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Abstract
Numerous populations of wild Atlantic salmon haeelthed in recent years. The

Atlantic salmon in Girnock Burn, an upland spaileutary of the River Dee,
Scotland have been monitored intensely by goverhswentists since 1966. The
burn is equipped with upstream and downstream trapgh have enabled
monitoring of juveniles leaving the burn and adutgirning to it since 1966.
Recently, due to a decline in numbers of femalernst a supportive breeding
program was instigated. Using microsatellite-ba3Bid\ profiling, this study
exploited existing and novel tissue samples tostigate aspects of Atlantic salmon
biology and conservation. A panel of up to 12, ryaimghly polymorphic,
microsatellite loci were employed to derive allFkquency data and to resolve
parentage in egg, parr, smolt and anadromous saulples taken between 1991
and 2004. Genotyping error was investigated antifisstwhere possible. Overall,
the detected error was low (c.0.5%), providing aterice in subsequent population
and parentage analyses. The error rate involvedtimating the age of salmon in
Girnock Burn from scale readings was also estiméteti8%).

A study of the dynamics of natural spawning, basethe parentage of parr,
confirmed that multiple matings by anadromous retwf both sexes were
prevalent. Not all anadromous returns were applgrentcessful spawners; data
from parr and existing redd samples failed to degemntribution from 35% of
males and 29% of females.

An important aspect of the work was to determireesihccess of the supportive
breeding program. Results showed that, in compatismatural spawning, the
program gave a more complete and even represantstadult spawners in

offspring. In addition, there was no detectabléedi#nce in the output (number of



smolts) of the two schemes when the number of aggd in each was taken into
account.

The distribution of juvenile kin (parr aged 1+) kit the burn was determined,
which revealed clustering of full and half sib gosuThis was found to impact on
standard population genetic analyses. Adjacent kanip = 50), each sampled over
a c.1.5 km stretch of river were shown to exhilgihgicant allelic differentiation,
while samples from individuals selected at randwer @ 7.5km stretch did not.
Parentage analysis of adult returns showed thatuheber of returns likely to be
philopatric was higher than would be predicted lgdimm physical tagging data.
This was attributed to ‘leakage’ of the downstrgaam/smolt trapAn initial
investigation into the role of mature parr in adaiph of populations to the
environment was made, although sire type (i.e. @madus male or mature parr)
was not found to affect survival in the freshwagrvironment in this case. More
research into this aspect is warranted, partioulaith the possible impact of
predicted climate change on male parr maturityomparison of genetic diversity
through time (measured by allelic richness) re\eale detectable change between
1991 and 2004. Estimates of the effective populagiae using different genetic
(temporal) methods were associated with a largeegegf uncertainty, and were
surprisingly high (ranging from 595 to 1992) c.&ndographic based estimates
(ranging from 95 to 144), which was likely to beedn part to violation of
assumptions made in the calculations.

These findings have highlighted a range of avefuefiture lines of research,
should aid in the management of Atlantic salmominiGirnock Burn and assist in

the design of sampling regimes.



Table of Contents

DT F= T = L4 o PPN il
ACKNOWIEAGEMENTS ... ..ot e e e e e e e e e e e aaaas il

Abstract

= o] (o] A O] 01 (=] o] £ vi

I [0 0T [T i [0 o PR 1
1.1  The status of wild AtlantiC SAIMON.........oo e 1
1.2  Conservation genetics- a rapidly evolving field.............cooooiiiiiieeeeee e 5
1.3 Introducing GirNOCK BUIM ........oiiiiiiiiiiie et saraee e e 11
1.4 AIMS OF the STUAY ..oviiiiiiii e e e 13

141
1.4.2
1.4.3
1.4.4
1.45
1.4.6

Accuracy of genotyping and other techniques ..., 13
Sampling juveniles- the spatial distribution of Kin...................cco oo, 13
Natural and quasi-natural SPAWNING .........cuvivieriiien e 14
Straying and trap 1€aKage ........uuviieiiiicceeeie e 15
Implications of reproductively successful maturerpa..........cccccovvvvvieneeeniiieeneennnn 16
Genetic diversity over time and effective populBt&Ize .............cccceeevvciiveeiieeeniinnn, 16

1.5 Main ODJECHIVES .....iiiiiiii ettt et a e s st a e e e nnraeaaeas

2 Materials and MeEthOUS. ......ov e e
A S 180 Y] | (= T PP PPTTOPPPPRN

2.1.1
2.1.2
2.13

2.2 Sampling ...cccccoovviiiiieniiiiiie,

2.2.1
2.2.2
2.2.3
224

2.3 DNA extraction

Salmon Stock iN GIMNOCK BUIMN ..........coiiiimmemnee et
Traps and routine sampling..................w
Management of the population

Anadromous fish
Eggs sampled in 1995....................
Parr sampled in 1997 ...................

Smolts sampled in 2004

A S €11 T 1/ o 11 o
24.1 Use of different fluorescent dyes and fragmentya@ab. ...........ccccooeeeeeee. 29
24.2 Controls and estimation Of EIror rAte ... eeeeieeiiiieeee e
243 Estimation of the number of loci required

244  CROICE Of LOCH. . uuttiiiiieiiiiiiiii etttk ettt e e e e e e e e s bbnee e e e e
2.45  Optimization of MUIIPIEXES. .....ccoiiiiiiiit e
2.4.6 Empirical confirmation of the number of loci reqedrfor robust parental assignment
2.4.7 ([ = 1 1T T PP PUUP TP 38
2.4.8  Final PCR CONAILIONS. ....cciiiiiiiitiiies it emme sttt 39
2.4.9 Detection and Sizing of PCR Products........cccccceuiviiiieiiiiiiiiiee i eeiieees
2.4.10 ABI fragment QNAIYZEIS .........uuuiiiiiiiiiiiceeeeee ettt ee e e e e e e e e e e e e eeeeenneeees
2.4.11 Beckman Coulter fragment analyZers ..........cccceeeeieeeeeeiiiieiiiee e eriiiie e esiieeees
2.4.12  AllEle CAlliNGS ...oiieeieie ettt ettt e e et ae s
2.5 Parentage ASSIGNMENt.........occvviiieeiiiieereeeniiieee e
251 Exclusion versus maximum likelihood methods
2.5.2  Software employed in parentage analysis.....ccceeeeeviiiiiiiieniiiiiiieneeeeniiieeneeenn 46
3 Data quality and QCCUIACY ........uieerevunieeeimmmeeeeeetiaeeeeeaiaeeeeenneeeeannaeeeennn e 48
3.1 GENOLYPING ACCUIACY ...uvvviieeeeiauiiiieeeee s cmmneneeeaeessssbeeeeeesasanbbeeeeeesssssssseaaesssssneeeeessannne 48
3.11 Error rates and their sources in genotyping Studies.........ccccccvriviviieeiiniiineenn, 51
3.1.2 Monitoring of genotyping errors in this StUdY .......cvvviieiiiiiiiie e 52
3.1.3 RE-TYPING SAMPIES....eieiiiiiiieeiiee ettt ettt e e e e e e e e e e e e e e e e e e e e e seee e ennnnnnns 52
N O SO0 ] ¢ (o] - ST PP P PP TOPPPRPPON 55
3.1.5 Parentage @nalySiS..........euueeeireiiieiiieeeeeeeii e e e e aaeeaaaaaaaaaaas 55
3.1.6  Null alleles/ allele dropOUL...........uuviiiiiiiiiie e 59
3.1.7 IMIUBBIEION ...ttt e ettt e e e s s bbbt e e e s e sbb e e e e e e ennnenees 61
3.1.8  Conclusion- levels of accuracy in geNOtYPING wccceeevveerreeeeririreeeieeeieeieaeaaaaeeeen.. B2
3.2 Assignment of parents -power Of @XCIUSION ... ccooceiiiiiiiiieii e 65
3.2.1 False inclusion in an ideal population ... 66

vi



3.2.2 False inclusion in a real population.........ccccccviieiiiieeiiee e 68

3.2.3  Conclusion- power of parentage analysis. ....ccccccuvuuerirmeiiieiiriiiieeieeeeeeeeeeeeeaeeans 71
3.3 Ageing salmon from scale readingS ............uuuuueiiiiiiiiiiiiiiiiieieeeireeer e e e e 71
3.3.1 1+ Parr sampled in 1997 .......oiiiiiiiiiies e teee e e s st 72
3.3.2 SmMOlts SAMPIEd iN 2004 ........ooveiiiiieeee s et e e e e e e e eeeeeeaeaeaaeeaaaeaaaaan 73
3.3.3 Adult sea returns of 1995, 1999, 2000, 2001 an@200.........c.ceeeeiriieiiiiiieeiieeis 73
3.34 DISCUSSION ..ttt ettt e e e bbb e e e s e eab e e e e e e ennb e s 74
3.4  Overall discussion- applications to other Studies..............ueevieeriiiiiiiin e 76
4 Investigating natural and quasi-natural SPaAWNING ..........ccccvvvvieeeiiiiieeeeeninnnnn. 77
o N [ 011 oo (Ui i o] o O OO ST P P PP PP PP PP 77
411 Reproductive success and mating system in the wild.................ccooiiiiiiiiiiininnn. 77
41.2 Supplementation SChEMES .........ooo oo e 79
41.3 Supportive breeding at Girnock Burn- Quasi-nat8pEwNing ............ccceveeeeeeininnnn. 84
I @ 1 o] [=Tod 1)L PP UPPPRPPP
4.2  Materials and Methods
421 SAMPIES ..uviiiiiiiiiiiieiiee e
4.2.2 (€71 014 o1l P
A.2.3  ANAIYSIS coiiiiiiiiiie e e bbb aaa e s
A3 RESUIS ... e et
4.3.1 Natural sSpawning iN 1995 .......cciiiiiiii e 97
4.3.2 Representation of spawners in quasi-natural andalagpawning..................c.e... 107
4.3.3 Influence on the effective number of breeders Bary...........cccvveeveiiiiiieeeiins 118
4.3.4  Reproductive success in terms of SMOlt NUMDEIS....ccc.coooiiiiiiiiiiiii e, 123
4.3.5  Marine survival of offspring of quasi-natural anatural spawning ................c.e..... 127
A4 DISCUSSION ..c.etetieitiee ettt eet e eemmmn ettt ekt e e et e e sttt e st eenmb e e e sabb e e enbae e e s anne e s 128
441 Mating system in the wild (when no quasi-naturaveping took place) ................ 128
4.4.2 Representation of spawners in quasi-natural arumiaetpawning .......................... 130
4.4.3  The effective number of breeders per year... PP PPPPPPPPPR o 11
4.4.4  Reproductive success in terms of numbers of smolts ........................................ 135
445 Marine survival of offspring of quasi-natural anatural spawning ........................ 136
4.4.6 FULUIE dIFECTIONS ....iiiiiiiiiiiieee et et e e e 137
5 The spatial distribution of juvenile kin and implications for sampling ......... 140
L% R [ 1 1 (oo [FTo{ o] o TP U PPPT R OPPPPPPPIN
5.2  Methods .....ccccovivvviniiiiiiic e,
5.3 RESUIS .. e e e
5.3.1 Parentage analySiS..........u e eeueeiieeeiieeeeeeeee st areeaeaeaaaaaaaens
5.3.2 Population genetic analyses
5.3.3  Distribution Of KiN......cooceiiiiiiicii e
5.3:4  DISCUSSION ...ttt ettt et mmmmn et ettt et s et e e en e e
6 Trap leakage and the extent Of Straying.........cccoooveeiiiiiiiiiniie e 155
6.1 INEFOTUCTION ....ueiiiiiitie ettt e st e e e nens 155
6.1.2  Trap leakage and straying rate at GirnOCK BUM.ceee...evvveiviiiiiiiiiiiiiiiieieeeaeeee. 162
8.2 MELNOAS ... e 165
6.2.1  Samples emMPlOYEd .......coouiiiiiie it rer e 165
6.2.2 Parentage asSigNMENT...........oii it 166
6.2.3 Identification of strayers from population genotyga............c.cccceveerriiiiiieeenninnns 166
8.3 RESUILS....oeiiiiii e e 169
6.3.1 EXtent Of trap 1€aKAGE ......covvviiiiii ittt 169
6.3.2 Revised rate of NOMING .....ooiiiiiiii e 173
6.3.3 Identification of potential strayers from populatigenotype data...............cccvveeeen. 175
6.3.4 Reproductive success of strayers identified bypatigp and parentage assignment . 176
6.3.5 Reproductive success of strayers identified byateysis of genotypes................. 179
8.4 DISCUSSION ...eeiiiitiie ettt ettt et e ea et e e s bt e e e r et e e bt e e be e e nn e nan 181
6.4.1 Extent Of trap 1€aKAGE ....c.covvviiiiii ettt 181
6.4.2 Revised rate 0f NOMING .....ooiiiiiiiiii e 184
6.4.3 Identification of strayers through the analysigpopulation genotype data.............. 185
6.4.4 Reproductive success of strayers that were idedtifirough clipping, parentage
assignment and the analysis of Multilocus genotyPes.........ocovveeieeeiiie s 186
6.4.5 Implications for CONSErVAtION............ooii e e e 188

