lake trout by comparing sperm quality from highly inbred, moderatelgdnbr
and unrelated males. It has been previously demonstrated that mating belate&s re
can lead to significant reductions in sperm quality and consequently, fertility and
reproductive success (Gomendio et al. 2000; Fritzsche et al. 2006). The effects of
inbreeding on cryptic life history traits such as sperm quality have mosthstn

demonstrated in mammals (Fitzpatrick & Evans 2009), while studies on fishrare ra

Overall, | found no significant differences in sperm quality between highly inbred
(full sibling offspring), moderately inbred (maternal and paternal halhgiloffspring)
and unrelated offspring. | have proposed four possible explanations as to why inbreeding
depression did not lead to reductions in sperm quality in a captive population of lake
trout. First, it is possible that the life history of this species (large;lloed, late-

maturing) and distribution (small, isolated freshwater lakes) led to purgindetéideus
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recessive alleles via natural selection. In order to determine ifnfguogicurred in our
population of lake trout, an idea of ancestral inbreeding patterns in the wildl &s wed
strength of selection on detrimental alleles is necessary. Second, gildgtsat

inbreeding depression had no effect at the gamete level in our population of lake trout.
Again, this explanation relies on the assumption that the wild ancestral population was
inbred however, those individuals that were inbred would have expressed deleterious
recessive alleles early in development, dying off before reacaimgbmaturity. The
remaining males would in theory be unaffected by further inbreeding depression and thus
would not express any detrimental effects on sperm quality due to inbreedingaThird,
lack of inbreeding depression could be attributed to limiting our study to only first
generation inbred males. Previous studies have shown that multiple generations of
inbreeding in both wild and captive environments are required for the effects of
inbreeding depression on sperm quality to take effect (Crnokrak & Roff 1999). The final
explanation for a lack of inbreeding depression on sperm quality involves “sofiticele

on reproductive traits due to captive conditions. Relaxation on the detrimental effects
inbreeding depression between captive and wild populations has been extensively
demonstrated (Armbruster & Reed 2005; Crnokrak & Roff 1999). Harsh conditions in the
wild often result in greater selective pressure on life history traitshemefore an

increase in the effects of inbreeding depression (Crnokrak & Roff 1999; Joron &

Brakefield 2003).

Future studies investigating inbreeding depression in lake trout should address
these four factors that may explain the lack of observed inbreeding depressiomin sper

related traits. Understanding such mechanisms will aid in the development of future
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inbreeding studies as well as provide insight into relative contributions of ggaetus
environmental factors leading to inbreeding depression, or, a lack thereof irolake tr
Additionally, it would be useful to look at inbreeding depression at the level of
reproductive success as it may be possible that although no difference in sp&ym qual
traits were observed, inbred males may suffer from decreased fedilizatcess, as was
found in the golden hamster (Fritzsche et al. 2006), where no apparent differences in
sperm traits were observed between inbred and outbred males however, significa

reductions in reproductive success were demonstrated.

Conclusion

In my thesis, | have determined that sperm quality in a captive population of lake
trout peaks in the middle of the reproductive season, while remaining unaffected by
inbreeding depression. These findings have implications for the aquaculture irzhastry
provide insight into sperm quality of a captive population of lake trout, which, has yet to
be explored. For example, based on an index of fertilization success as determined by
sperm velocity in another salmonid species (Tuset et al. 2008), the seasoreickEen
sperm velocity demonstrated in Chapter 2 would result in a 10% increase in fentliza
success between the greatest (peak spawning season) and lowest recamded sper
velocities. This information is important for artificial breeding prograssvell as
estimation of a male’s reproductive potential in the wild. In terms of inbreeding
depression, our results are inconsistent relative to other taxa as demongtrated b

comparing the coefficient of inbreeding depressiofCrnokrak & Roff 1999) for sperm
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traits. For example, in terms of sperm motility, my results translate mivalue of

0.01, while the average value determined in other studies is 0.26 (Barone et al. 1994; van
Eldik et al. 2006; Wildt et al. 1987; see Chapter 1, Table 1.1). My findings suggest that
inbreeding does not necessarily lead to inbreeding depression in captive salmonid
populations, however other fitness traits such as fertilization success should be

investigated in the future.
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