vii



7 Mature parr; their reproductive success and potental impact on adaptation.190
4% R [ 1 1 (oo [F Lot 1o ] o TR OO PP PPPT PR ROPPPPPPPN 190
7.1.1 = U T a1 Lo o > g RSP
7.1.2 Spawning success of mature parr
7.1.3  Genetic diversity and mature parr

7.1.4  Consequences of the mature parr ART for adaptébidine environment............... 198

7.1.5 ISSUES INVESHIJAEA ... e e e e e e e e e aeeaens 203

7.1.6 Mature parr at GirNOCK BUIM ................ut e eeeeiieeiieeieeeieeeeeeeeeeeeeeeaeaaaeeaeeeeaaaas 203

7.1.7 (0] o101 1Y PR 205
7.2  Methods .....ccccoovvveiiiiiiiiiees

7.2.1 Sampling
7.2.2 Spawning success of mature parr; effects of diffggex ratios of anadromous returns

7.2.3  Survival of offspring from alternative sire typesfreshwater...............ccccceeeinnnns 211

7.2.4  Survival of offspring from alternative sire typesthe marine environment............ 212

7.2.5  OVErall SUMVIVA ........oiiiiiiiiiiiiee et 213
A T = U= U ] (PRSPPI 214

7.3.1  Spawning success of mature parr; effects of diffggex ratios of anadromous returns

7.3.2  Survival of offspring from alternative sire typesfreshwater...............ccccceveeiinins 216

7.3.3  Survival of offspring from alternative sire typesthe marine environment............ 218

7.3.4  Overall survival of offspring from alternative sitgpes in the marine environment221
T4 DISCUSSION ....teieiitieie ettt e ettt e et eea bt e e e bt e e e re e e s be e e e an et e e naneeeenans 224

7.4.1 Reproductive success of mature parr with diffeseg ratios of anadromous

SPawners ............

7.4.2 Survival of offspring from alternative sire typesfreshwater.................cccoeeeeennn. 228
7.4.3 Survival of offspring from alternative sire typesthe marine environment............ 229
7.4.4  Overall survival of offspring from alternative sitgpes in the marine environment231
745 FULUrE dIrECHIONS ....oiiiiiiiiiitiee ettt anree s 232
8 Genetic diversity over time and estimation of the féective population size ..234
< 20 R [ 1 1 oo [FTo{ o] o T PO TP PPPT PR ROPPPPPPPN 234
8.1.1 GenetiC diVErSity OVEI TIME .....oovvivieieees et ee e e e e e e e e e aaeaaeeens
8.1.2 Estimation of effective population size
8.1.3  ODJECHVES ...vvveviiiiiiiiiiiiee e e
8.2 METNOUS ...t ettt e e e e e e e
8.2.1 ST = 0 o] =R
8.2.2  Analysis of temporal stability of genetic diversiigtween 1991 and 2004............. 244
8.2.3  Testing for a recent bottEenNeCK............ooeiveiiiiiiie e
8.2.4  Estimating the effective population Size ........ccccceeviiiiiiiiii i
8.3  RESUIS.....ooiiiiiiiit et
8.3.1 Genetic diversity between 1991 and 2004
8.3.2  Testing for a recent bottENeCK............ooeiiiiiiiiiie e
8.3.3  Estimate of effective population Size ........cccccoviiiiiiieiiiiiiiiie e,
8.4 DISCUSSION ...ttt ettt ettt et ea bttt e s bt e e e r e e e a bt e e s e e e nr e e nan
8.4.1  Genetic diversity through time
8.4.2 Estimating the effective population Size ........ccccoovviiiiie i
9 Concluding REMAIKS .......uuiiiieiiiieiie et ees
AL APPENAIX .t
1.1  DNA extraction- simplified chelex protoCol.... ..o iiiiiiieiiiiiiiie e
1.2 DNA extraction using Wizard® SV Genomic DNA Purdiion System (Promega, Cat.
N o A2 110 ) USSR OURRROT 290
1.3 PCR components and thermocycling conditions e ecvveeeeeeeeeeeeeeeenieiiiieieeeenn. 292
1.4  Example traces of multipleXed l0Ci. .......... oo 298
BibliOgraphy ....coooeiii e 305

viii



Introduction Chapter 1

1 Introduction

An environmentally conscious human being in the 2880 might well look
back to the current time and ponder what our getienecould possibly have
been thinking when, through lack of self-restraintpopulation growth and
environmental degradation, we thoroughly fouled planet and precipitated
one of the greatest mass extinctions the Earthevad known: “Those societies
could not have been completely ignorant- they éwketbp DNA technologies.”

Avise (1996)

1.1 The status of wild Atlantic sailmon

Atlantic salmon $almo salar.) are renowned for their ability to home to pautar
river systems. This reputation has stemmed fronn tteumented high fidelity of
homing, despite extensive journeys taken betwesshivater sites to feeding
grounds in the ocean, and back again in orderawspAn additional aspect of the
species that is perhaps less well known is the leigil of heterogeneity in life
history characteristics that they may adopt.

Atlantic salmon spawn in gravel beds in freshwataing autumn or early winter.
Collections of eggs are deposited in successiveedsipns in the gravel, forming
‘redds’. Eggs hatch the following spring, givingeito the life stage known as
alevins. For the first four to six weeks the yadic provides the newly hatched fish
with nutrients (Youngson and Hay 1996). After apjomaately a month, when the
yolk sac is completely absorbed and they beginreatdéeeding, the young fish are
classified as fry, and after further growth, theg termed parr. Following a period
in freshwater migrations to the ocean occur, wigeogvth is more rapid than in

freshwater. Across their range, Atlantic salmon regnd between one and eight
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years in freshwater, and between one and five yaasa (Klemetsest al 2003).
Variation in the time spent in freshwater and atisealso seen within single
populations. Following the marine phase maturiigea return to freshwater to
spawn. In some populations, males may become dgxunature in freshwater
without undergoing a seaward migration. Thesedightermed mature male parr, or
precocious parr. Although often less than a hurttretithe weight of their
anadromous male counterparts (Fleming 1996), thaycollectively account for the
fertilisations of large proportions of eggs. A arlidescription of the dynamics and
complexity of spawning is given in Chapter 4.

Atlantic salmon belong to the Salmonidae familyjahhis composed of three
subfamilies, the Coregoninae (whitefishes), Thyma# (graylings) and
Salmoninae (lenok, mekous, belvica, huchen, tairolesrs, trouts and salmons)
(Stearley and Smith 1993). The native range ofritasalmon extends in North
America from approximately the Connecticut RiveS@) in the south to Ungava
Bay (Canada) in the north, and on the easternddittee Atlantic, from northern
Portugal to regions near the Barents and White isdaassia (Klemetseet al

2003). Unfortunately, wild Atlantic salmon have feuéd a dramatic decline in
numbers since 1970, and have now disappeared ferma&y, Switzerland, the
Netherlands, Belgium, the Czech Republic, and $iavand are on the verge of
extinction in the USA and parts of southern Can@udarld Wildlife Fund for
Nature- WWF 2001). Ironically, farmed Atlantic saimare plentiful, Parrisét al
(1998) stated that they made up approximately 9B#eobiomass of Atlantic
salmon. Reasons for the decline are manifold. Threawild Atlantic salmon
include overfishing, construction of dams, rivegeeering schemes, pollution and

salmon aquaculture (WWF 2001). There have also Heelnes in other salmonids,
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with 20 species being categorized as threatendei@006 IUCN (International
Union for the Conservation of Nature and Naturaddeces or the World
Conservation Union) Red List of Threatened Speeied,five species have been
listed as extinct (IUCN 2006).

As a result of declines in numbers of Atlantic safma range of management
strategies to restore populations has been devi&lspeh as improvement of
habitat, construction of fish ladders to bypass gldiming rivers to combat
acidification, regulation or cessation of fishimgthe high seas (WWF 2001) and
stocking various life stages that have been hayeteared (Youngsoat al. 2003).
Other measures that have been developed to reldeidests of genetic diversity of
wild stocks of Atlantic salmon involve ‘living’ androzen’ gene banks (i.e.
maintaining subsets of stocks in tanks and cry@puasion of milt, respectively).
Such schemes are being implemented in Norway amldriel (Walso 1998; Piironen
and Heinimaa 1998). A ‘frozen’ gene bank of Atlargalmon has also been set up
in Iceland, in addition to the introduction of meess to reduce interactions
between wild and farmed salmon (isaksson 1998).

Stocking may be carried out in order to, for examptitigate the effects of lost
habitat, or to re-establish populations (for ins&afollowing a rise in quality of the
freshwater environment) (Aprahamianal 2003). Hatchery breeding programs are
not without their drawbacks, however. It is curhemécognized that stocking
should be carried out with native fish in ordepteserve local adaptations and
population sub-structure, although historicallys tilas not been widely practised. In
the past large numbers of fish were transferredngnhacations and much stocking
was carried out with non-native fish (Youngsaral 2003; Utter 2004). Even when

native broodstock are utilised, there still remaimespossibility of reducing the
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overall effective population size (Waples and D84;Rymaret al 1995) and
inadvertently promoting domestication selectiongdthet al 2003). Monitoring is
therefore important to determine the impact of gudgrams (Cuencet al. 1993;
Laikre 1999). Previously, monitoring of introdudeésh using allozymes (which
generally have a low level of polymorphism) reqdisaibstantial differences in
allele frequencies to be detectable between intedand recipient populations, or
the creation of genetically ‘tagged’ fish for stou that were identifiable by
otherwise rare alleles (e.g. Taggart and Fergu884 in brown trouSalmo trutta
Chilcoteet al 1986 in steelhead tro8almo gairdned. Monitoring is now
facilitated by genetic screening for highly polymbic (informative) DNA markers,
which allows for non-destructive sampling and geeatse of storing sampled
tissue.

A number of challenges are faced when researchiligAtlantic salmon. They are
aqguatic and as such ‘are much more difficult toeobs, study and enumerate than
their terrestrial counterparts’ (Rymanal 1995). This is particularly relevant to the
study of mating systems, as direct observatiorigegally not feasible. They are
also migratory; work on Atlantic salmon during tin@rine phase is expensive and
logistically difficult (Hawkins 2000). Physical niars have been developed, but in
some cases identification of individuals using giemaethods has proven
especially useful. Genetic ‘markers’ are permanehgrited and present in all life
stages. They are particularly powerful in the statlgnating systems, providing a
means to determine familial relationships. Howetley are also technically
difficult to screen, require laboratory work ane aglatively expensive compared to

physical markers.
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1.2 Conservation genetics- arapidly evolving field

Conservation genetics is a multifaceted subjed isua subdiscipline of
conservation biology (Avise 2004). The first textinclude the role of genetics in
conservation biology was published in 1981 by Fedmakd Soulé (Frankhaet al
2002), and more recently, in 2000, a journal devabethe topic (Conservation
Genetics) was initiated (Avise 2004).

The IUCN recognises three levels of diversity gfatuld be conserved- ecosystem
diversity, species diversity, and genetic divergiisankhanet al 2002). Genetic
diversity is ‘arranged’ by a number of factors,lirting selection, drift, inbreeding,
migration and speciation (Avise 2004). In small plagions drift and inbreeding
occur at higher levels. Drift (the shift in alldlequencies due to chance sampling
of gametes) results in the loss of genetic diwersis by chance some alleles are not
passed on to the next generation. Inbreeding (#eding of closely related
individuals) can result in a reduction in fitnes®Wn as inbreeding depression. An
important concept in conservation genetics is ffectve population size (Y. It is
this, rather than the census size, that deterntirvgesate of inbreeding and drift. The
effective population size is usually lower than temsus population size due to
factors such as unequal sex ratio and varianoepiroductive success. The effective
population size is the size of an ideal populatmme which has for example
random mating, constant size and random variatioeproductive success, Stearns
and Hendry 2004) where the value ‘of some specdieuktic property (Wang

2005)’ is equal to that in the actual populatione®f the main aims of
conservation programs involved with threatened iggéas to halt declines in, or
where possible, to increase effective populatiae firrankhanet al 2002).

Another factor that affects genetic diversity ignation, or specifically the
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migration of individuals between populations thatsessfully reproduce- also
known as gene flow. An isolated population (onénait gene flow) is unable to
receive new genetic variation through migrants.réfege maintaining connectivity
between nearby populations in fragmented habieishe important (Segelbachedr
al. 2003). Genetic methods can be used to estimateth effective population
size and the level of gene flow among populatidoiséxample, Fraseat al 2004;
Consuegrat al 2005; Poulsept al. 2006). This is however, just the tip of the
iceberg.

Genetic methods can be applied to a diverse rahgengervation issues. They can
be utilized directly by monitoring the degree ofgtc diversity in past and present
populations. Genetic methods can be employed t&rm@te taxonomic status and
genetic differences among populations, which camip@rtant in determining
which populations or units to conserve. They cande to gain a greater
understanding of organisms, for example to proindeghts into mating systems in
the wild. Additional applications include monitogirf artificial breeding schemes
and the introgression of non-native organisms,rdeteng the true origin of
illegally traded goods or animals and in deterngrtime most beneficial procedure
for captive breeding programs. Specific examplemfsalmonids include;

» |dentification of the (mistaken) use of non-wintar spawners in a
supplementation program of winter-run chinook saimthis resulted in
measures being taken to prevent its re-occurretedr{cket al 2000).

* Identification of indigenous Atlantic salmon indivials in populations
subject to stocking from exogenous populationss Would enable
indigenous individuals to be chosen for restorapiozgrams (Nielsent al

2001).
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» Determination of the scale of population structamsong tributaries of the
Varzuga River in Russia. Isolation by distance @fydations inhabiting
different tributaries was found and genetic divgraias lower further from
the river mouth. This led to: a) the recommendatitt in order for long
term preservation, multiple spawning and nursagssshould be
maintained; and b) the suggestion that populafioriker from the river
mouth might be more susceptible to negative effetcmpulation
reductions (Primmest al 2006).

Central to many of the aforementioned techniques lheen relatively recent
advances in screening highly variable genetic nraréad in computational
analyses of the resultant data. The developmesuitdble molecular markers has
been crucial in advancing our understanding ofdgimal systems. Allozymes were
the first widely applied molecular markers. Allozgsare protein variants
distinguishable by their electrophoretic mobilittyat are coded for by single loci
(Beebee and Rowe 2004). They have low numbersrainta, are the products of
expressed genes so are not necessarily neutra¢guie fresh or frozen tissue
samples for screening (Schlotterer 2004). The skext in the development of
molecular markers involved surveying DNA-based atioin directly. In the first
instance restriction fragment length polymorphigRELPS) were applied. RFLPs
are detected using restriction enzymes to cut DNgpacific sites (restriction sites)
and separating the resulting fragments using elpltresis. Base variability at the
restriction site, generally 4-6 base pairs (bdemgth, can cause the addition or loss
of a restriction cleavage point, which in turn edtéhe resultant fragment banding
pattern. RFLPs have been widely applied to mitodnahDNA in phylogeographic

studies and widely used in salmonid studies (eatyat al 1989; Hyne®t al
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1996; Nielseret al 1996; Prodohét al 1997; Nilssoret al. 2001) Nuclear DNA
may also be assayed with RFLPs, either by usingh®au blotting and
hybridisation of a probe specific to a particulagsence, or more recently by
amplifying a portion of nuclear DNA using PCR amnubsequent RFLP analysis of
the resulting product. However, despite the utiityallozymes and RFLPs in
studying differences between populations, theysaldom adequately polymorphic
to detect differences between individuals (BeebeeRowe 2004). Minisatellite
loci, on the other hand, are ‘hypervariable,” gafigrexhibiting a high degree of
polymorphism. Minisatellites are tandemly repeatdiches of DNA, with the
repeat unit ranging from ~10-70bp (Avise 2004) #raltotal length being up to
~30kb or more (Chambers and MacAvoy 2000). Minititge are generally too
large to be amplified with PCR, so require largeoants of isolated DNA for
analysis. In addition, the banding patterns (‘fipgents’) from multilocus methods
are difficult to interpret, and although singleusaninisatellites can be developed
this proved ‘technically complex and difficult’ (Bbee and Rowe 2004). Both
multilocus and single locus minisatellite screemmgthodologies have been
developed and applied to salmonid studies (e.dd$&t al 1989; Taggart and
Ferguson 1990 a,b; Prodddtlal 1994 a,b; Taggasdt al 1995; O’Reilly and
Wright 1995; Galviret al 1996; Proddhét al 1997). More recently developed
markers rely on PCR amplification. These includerosatellites, SNPs (single
nucleotide polymorphisms), AFLPs (amplified fragrkemgth polymorphisms) and
RAPDs (randomly amplified polymorphic DNAS).

SNPs can be highly informative when large numbegdyped and have the
potential for automated high-throughput typing, arg expensive to develop for a

particular organism and so are generally more egple to model organisms
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(Schlotterer 2004). In the future SNPs may becoraserwidely applied to well-
studied organisms such as Atlantic salmon, whegelamounts of sequence data
are available; a project known as GRASP (Genomeé=eRrch on Atlantic Salmon
Project) has identified >51000 sequences from Aittesalmon (Riset al. 2004).
Such data may also be applied in order to develips3n other salmonids (Smith
et al 2005).

AFLPs are analysed by restriction of the DNA wiglstriction endonucleases,
addition of linkers to the ends of the fragmentd anbsequent selective
amplification using PCR. RAPDs are essentially mnly amplified sections of
DNA- primers of arbitrary sequence are used to dnpgions of DNA. A

limitation of AFLPs and RAPDs is that they are gailg dominant- heterozygotes
cannot be distinguished from homozygotes (Avise420d salmonids the use of
AFLPs has mainly been confined to linkage mappég.(Nicholset al 2003;
Moenet al 2004).

The marker of choice for many studies is the migtelite. Microsatellites are short
tandemly repeated stretches of DNA, with each repeidbeing between 2 and 6bp
long (Chambers and MacAva@000), and usually being twenty to a few hundred
base pairs in total (Chistiak@t al. 2006). Their popularity is due to a number of
features, which include being widespread througlgeabmes, highly polymorphic,
relatively easy to screen through PCR amplificatiad relatively easy to isolate
(Schlotterer 2004; Chistiakaat al 2006; Selkoe and Toonen 2006). They are also
generally considered neutral markers, due to thisiribution mainly in non-coding
regions of DNA, although there are also numeroasrgtes of functional
microsatellites (Chistiakogt al 2006). For example microsatellites have been

implicated in chromatin organization, recombinatiand in the regulation of gene
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expression (Selkoe and Toonen 2006). In humaresaat eleven human diseases are
associated with the expansion of microsatellitegeines, including Huntington’s
disease and Fragile-X syndrome (Mitas 1997). Iritemtg microsatellites that are
not directly under selection may appear to be sotduhitchhiking i.e. being in the
vicinity of a region of DNA that is under selectidsince microsatellites can be
amplified using PCR, they can often still be ametiffrom small amounts of DNA,
even when this is partially degraded (Selkoe anth€a 2006). They can therefore
be used to obtain information from DNA extracteahfra wide range of samples,
including historical (e.g. Pertoléit al 2001; Nystromet al 2006), scat (e.g. Piggott
et al 2006; Smitret al 2006), and hair samples (e.g. Marshall and Rit2002).

For studies on populations where there are low reumbf individuals,
microsatellite markers can be particularly pertiregcause they provide a non-
destructive, non-invasive way of obtaining inforioat Indeed, the study organism
may not even have to be handled- Marshall andiRit(@002) used ‘hair snares’,
which consist of barbed wire placed around a skeeef to obtain hair samples from
Kermode bearblrsus americanus kermodei

In addition to the development of molecular mark#érere have been advances in
the methods available to analyse the datasetsajedeiSuch datasets are now often
large and complex. Increases in computational pdwaee allowed the application
of computer intensive statistical methods, namelthe use of simulation
techniques in model-based analyses (Marjoram amdr&é22006). As such, there is
now an array of software available for the analgéipopulation genetics data, with
applications ranging from the estimation of effeetpopulation size to assigning
individuals to populations to estimating the tinfelivergence of populations

(reviewed in Excoffier and Heckel 2006).
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1.3 Introducing Girnock Burn

‘The wise procedure is for law to delay, sciencevi@uate, and familiarity to

preserve. There is an implicit principle of humahaviour important to

conservation: the better an ecosystem is knowrggwelikely it will be

destroyed.’

E.O Wilson (1994)

Wilson eloquently describes how a more detaileceustdnding of organisms can
be intrinsically important, aside from being apahte to current and future
management and conservation schemes.
Girnock Burn provides a natural setting in whiclstody numerous aspects of
Atlantic salmon biology. Permanent traps have adldwxtensive monitoring of fish
travelling both upstream and downstream, sincértéps were constructed in 1966.
Girnock Burn is an upland spate tributary of theeAdeenshire Dee, in Scotland (a
map is given in Chapter 2). The stock of Atlananson in the Dee is of particular
importance because it has an early running compohes the higher reaches of
the Dee, such as Girnock Burn, that are likelygspawning grounds for these fish,
as shown by radio-tracking of adult sea-returres study carried out by Laughton
and Smith (1992).
A series of dedicated teams have monitored the saqee 1966, despite the often
unfavourable weather conditions. Unfortunatelytta@s are not maintenance free,
particularly the trap catching fish travelling dostream; its configuration must be
tailored to the flow, and leaves and debris clefmauh the trap in an attempt to
prevent ‘leakage’. If the trap does become cloggil leaves and debris, then
water and possibly fish may ‘leak’ over the toglu# trap. In addition to

maintaining the traps in a functional state, thette task of processing the fish.
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Since 1966 the length and sex of anadromous re@mi@sing the upstream trap
have been recorded and scale samples taken (ttrearpgrap is so-called because
of the direction of travel of the fish it interceptather than its position in relation to
the downstream trap). Since 1991 adipose fin dfadromous returns have also
been retained for potential DNA profiling studiés.the downstream trap, parr and
smolts trapped since 1966 have also had theirlenregiorded and a scale sample
has been routinely taken from one in every fiveviaddals.

Such long-term monitoring has allowed changes tmléetified over the years.
Generally, there has been a trend towards eadiemggration of smolts from the
burn (Langaret al 2001), and a downward trend in the numbers of 2&Wales
returning to the burn (Gurney 2004, unpublisheargpln addition, a vast amount
of information has been collated on various aspeicfslantic salmon biology,
including; consideration of the homing of sea nesuio Girnock Burn (Youngsagt
al. 1994), the spawning success of mature parr (Taggal 2001), the growth
rates of parr (Jonext al 2002), a detailed appraisal of the numbers oirnatg

adults and outgoing parr and smolts (Gurney 200gublished report), the
distribution of spawning in relation to geomorphf@aracteristics (Moiet al. 2004)
and the effects of groundwater on embryo developrf¥rungsonet al 2004).

Such studies have been complemented by the evaluattphysical characteristics:
temperature trends over 30 years (Langaal 2001), the effect of woodland on
temporal and spatial variation in temperature (Miacet al 2004), and the
interaction between groundwater and surface w&eul§byet al 2005). However,
despite the plethora of work, many questions reraaanswered, and in some cases

more have arisen as a result of new insights.
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1.4 Aimsof the study

An existing collection of archived tissue samptastained from anadromous
returns to Girnock Burn and parr sampled in 199¢legtrofishing, combined with
the high discriminatory power of microsatellitespyided a valuable resource that
was exploited in the current study. Additional séesmf smolts were also
examined. The intention was to extract data thghtrassist in the future
management and conservation of Atlantic salmoniindggk Burn, in addition to
providing further insights into the characteristiéghe stock. The five main aims

are described below.

1.4.1 Accuracy of genotyping and other techniques

A substantial portion of the analyses conductedHisrthesis was based on
parentage assignment. Previously Taggael (2001) utilized single locus
minisatellites to determine the parentage of eggpées from Girnock Burn.
However, this was a lengthy process and there vwdmgaity and redundancy at
some loci. With the development of techniques fetgnicrosatellite loci with a

high throughput (using multiplex PCR and automated determination of alleles),
along with the high polymorphism of these markergrosatellites offered a more
favourable approach. Despite these advantagessistill imperative that parentage
assignment was accurate. One aim was therefonatoate the accuracy of
genotyping and subsequent parentage analysis.\&stigation was also made into

the accuracy of ageing fish using scale readings.

1.4.2 Sampling juveniles- the spatial distribution of kin

Sampling juveniles for population analyses canfoblgmatic as it can result in the

comparison of families rather than populationssTisue was investigated in

13



Introduction Chapter 1

Girnock Burn by examining the distribution of juvierkin within the burn, and

how sampling strategy affected the results of stesh@opulation genetic analyses.

1.4.3 Natural and quasi-natural spawning

Taggartet al (2001) studied the spawning success of anadroneduiss in 1991,
1992 and 1995 by determining the parentage of egigscted from redds, using
minisatellite-based analyses. The authors revehbddin three years of spawning
that were examined, a proportion of anadromous sreatel females were not
represented in the eggs sampled (for example irofviloe years, 62% and 64% of
potential female spawners were not detected). Blesgasons for non-detection
included that they had not spawned, that reddsibaleen sampled, or that
sampling of redds was not sufficiently extensivéadwe included them. One
objective of the current study was to investigaighfer the spawning success of
anadromous returns in one of the years studiedj$ng samples obtained from
outwith the redds. The intention was to determiingctv of the possible reasons was
(or were) most likely to account for non-repres@ataof anadromous spawners, in
order to gain further information on spawning dynen

An additional aspect of this project was to comphesoutput of a supplementary
spawning program with the output from natural spagimn the same region. At
Girnock Burn a process known as ‘quasi-naturalispag was introduced in the
year 2000 following low numbers of anadromous adrdturning to the burn (the
number of females had ranged between 4 and 11 epth@97-1999). Quasi-
natural spawning involves stripping fish of miltda@ggs, constructing artificial
crosses, incubating fertilised eggs over winter gladting out as eggs the following

spring. In the years 2000 and 2001 this was coeduaiongside natural spawning.
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In order to monitor the program, the reproductivecess of spawners (up to smolt

stage) was determined and compared between thectvemes.

1.4.4 Straying and trap leakage

The reproduction of animals at the same ‘sitehasr tparents is known as
philopatry and is a common feature of salmonidss €an result in the evolution of
populations adapted to the local environment. Bdammous salmonids this
necessitates the ability to home to the natalpsite to spawning. However, homing
is not perfect, with straying occurring to someréegn the vast majority of studies
on anadromous salmonids to date (for example Aggenoh Hendry and Stearns
2004). At Girnock Burn the ability to identify pbpatric anadromous returns is
intrinsically related to the degree of trap leakageéparr and smolts that are caught
in the trap are marked as they leave the burnippiolg (removal) of the adipose
fin. Youngsoret al (1994) found approximately 45% of anadromousrretto the
burn bore this mark. However, the origin of uncépdish is unknown. They could
originate from just below the traps within GirndBkrn, or from further afield.
Another possibility is that they originate above thaps, but due to trap leakage
have passed over the downstream trap and escappithgl Part of the current
study was concerned with determining the origindlipped returns and therefore
inferring the degree of trap leakage. Such inforomais necessary in order to
interpret the trap data reliably. Parentage armalysis used to determine whether
any unclipped anadromous adults could actuallysseyaed to putative parents
from previous years that had been placed abovedps. If they could, it suggested
that trap leakage had occurred. In addition, aigaseent technique (that assigned
individuals to populations) was used to determihether it was likely that any

anadromous returns had not originated from thekstoGirnock Burn.
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1.4.5 Implications of reproductively successful mature pa

In Atlantic salmon, mature male parr have the piaéto fertilise eggs without
having experienced the marine environment, smcdiifon, or the return migration.
Despite considerable interest in the influence afure male parr on effective
population size, and factors affecting the sexuatumation of males as pairr, the
potential role of sexually mature parr in the adegptesponse of populations to the
environment has not been addressed in detail.dthwpothesised that since mature
parr are able to reproduce without having survitredmarine environment, they
may pass on alleles that confer adaptation tordshivater environment, but which
are not necessarily favourable for anadromy. Sagrfpben Girnock Burn provided
the opportunity for an initial exploration into tke&olutionary implications of
mature male parr in the adaptation of populatiorthé environment.

An additional aspect of male parr maturity investeyl was the relationship
between the sex ratio of anadromous spawners ancbtlective reproductive

success of mature patrr.

1.4.6 Genetic diversity over time and effective populatio size

Comparisons of the genetic composition of tempypislaced samples have been
conducted in the past in order to monitor consewafforts and to gain further
insights into the evolutionary dynamics of popuat. Genetic analysis of samples
obtained at a single point in time can also be tseest for a recent bottleneck.

A further aspect of this project was a temporal@at#on of genetic diversity. This
was of interest given the decline in numbers afrrehg 2SW females and the low
numbers of female returns between 1997 and 20G3r{oce than 27). In addition it
could provide a useful baseline for future studiego methods were also employed

in order to test for evidence of a recent bottl&nec
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Different methods of estimating.Nave recently been developed that are based on
genetic data obtained from two or more temporglgced samples. A range of
methods was applied to the data obtained from @GkmBurn. The methods were

compared and the utility of such estimates wasuewad.
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1.5 Main objectives

The main objectives of the study were to:

» Develop a robust multilocus assay

* Investigate the level of accuracy of genotyping

» Evaluate the accuracy of ageing adults though sealding

» Examine how sampling juveniles might affect theutssof analyses of
population structure

* Provide more information on spawning success imtitet to complement
previous data

» Compare the output of quasi-natural and naturalvspay

* Examine in greater detail the origin of anadromadslts returning to the
burn that were unclipped (i.e. that were supposediyphilopatric)

» Consider the possible evolutionary implicationsr@ture parr in adaptation
to the environment and the possible effects of alenchange (with respect
to mature parr)

» Examine genetic diversity through time

» Compare different methods of estimating the effecfiopulation size and

consider the utility of estimating this.
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2 Materials and methods

2.1 Study site

Sampling took place in Girnock Burn, a tributarytioé Dee on the East coast of
Scotland, approximately 80km from Aberdeen (Figu®. It is an upland spate
tributary, with a mean width of approximately 6.§Wiebb and Hawkins 1989) and a
length of c. 9km. The lower reaches are bordereclitivated fields and rough pasture
while the upper reaches are largely encompasséédper (Buck and Hay 1984).
Trees are only present in the lower 3km of the pamal result in decaying leaves
settling in this region (Buck and Hay 1984). In iidt to salmon, brook lampreys
(Petromyzon planey); eels Anguilla anguillg, minnows Phoxinus phoxinysand a
small number of freshwater resident and anadrorrous (Salmo trutta are present in
the burn (Buck and Hay1984). The mean temperatuteedourn in summer is 12.5°C
and 2.12°C in winter (Langaat al 2001). The mean temperature of water in spring
increased significantly between 1968 and 1997, whiay have been due to a decrease
in snowfall leading to a reduction in cool meltwatatering the burn in spring (Langan

et al 2001).
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Figure 2.1 Map of Girnock Burn and its position inrelation to the Dee and Aberdeen (inset). The
position of the fish traps is marked by an open baxTaken fromTaggart et al. (2001).

2.1.1 Salmon stock in Girnock Burn

Girnock Burn supports both grilse (~36%) and mudwinter fish (~64%). The
majority of fish at Girnock Burn spend two to thrygzars in freshwater and between
one and three years at sea (according to scalagetias was 100% of fish that
returned to the burn between 1991 and 2004). Gelsé to be males while the females
are mainly multi-sea-winter fish. The stock in iee is of particular importance
because it has an early running component. lteidipher reaches of the Dee, such as
Girnock Burn, that are likely to be spawning grosifiar these fish, as shown by radio-

tracking of adult sea-returns in a study carriedbyuLaughton and Smith (1992). They
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found that spring running multi-sea winter fish aadly running grilse migrated to
higher reaches of the river.

Anadromous fish ascending the burn tend to enteufistream trap in October and
November. This is partly dependent on water flovihwcreased flow usually
coinciding with salmon moving up into the burn. &pang takes place in November
and eggs generally hatch in April (Baceinal 2005).

The majority of smolts leave the burn in spring (MaMay), whereas the remainder,
approximately one third, leave in autumn and eartter (September-January),
although small numbers of fish leave the burn thhmut the winter (Youngsoet al
1983). Those that leave in autumn still have a lkgrappearance (Youngsenal

1983) and include mature parr (Youngson and Hayl%recise numbers of male parr
that mature in freshwater have not been quantifiadging studies have shown that
parr leaving in the autumn reach the mouth of tke Bround the same time as smolts
that leave Girnock Burn the following spring (Yowog and Hay 1996).

Numbers of females caught in the Girnock Burn tdymsng the annual spawning runs,
since 1966 are shown in Figure 2.2. Data on thebausnof smolts leaving the traps
and adults returning to them in different yearsenbgen analyzed by Gurney (2004,
unpublished report). This review showed that numleéismolts leaving the burn were
variable, but did not show a downward trend. In panson the numbers of female
2SW sea returns were also variable but showedn#isant downward trend between
1970 and 2003. The burn reaches full capacity aafips from 30-40 fish (FRS 2005),

but fewer than 30 females returned each year betd887 and 2003.
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Figure 2.2 Number of female adult returns to Girno& Burn between 1996 and 2004.

2.1.2 Traps and routine sampling

An upstream trap is in operation that allows carduns monitoring and sampling of sea
returns. A downstream trap permits parr and sntiidigeling downstream to be
captured. The traps are sited approximately 0.9gstraam from where the Girnock
Burn joins the Dee mainstem, leaving approxima8&iy above the traps available for
navigation/ spawning. The upstream trap (Figur@ @8sists of a barrier across the
burn through which water may flow but adult fistosld not be able to pass. These are
funneled into a holding cage in which they showdddapped. The barrier is not perfect,
as anadromous fish are occasionally found abovapgkgeam trap (but prevented from

further movement upstream by the downstream trap).

22

wooZ |




Materials and methods Chapter 2

Figure 2.3 The upstream trap at Girnock Burn. The tolding cage is visible on the far left hand side
of the figure. The downstream trap is just visiblen the top right hand corner.

- ‘/ ’% 2 E L i —— --"”k;" Ty 2 o - ¢ 4& - o
Figure 2.4 The downstream trap at Girnock Burn. Ony the ‘sieve’ at the end furthest from the
viewer is in action.
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The downstream trap (Figure 2.4) is based on a éghf (Wolf 1951). It is a converted
weir, the water flowing down through a meshed str@éis acts as a sieve, preventing
small fish from flowing through. Enough water remsaabove the sieve to allow the
fish to be transferred to a channel of water am$eguently a holding box. The area of
‘sieve’ in action can be varied to match water flotvowever, the trap can overflow in
times of very high water flow, particularly wherogged with fallen leaves and other
debris.

The traps have been in operation since 1966 amd #re data on the numbers of adult
returns since this time. Routine sampling has veglrecording the length of sea
returns, their weight and taking scale samplesgfmng). Adipose fin clips have also
been taken and archived since 1991, for DNA prajianalyses. Routine sampling of
fish caught in the downstream trap involves regaydhe length and weight and taking
scale samples from one in five fish. In additidhfish are microtagged and have the
adipose fin removed (but this is not routinely Regst a way of tagging fish leaving the
burn. Since the adipose fin does not completelydrack, it allows the identification

of anadromous adults returning to the burn thaphi®patric (i.e. originated above the

traps at Girnock Burn).

2.1.3 Management of the population

Until 2000, adult returns to the upstream trapsewsaced upstream (above the
downstream trap) to spawn naturally or occasionallgased downstream (e.qg. if spent
or diseased). Due to declines in numbers of 2SWakesreturning to the burn the
decision was made to assist natural spawning bgsiguatural’ spawning. This is

described in more detail in Chapter 4. Briefly, setarns are stripped of eggs and milt,
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eggs fertilised and ‘incubated’ in the burn in ketskover winter and then planted

throughout the length of the burn in the followsgying.

2.2  Sampling
Sampling was carried out by Fisheries Researchi@&=s(FRS) staff, based at

Pitlochry. When this project was initiated in Ag2D03 the majority of samples
required for the study were already archived. Tdraes utilized, how they are related

and the aspects of the project they are assoamtedare shown in Figure 2.5.

2.2.1 Anadromous fish

Since 1991 tissue samples from sea returns entérengpstream trap have been
sampled. These biopsy samples comprise a punchiérdiameter removed from the
adipose fin. In cases where the adipose fin had Eraoved as a juvenile a tissue
sample of the remaining ‘stub’ was removed witltagel or single edge blade.
Samples were preserved in 99% ethanol (at 4°Cl) exttiaction of DNA.

Samples from sea-returns utilized in this studyeatbose that returned to Girnock
Burn in 1991, 1995, 1999, 2000, 2001 and 2004. @mfish aged 2.1 (or that
possibly belonged to this age group), as determinyestale reading, were utilized from
1999. These were selected because they could leavedifspring of anadromous
adults that returned in 1995 and thus were uséteiestimation of the extent of trap
leakage. Table 2.1 shows the number of samplesdah year that were genotyped
and the numbers that were either released aboveatheto spawn naturally or were

used in quasi-natural spawning.
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1991 sea raharns (95, ED0

1995 sea reburms (116 ECDE)

1993 sea retarws (10,ED)

2000 sea whums (23 ABCDN

2001 sea whums (41, ABCD

204 smolts
(407 A2

2004 sea whuns (117 ED) J

Figure 2.5 Project samples: numbers of fish genotyal, their relationships and how they were
utilised.

Key
The age is the number of years spent in freshviallerved by the number of years in seawater. For
AGE | €xample 2.1 relates to two years in freshwateo¥edid by one at sea. The type of box on the leftvsho
the age of fish linked to different samples by dnews. For example the top arrow shows fish
spawned by returns to Girnock Burn in 1991, agédray have returned to Girnock Burn in 1995.

YEAR f return to Gi K The type of box on the left represents samplesafleomous adults. It shows
4 OI re l;]m 0 i llrn(()jc the year they returned to Girnock Burn and the remalh samples and how
( samples, how utilise ) they were utilised (code A-E) in parentheses.

YEAR fish sample
and life stage (#
samples, how
utilised)

The type of box on the far right represents sampidish taken before they
had left freshwater. It shows the year they wermapad, the life stage of the
fish and the number of samples and how they walisadt (code A-E) in
parentheses.

A Comparison of success of quasi-natural and niaspeavning

B Estimation of the level of downstream trap leakag

C Comparison of the survival of offspring of matpaar versus offspring of anadromous adults inhinegter.

D Assessment of the level of genetic diversity dirae and estimation of N

E Assessment of the distribution of kin throughitwet Burn, at the parr life stage.
Arrows show which samples may contain individukst tare related, the start of the arrow shows wetat
parents while the arrowhead points to putativepoifs).
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Table 2.1 Numbers of potential anadromous salmon s@ners used in the study.

Numbers of potential contributors

Year Numbers of samples genotyped placed above trags
Number females Number males Total Number  Number Total
females males
1991 56 39 95 57 39 96
1995 71 45 116 66 43 109
1999 2 8 10 2 8 10
2000 27 62 89 22 54 76
2001 22 19 41 21 15 36
2004 61 56 117 59 39 99

!Includes natural and/or quasi-natural spawning

% Tissue sample was lost from one female.

% Only those aged 2.1, or 2.1 (according to scaleadings) were included.

In the majority of years (1995, 2000, 2001 and 200dre fish were genotyped than
were released above the traps or used in quagiahapawning. This provided a full

dataset for population analyses and insurance stggample mis-labelling.

2.2.2 Eggs sampled in 1995
Archived DNA from a subset of eggs sampled in 1893 aggaret al (2001) was

used. The subset included DNA from a total of 6@se@e. 10 eggs from each of six
redds). Taggart al. (2001) described how the eggs were sampled anuétieod of
DNA extraction. Briefly, eggs preserved in 99% eiblavere dissected and the embryo
teased from the yolk sac. DNA was extracted froendimbryo using a phenol-

chloroform based method (Taggettal 1992).

2.2.3 Parr sampled in 1997
A total of 274 parr were sampled by electrofishahgng the length of the burn above

the traps, in September 1997. Samples were pickeizb to be presumed 1+ parr (i.e.

offspring of adults that returned to the burn i®3p One fish was sampled
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approximately every 30m, the adipose fin removedlessamples taken, and the fish

returned to the burn. Samples were preserved in&8@mnol until extraction of DNA

2.2.4 Smolts sampled in 2004
Smolts were sampled betweefl Bebruary and®8May in 2004. The adipose fin clip of

one in every five smolts passing through the trags removed and preserved in 99%
ethanol. Their length and weight was recorded aatessamples taken. A total of 410

smolts had adipose fin clips preserved.

2.3 DNA extraction

Three different methods of DNA extraction were eoypld on samples in this study.
DNA had already been extracted using a simplifieenol-chloroform based protocol
(described in Taggaet al. 1992) from adults that returned in 1991 and 198bfeom
eggs sampled in 1995. DNA was extracted from sasngfi@arr collected in 1997 using
a simplified chelex protocol (detailed in Appendiection Al.1). The chelex protocol
was favoured because of the absence of harmfuhmrgalvents and being
substantially less labour intensive. The majoritgxtractions were performed in a 96-
well plate format. However, PCR amplification wasd consistent when using chelex
extracted DNA template compared to phenol-chlomofextracted DNA. A more
reliable method that would be more resilient toglé@arm storage, but did not involve
phenol and chloroform, was sought. Finally a conuiadly available kit was used (the
Wizard® SV genomic purification system produceddsgmega; method detailed in
the Appendix, section Al.2). For samples that hatcalready been extracted, a biopsy
punch (diameter 3mm, Krusse, Catalogue number 23)388s used to remove a

standard sized piece of tissue for extraction, feach archived sample. This was done
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in an effort to standardize the amount of DNA ectied. To check that DNA from
different extractions was of high molecular weidh#uL were run on an agarose gel

(2% agarose, 2Q@/ml ethidium bromide in 1x TBE) and viewed undér.U

2.4 Genotyping

2.4.1 Use of different fluorescent dyes and fragment angrers.

During the course of the project the equipment usatttermine microsatellite
genotypes was upgraded. Initially two ABI 377 siggh systems were provided.
Subsequently, in November 2004, these were replagédo Beckman Coulter
CEQ8800 capillary gel fragment analyzers. The itexmsbetween platforms not only
necessitated changes in working practice, buttaklsa@alibration of allele sizes (due to
differing gel matrix, software, detection dyes &b standard).

Two main parental assignments were carried ouhduhe project. In order to reduce
potential problems, DNA profiling required for eaclvestigation was carried out using
the same genotyping platform. Thus, the assignwigpéarr sampled in 1997 to adult
returns of 1995 was carried out with genotypesestaising the ABI 377 hardware and
associated software. Subsequently the assignmemaits sampled in 2004 to adult
returns in 2000 and 2001 was carried out with ggyest obtained using the Beckman-
Coulter CEQ8800 system.

Other parts of the analysis required the alleldsetcomparable between samples typed
on different platforms. This included the companisd genetic diversity over years (for
all adult returns) and the assignment of sea retuimri999, 2000 and 2001 to returns in
1995. In order be able to compare genotypes gdineddifferent platforms, samples

from adults that returned in 1995 were re-typedgishe Beckman Coulter CEQ8800
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fragment analyzers and the ‘new’ set of multipleX&as were then set up and the
alleles given names that corresponded to thosiaéooriginal typing. Bins did not
overlap and were centered on the size of the nowshwnly observed fragment for a
particular allele. Eight random samples from adiliég returned in 1991 were also re-
typed using the new set of multiplexes and Beck@aunlter CEQ8800 fragment
analyzers. This acted as an additional test o$itindarity of typing using the two

systems.

2.4.2 Controls and estimation of error rate

In order to gauge the accuracy of genotyping, cbstimples were employed and a
subset of samples was re-typed. For the genotyganged out on ABI fragment
analyzers, control samples were primarily usecetafy correct loading and tracking
(on slab gels) i.e. to ensure that each lane vaatifeed correctly. Four samples of
known genotype were run on each gel.

Three control samples were routinely analysed @myegenotyping run carried out on
the Beckman-Coulter fragment analysers. This pexvid test for the consistency of
size calling for alleles (albeit for a limited nuertof alleles). There was less concern
with regards to sample tracking since the capilstem did not require software-
based identification of lanes. Nevertheless thdérotndid provide a check that samples
were correctly identified within the 96 well plagince the Beckman Coulter fragment
analyzers were new, controls were especially usefulonitoring their accuracy and
the way in which they were used.

An estimate of the error rate of genotyping wasolgd by re-typing samples.

Randomly selected samples from smolts sampled(d4 20d adult returns in 1991
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were re-amplified and re-typed. This was carrietivaith approximately 5-6% of
samples. (Re-typing a subset from the returns 81 Hso acted as a test of the
similarity of genotypes obtained by typing withfdilent multiplexes on different

machines).

2.4.3 Estimation of the number of loci required

Prior to genotyping, simulations were carried ouPAPA (Duchesnet al 2002) and
FAP (Taggart 2007) to estimate the number of lequired for confident parentage
assignment. In the absence of microsatellite in&drom, genotypes from single locus
minisatellites already typed for this stock (6-22las segregating) in a previous study
(Taggartet al2001) were utilised. These suggested that 9-li2nouald be needed for
unambiguous assignment. These were regarded asxapptions, as neither the
distribution nor number of alleles of the loci adty being employed, nor the total

number of candidate parents, were known precisely.

2.4.4 Choice of Loci

No single large panel of microsatellite loci wasidable for Atlantic salmon. In
selecting a panel of microsatellite markers sugdbt parentage analysis in this study
the following criteria were deemed important. Toei lshould;

« Amplify clearly and produce reliable results.

* Eventually be amplified in multiplexes (whereby mdhan one locus was
amplified in a single PCR, also termed ‘true mudtng’). Multiplexing requires
fewer freeze-thaw cycles of samples (in compartsamplifying loci singly) and
there is reduced opportunity for error in typingrfgpared to combining PCR

product from different amplifications when runniog a gel). It is also less labour
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intensive and for screening large numbers of imldigls it is also more cost

effective.

The following loci (Table 2.2 and Table 2.3) wenéially amplified to determine their

suitability.
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Table 2.2Initial panel of microsatellites (not known to be ombined in true multiplexes) that were
screened for use in this project.

Loci tested Primer sequence (F-Forward/R-Reverse) ourcg Comments
Ssa01uUO0S ACTGGTTGTTGCAGAGTTTGATGC (F)
Ssa01UO0S AAACATACCTGATTCCCGAACCAG (R)
Ssa04UOS ATGCAGTGTAAGAGGGGTAAAAAC (F)
Ssa04UOS CTCTGCTCTCCTCTGACTCTC (R)
Ssal07uU0S TGTGTAGGCAGGTGTGGAC (F) _ Clear tetra-
Cairneyet al nucleotide
(2000) repeats, wide
Ssa07UQ0S CACTGCTGTTACTTTGGTGATTC (R) allele range
Ssa08UOS AATGGATTACGGGTACGTTAGACA (F)
Ssa08UOS CTCTTGTGCAGGTTCTTCATCTGT (R)
Ssal10uUOS GGAAAATAATCAATGCTGCTGGTT (F)
Ssal1l0uUO0S CTACAATCTGGACTATCTTCTTCA (R)
JMS1 GGATGGGAATTCCTTTGTGG (F) Di-nucleotide
repeats, unable
Est(gta;())%t) al to distinguish
JMS1 GGACAGAGACGGATGTGCC (R) all alleles
clearly
Ssa&s7 CTTGGTCCCGTTCTTACGACAACC (F) Verspoor Di-nucleotide
(unpublished)  repeats, unable
to distinguish
Ssd37 TGCACGCTGCTTGGTCCTTG (R Patersoret al all alleles
(2004) clearly
OneYASC CTCTCTTTGGCTCGGGGAATGTT (F) . Di-nucleotide
Scribneret al
(1996) repeat. Very
OneYASC GCATGTTCTGACAGCCTACAGCT (R) clear.
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Table 2.3Initial panel of microsatellites (known to be combmed in truemultiplexes) that were
screened for use in this project. Three multiplexewere tested, which each included two or three

loci.

Loci tested Primer sequence (F-Forward/R-Reverse) ourceg Comments
Ssd 71 GAGGTCGCTGGGGTTTACTAT (R)
Ssd 71 TTATTATCCAAAGGGGTCAAAA (F)
Dai Tetra-
Ssd 97 TGGCAGGGATTTGACATAAC (R) OR(el'ggGe)t b Lcleotide
repeats,
Ssd 97 GGGTTGAGTAGGGAGGCTTG (F) robust
Plant (2000) multiplex
Ss202 TTCATGTGTTAATGTTGCGTG (R)
Ss202 CTTGGAATATCTAGAATATGGC (F)
Ss®215 ACTAGCCAGGTGTCCTGCCGGTC (F)
Verspoor bl .
Ss@215  AGGGTCAGTCAGTCACACCATGCAC (R)  (unpublished) P;%u?ig]u?c
product in
Ss&216 GGCCCAGACAGATAAACAAACACGC (F) Patersoret al multiplex
(2004)
Ss®216 GCCAACAGCAGCATCTACACCCAG (R)
Ss&2210 AAGTATTCATGCACACACATTCACTGC (F)
Ss&2210 CAAGACCCTTTTTCCAATGGGATTC (R)
Verspoor Clear tetra-
Ssd 605 CGCAATGGAAGTCAGTGGACTGG (F) (unpublished)  nucleotide
repeats,
Ssd 605 CTGATTTAGCTTTTTAGTGCCCAATGC (R) Patersoret al robust
(2004) multiplex
Ss&2201 TTTAGATGGTGGGATACTGGGAGGC (F)
Ss&2201 CGGGAGCCCCATAACCCTACTAATAAC (R)

The multiplex ofSs&215 andSs&216 was found to produce a spurious product, which

was the size of an actual allele and was therefotreised. In general, the di-nucleotide

microsatellites tested were not considered suitibléhe current study. More

pronounced stutter bands made routine callinglefes difficult, particularly for

heterozygotes with similar sized alleles. Howewse exception was One9 (a di-
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nucleotide microsatellite originally isolated fr@ackeye salmor@ncorhynchus
nerka. The allelic PCR products resolved very cleadgly 5 alleles in total) and this
locus was included in the DNA profiling panel. Timeal loci were selected based on
their compatibility in terms of annealing temperatand size range for true

multiplexing, and only loci that could be amplifiekbarly were employed.

2.4.5 Optimization of multiplexes.

Octavian Henegariu’s online information

(http://info.med.yale.edu/genetics/ward/tavi/Guidielh) was used as a guideline in

optimizing multiplex PCRs. Generally, the final firifand dNTP concentrations were
kept constant, while the concentration of Mg@mplate DNA and primers were
varied along with thermocycling conditions. If ptad from a particular locus was low,
the concentration of the primer was increased.rémained low the annealing
temperature was altered or the number of cyclegased. If unspecific products were
obtained annealing temperature was increased.

A number of combinations of loci were considereddo-amplification. Combinations
were initially chosen based on their compatibilityerms of allele size range,
annealing temperature and the Mg&bncentration found to be optimal for their
amplification individually. Combinations of primevgere checked for complimentary
seqguences, using the program QUICKPRI (DNASTARntorm about possible
primer dimer production during amplification. Thedl multiplexes used and the loci
they were composed of are presented in Table A& PCR components and
conditions for these multiplex reactions are dethih Appendix A1.3. The rationale

for constructing the multiplexes in this manner @escribed later in section 2.4.6.
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Table 2.4Loci amplified in the various multiplex PCR combindions used in this study

Multiplex number Loci included Total number of ioc

1 2201 1605 2210 3

2 410 407 One9 3

3 197 202 171 3

4 404 408 2

5 2201 1605 2210 410 407

6 404 408 171 One9 4

7 197 202 401 3

Multiplexes 5, 6 and 7 required re-optimization éise with DNA extracted from
smolts (using a commercially available kit), as @ggd to DNA extracted from adult
fish (using phenol-chloroform based methods). Mamryditions were altered in an
attempt to optimize the reaction. Generally, extreles were included in the PCR and
the concentration of Tag polymerase and or DNA weseased. Touchdown PCR was
used in initial stages of the construction of npléx 2, but this was finally optimized to
a single annealing temperature.

The numbers of samples typed at each locus, fréfereint years and at different life

stages are shown in Table 2.5.
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Table 2.5Number of samples from year groups that were typeaith each locus. Unless otherwise
stated, year groups refer to sea-returns

Year & Locus

sample
takent 2210 1605 2201 407 410 One9 408 404 171 197 202

1991 (A) 95 95 95 95 95 95 18 18 95 95 95
1995 (A) 116 116 116 116 116 116 51 51 116 116  116-
1997 (P) 274 274 274 274 273 274 11 11 2714 274 274

401

1999 (A) 10 10 10 10 10 10 10 10 10 10 10 10
2000 (A) 89 89 89 89 89 89 89 89 89 89 89 89
2001 (A) 41 41 41 41 41 41 41 41 41 41 41 41

2004 (S) 405 407 406 407 405 407 407 407 407 407 7 44407
2004 (A) 117 117 117 117 117 117 117 117 117 117 7 11117

! sample type: A - anadromous adult; P — parr; S -msolt

2.4.6 Empirical confirmation of the number of loci requir ed for robust parental
assignment

Initially the nine loci included in multiplexes 1{3able 2.4) were tested empirically by
attempting to assign 60 eggs to parents that reduinm1995. This gave 100%
concurrence with a previous assignment using ntiligas, described in Taggaat al
(2001). Following this, 274 parr (also offspringaafults that returned in 1995) were
typed with this set of nine loci and parentage ysialwas carried out.

Assignment was ambiguous in nine cases. These saraptl candidate dams were
typed with two extra loci (included in multiplex #able 2.4), which resolved all
ambiguities. A third assignment sample set was toeisidered; the assignment of
adults that returned in 1995 to potential parems $pawned in 1991 (i.e. treating
adults that returned in 1995 as offspring and adbht returned in 1991 as parents). In
this analysis, not all putative dams were collecsadpotential ambiguous assignments

would not necessarily be apparent. Therefore dasig@ed with no corresponding
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anadromous male (the sire assumed to be a matujeysang nine loci, were typed
with two extra loci (included in multiplex 4, Tab®4). The same two extra loci were
also used when assigning returns in 1999, 200286d to parents that spawned in
1995, when only a dam was assigned.

This extra genotyping was time consuming as the Bmples had to be picked
manually from 96 well plates for re-amplificaticand inevitably increased the
possibility of errors due to sample misidentificati The number of freeze-thaw cycles
the samples underwent was also increased, whichikedgsto degrade the DNA.
Therefore, for the remaining samples 12 loci wesedufrom the onset. This entailed
the development of multiplexes 5, 6 and 7 (Tab#g,2n order to accommodate the

extra loci while retaining the compatibility of llowithin multiplexes.

2.4.7 PIG tailing.

Taqg polymerases (without proofreading abilities) sametimes add an extra
nucleotide (usually adenine) onto the 3’ end of@iMA strand being synthesized. This
can result in two different sized PCR productsfédihg by one base pair) being
generated for each allele. Consistent genotypifaciitated by forcing the
predominance of only one of these products; eitieiaddition of a nucleotida its
omission. Having only one type of product leada targer overall number of products
for that particular size and so a stronger sighla¢ degree to which the addition occurs
can be manipulated by altering the final extensioe or the sequence of the
unlabelled primer, as described in Brownsti@l. (1996).

When constructing multiplexes 5, 6 and 7 attentias paid to the addition or omission

of an extra nucleotide to the PCR product. The ntgjof loci in multiplex 5 resulted
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in single products with a final extension time ahihutes. However, losd 605 and
Ssa07 tended to have PCR products of two sizes foh aliele, one base pair apart.
Products were then forced to either have an exicéentide addedSsa07) or to have
this omitted §sd 605) by changing the primer sequences as detailBbwnsteinet

al. (1996). An extra T was added to the 5’ end ofréwerse primer fogsd 605 and an
extra G added to the 5’ end for the reverse prioh&sa07. This modification proved
successful fo6sal07 but not foilSsd 605. (Longer additional sequences may have
resulted in a greater effect, but these were ned as they may have given rise to
additional primer dimer due to the large numbeprirhers in the reaction). The PCR
products of all loci in multiplexes 6 and 7 tendedbe of a single type (with or without

an extra non-templated nucleotide), thus primeuseges were not altered.

2.4.8 Final PCR conditions.

Thermocycling was carried out on Biomeéfrd gradient machines. Water was
nuclease free. Non-fluorescent primers and ‘ABlbflescent primers were ordered
from MWG Biotech while Beckman fluorescent dyes eveupplied by Proligo France
SAS. Other PCR components were supplied by ABGEBEThermoprime Plus DNA
Polymerase (5U / pL ) Cat No. AB-0301 (inc 10x Ruffl solution (100 mM Tris-
HCI, pH8.3; 500 mM KCI) and separate 25 mM Mgé&dblution); dNTP set (high
concentration, 100 mM each) Cat No. AB-0315.

Fluorescent tagged primers for ABI gel fragmentiyrexs were re-suspended and
diluted, when necessary, in nuclease free wataoréscent tagged primers for
Beckman Coulter fragment analysers were initisdhsuspended to 100 uM in 1xTE

buffer (10 mM Tris, 1 mM EDTA; pH 8.0). Subsequéiititions were made in
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nuclease free water. Standard (non-fluorescent)gs were suspended and diluted in
nuclease free water. All primers were stored a?C2& 100uM stock concentration. At
any one time one aliquot of a particular primer gdae diluted to the ‘working’
concentration of 10uM.

For DNA extracted using phenol chloroform, c.10@gA template (as determined by
optical density) was used in each reaction. For D&Aplate obtained using chelex
extractions, 1ul of undiluted extraction producswaed in each reaction (except for
multiplex 3, where 1ul of a 1:10 dilution gave omil resolution). DNA template
extracted using the commercially available kit ((lezard® SV genomic purification
system) was used undiluted: 2 or 3ul were usedch eeaction, depending on the
particular multiplex (as detailed in the PCR coiodi$ in the Appendix, Table A5 to
Table A10).

All constituents of the PCR assay bar DNA were ciowedb on ice. Water and buffer
were initially combined, then dNTP, MgCind primers followed by Taq polymerase.
This was mixed by hand, briefly spun, and then dddehe DNA, already aliquotted
in 96 well plates. (During initial trials a few satas were amplified at a time, in which
case thin walled flat cap 0.2ml tubes were usetdatsof 96 well plates). After
addition of all components, plates or tubes werssy 1000g for one minute prior to
placement in the thermocycler. No mineral oil weguired as the thermocyclers had
heated lids. When 96 well plates were employeddiresive top seal (ABGENE) was
used and an insulating pad was placed betweeplties seal and the heated lid of the
thermocycler. Thermocycler blocks were brought3e®before inserting the reaction

tubes or plates. Theoretically this should mininpp¢ential PCR artifacts caused by
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‘non-specific’ amplification during initial tempettare ramping. Lid temperature was
maintained at 105°C throughout. Primers and fluzmeslabels, where applicable, are
shown in Table 2.6 (sequences were given in TaBla2d Table 2.3).

Details of the constituents of PCRs and thermongationditions are given in Tables

Al to Table A10 in the Appendix.

2.4.9 Detection and Sizing of PCR products
PCR products from adult samples taken in 1991 &3& and parr samples from 1997

were detected and sized using two 64 lane ABI 3NABragment analyzers. Here
separation of products of different sizes is basedlectrophoresis through a slab
polyacrylamide gel poured by the user. PCR prodinota adult samples taken in
1999, 2000, 2001 and 2004 and smolt samples tak2®d4 were screened on two
Beckman Coulter CEQ 8800 fragment analyzers. Theseapillary electrophoresis
based analysers, each with a capacity to run eagpitlaries simultaneously. Size
separation is conducted through a gel matrix iividdal capillaries, each
corresponding to a ‘lane’ on the slab gel. Both Inmaes detected fluorescently labeled
markers, but different sets. ABI 377 DNA fragmenalyzers detected UV fluorescent
TAMRA, TET, HEX and C6FAM dyes. Beckman Coulter CB800 fragment

analyzers detected IR fluors; WellRED D1, D2, D8 &.

2.4.10 ABI fragment analyzers

Plates were washed in hot water, rinsed in didtiater, dried with a hairdryer and
finally assembled into the proprietary casting fearfor each plate, 50ml of acrylamide
gel was mixed. Initially, 14.4g urea, 4.8ml acryldmstock (LongRanger acrylamide

stock, Cambrex Bio Science Inc.), 23ml MilliQ wagerd 0.5g mixed bead resin were
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Table 2.6 Primers used to amplify the 12 routinelgcreened microsatellite loci. Reverse primer for
Ssal605 ‘PLUS T’ was not used in genotyping. Reversaimer for Ssa407 ‘PLUS G’ was only used
in multiplex 5.

Locus Name Forward/ Reverse (F/R)Fluor®  Fluor?
and any modifications

Ss&2201 F FAM D4
Ss&2201 R
Ssd 605 F FAM D4
Ssd 605 R
Ssd 605 R (PLUS T)
Ss#210 F FAM D4
Ss#210 R

Ssatl0 F TET D2
Ssa10 R

Ssa07 F HEX D3
Ssa07 R

Ssa07 R (PLUS G)

Ssa04 F HEX D2
Ssa04 R

Ssal08 F TET D3
Ssal08 R

Ssd 71 R FAM D4
Ssal7l F

Oon& F FAM D4

Oon& R

Ssd 97 R HEX D3
Ssd 97 F

Ss&02 R TET D2
Ss&02 F

Ssa01l F D4
Ssalol R

!Fluorescent dye used with ABI fragment analyzer.

2 Fluorescent dye used with Beckman Coulter fragmeranalyser.
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placed in a beaker and mixed with a stirrer foBar8nutes. This was filtered, 5ml
filtered 10 x TBE added and then de-gassed priadthtion of 200uL 10%
ammonium persulphate solution and 25uL Temed. Bheng was gently swirled and
a syringe used to inject the mixture into the addechcasting frame. Gels were left for
2.5 hours to polymerise. The electrophoresis buites 1x TBE. Prior to addition of
samples, plates were pre-conditioned, i.e. heatetidf minutes on the ABI fragment
analyzer until the gel temperature was at lea3t40

Two methods were used to load samples onto thimigeface. The first method was
more time consuming than the second, so when ttendemethod was introduced the
remaining samples were loaded in this manner. th bases 1ulL of diluted or
undiluted PCR product (see Table 2.7) was mixetd Wit L of loading dye (4 parts
deionised formamide to 1 part blue dextran dye)@AdL TAMRA size marker

(genSIZE T350, Genetix) prior to denaturing.

Table 2.7 Degree of dilution of PCR product loadednto ABI fragment analyzer for different
multiplexes. Dilutions were made in nuclease freeater.

Multiplex Dilution of PCR product before loadingtorfragment analyzer

DNA from Phenol Chloroform extractions DNA from €lbx extractions

1 1:10 1:2

2 no dilution no dilution
3 15 no dilution
4 no dilution no dilution

In the first method a shark tooth comb was usqat@duce wells into which samples
were pipetted, using ‘duck-billed’ tips. The PCRngdes were denatured by heating at

95°C for 3 min. 1uL of each sample was then pipetteal alternate lanes. The gel was
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run for 4min, after which the remaining sampleseneaded. This was in order to
reduce contamination between adjacent lanes aaidl fater lane tracking. The gel was
subsequently run for two hours at 3000V at a teatpee of 50°C.

In the second method a membrane comb (Web Sc®ntifis used to load samples. A
loading solution of 10% Ficoll was used to fill tbemb area to a depth of
approximately 10mm. The PCR samples were denahydating at 95°C for 3min.
Samples were then placed on ice angiD /@aded onto a chilled loading tray (Web
Scientific, a plastic plate with 64 sample indeiotad matched to membrane comb teeth
spacing). The membrane comb was placed in theds foell0s, allowing transfer of
sample to the comb. The comb was then transfeorditetgel, with tips of the comb
teeth just touching the gel interface. The uppéieldray was installed, filled with
buffer and the gel run for 60s. The membrane commb r®moved and the Ficoll
solution washed out of the comb area using a @pétie gel was subsequently run for
two hours at 3000V at a temperature of 50°C.

The gel matrix was often reused for a second seépanain (with different samples).
While the slab gel was still warm, the comb area washed out with buffer and the

loading procedure repeated.

2.4.11 Beckman Coulter fragment analyzers

Beckman proprietary gel, running buffer, size staddand loading buffer were used.
PCR products (max 3ul) were added tpu3@ample loading solution (SLS, deionised
formamide) containing 0.28 size standard (SS400). The sample plates were the
spun at 1000g for 1min and one drop of mineralait added on top of each sample.

Samples were run under the standard conditionsme@nded for use with size
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standard 400 (i.e. ‘FRAG-3" method). To minimizest&aand cost, both sample and
buffer plates were re-used. To clean, they werkesban 5% Decon overnight, rinsed

well in hot water followed by distilled water artten dried.

2.4.12 Allele callings

Data generated from the ABI and Beckman Coulteggrfrant analyzers were
interpreted using proprietary software (GENESCANLvVB and GENOTYPER v2.5 for
the ABI fragment analyzer and FRAGMENT ANALYSER fitve Beckman Coulter
fragment analyzer). Automated allele calling wasimplemented in either case. Each
chromatogram was inspected visually and alleleltadgsigned manually (using

predefined bins, generally of c.2bp width).

2.5 Parentage Assignment

2.5.1 Exclusion versus maximum likelihood methods

Parentage analysis based on maximum likelihoodeantdision methods were
considered for use in this study. Maximum likelidaoethods require less genetic
information than exclusion methods (Ducheshal 2002), but were not considered
suitable. Assumptions used in maximum likelihoograpches were either unclear or
known to be violated (namely Hardy-Weinberg equilibn). The population structure
was known to be complex, with input from maturer g@aggartet al 2001),
overlapping generations and straying. The impathe$e characteristics on maximum
likelihood methods was not known. In addition Joaed Ardren (2003) stated that
maximum likelihood methods could cause an upwardogvnward bias in the variance
of reproductive success (depending on the methed)wsd can be sensitive to the

total number of candidate parents. In this stu@yttital number of sires was not known
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(due to the contribution of mature parr). It wapérative that if any reliable
conclusions were to be made from the study, pageraasignment was accurate, due to
the random variation involved in a natural system the restricted numbers of samples
in some aspects of the study. When a maximum fikeli method (CERVUS) was
employed on samples in the current study, resiffexeld to those gained from
exclusion analysis and were also dependent onateneters used. Varying the
proportion of males that were ‘collected’ (i.e. ded) from 0.2 to 0.5 gave different
results, a problem as this value is unknown dubdanput of mature parr in natural
spawning. Exclusion methodology was therefore eggaland since multiplexes were

utilized the cost of typing extra loci was minimize

2.5.2 Software employed in parentage analysis

Parentage was determined using two DOS based pnsgraitten in QUICKBASIC
language, DAMFIND and SIREFIND (J. Taggart unpuieid). These were based on
simple exclusion principles and made maximum udehofvn properties of the
samples.

Initially, an attempt was made to assign the damguBAMFIND. This program
analyzed potential offspring and dam genotypesrasdilted in the assignment of a
dam if, for each of the loci testegitherallele of the dam matchestherallele of the
offspring. In the vast majority of analyses undegtaall possible dams had been
sampled and genotyped, thus exclusion of all patetdms at any locus suggested a
genotyping error, mutation, or mis-classified offsg (i.e. of the wrong age-class).
Subsequently, assignment of sires was carriedang BIREFIND. This program took

into account the dam that had been attributedyesulted in the assignment of a sire if
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the remaining ‘sire’ allele, at all the loci testedatched either of those of a potential
anadromous sire.

In addition to perfect matches, the output of qmtbgrams permitted ‘relaxed
assignments’ to be explored (i.e. allowing for onenore mismatched alleles to be
accommodated). These relaxed assignments weretlagud the problematic loci
identified. This ‘relaxed approach’ was particwaukeful in identifying mismatches
that were due to genotyping error since a mismateliele would be identified and the
corresponding chromatogram could be re-examindablofor potential errors in allele
calling. Finally if, following all checks, an inddual was assigned a female but no

anadromous male, the male parent was assumecatonagure parr.
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3 Data quality and accuracy

Genotypic data quality was particularly importamthis study to ensure that
parentage analyses could be relied on to give mghuij accurate results. The
project also afforded the opportunity to assesshtgpendent means, the accuracy
of scale readings, which has rarely been performed.

In the following sections:

» The accuracy of genotyping in this study is explaaed discussed.

* The power of parentage analyses employed in thdyss considered.

* The degree of concordance between ages of fishndeed by scale readings

and through genetic profiling is investigated.

3.1 Genotyping Accuracy

A survey of articles published in Molecular Ecologgrried out in 2003, revealed
that very few microsatellite-based studies quasdifyenotyping errors. Bonat al
(2004) found that only 6% of articles that involwaitrosatellites also reported
error rates, allelic dropout rates or false al@tgplifications. Although an
awareness of genotyping error is widely recogntedak of importance in
interpreting studies based on limited amounts df/aor degraded DNA, sources or
rates of error are not so widely reported in o#ltedies (Hoffman and Amos
2005a). However, consideration of error rates @aaxiremely important. For
example, Vigilanet al (2001) believed the findings of a previous stualythe
paternity of wild chimpanzees, were incorrectlysgid as a result of genotyping
error. Hoffman and Amos (2005b) also concluded thatesults of a study, which
found that Antarctic fur seals preferentially swkpups of female relatives, could
largely be attributed to genotyping error. Examgnihe efficacy of genotyping is

especially important when primers have not beearesively tested previously. For
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studies on humans, sets of loci with primers spdlf chosen for robustness and
reliability are available thus minimising the numlbéerrors made (Eweet al
2000). However, this is not the case for Atlan&tson, or indeed for the majority
of other species that have been the subject osatellite based studies.

Errors can occur at a variety of stages in the tygig process, and for a number
of different reasons. They can be caused by samigielentification or
contamination - either in the extraction proces3RRamplification or separation of
samples through electrophoresis. Errors may alsgeherated during the typing
process due to human error when scoring, or tanteahartefacts such as allele
dropout, null alleles and stutter. Another potdrg@urce of error is the occurrence
of alleles that are too similar in size to be aately distinguished and which may
be assigned inconsistently to different adjacems lais a result. Incorrectly
configured genotyping software and misplaced camfe in the accuracy of
automated allele scoring are also areas of coné@nplification of multiple loci in
a single PCR can be more problematical than siogles amplifications. Yields of
specific amplicons may be less consistent, whichicerease the likelihood of
incorrect allele calling. For example lower thapested yield may increase the
occurrence of large allele dropout. At the othdreare, higher than expected
amplicon yields can lead to masking of weaker flsignals or ‘allelic pull up’,
where a strong signal from one fluor may also b&takienly detected as signal from
a second fluor.

Errors can be identified and quantified in diffdramys. A straightforward method
is to repeat the genotyping of some (or all) indiirls. Boniret al (2004) advocate

this approach for future studies, suggesting thE@% of samples should be re-
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typed and results compared. Although a worthwthiigtegy, it should be noted that
this gives a measure of consistency rather thamracy.

Another approach is to analyse existing genotypeproperties that may suggest
true genotypes have not been recorded. The progh@ROCHECKER (Van
Ooosterhouet al. 2004) has been written specifically for this tadigh rates of
allele dropout or the presence of null alleles in@yndicated by a lower degree of
heterozygosity than would be expected. Consistet@rbzygote deficiency at one
or few loci would suggest the existence of nukkla$ or allele dropout, whereas
consistency over all loci would suggest populafertors are more likely to be the
cause of the deficit, possibly due to violatioraefumptions made when testing for
Hardy Weinberg equilibrium. However, a deficit walhly be evident if the number
of errors is large (Paetkau 2003). Both CERVUS MAROCHECKER can
estimate the frequency of null alleles, but untierassumption that the population
is in HW equilibrium.

Hoarauet al. (2005) used a different approach to test for nigles. These authors
lowered the annealing temperatures for a set opkshat were found to be
homozygous, to test whether more alleles wouldnbglified. However, this did not
result in the identification of additional hetergoge genotypes.

A more direct method of assessing genotyping ersaic compare pedigree
genotypes, where transmission of specific alledesxpected. For example, in
parentage analysis where assignment is based arsexg parent-offspring pairs
that mis-match at few alleles are candidates fapgging errors. Once these
individuals are flagged they can be investigateth&r and the genotypes either

confirmed or errors identified.
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3.1.1 Error rates and their sources in genotyping studies

The main sources of error determined by Bagtial (2004) in a study on brown
bears were allelic dropout and human error ingf@mple, sample
misidentification. O’Reillyet al. (1998) found a higher error rate when typing di-
nucleotide microsatellites in Atlantic salmon (camgd to tetra-nucleotides), with
stutter error and allele designation error beirggdhuses. Castat al (2004) in a
study of turbot $cophthalmus maximualso found that di-nucleotide
microsatellites were prone to difficulties in tygivhen the individual was
heterozygous for two adjacent alleles.

In previous studies employing microsatellites, eredes have been reported of 0.1-
0.7% (Hoffman and Amos 2005a), 0.8-2% (Boeiral. 2004), less than 4%
(Shrimpton and Heath 2003) and 2.5% (Castral 2004). Errors identified by
Boninet al (2004) were compiled from different sample typeish a lower rate of
error for DNA extracted from tissue compared tactdesamples. The initial three
estimates cited above were of the percentagdlelésthat were typed incorrectly
i.e. the percentage of alleles typed that werernecty as opposed to the percentage
of genotypes that included an incorrect allele. @iséinction between percentage of
incorrectallelesor genotypesvas not made in the last estimate.

Hoffman and Amos (2005a) reported that differenthads of detection gave
different error rates when used on the same s&raples (from Antarctic fur

seals). They estimated error rates of 0.0013 eticn from assignment of dams,
and 0.0074 per reaction for individuals that werd¢yped unintentionally (this
occurred when more than one sample had been irtadtgrobtained from
individuals). According to Hoffman and Amos (2005&E best method of error

detection was probably to re-type a random sample.
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3.1.2 Monitoring of genotyping errors in this study

When errors were identified in the current studwpcfises were modified to reduce
or negate the chances of their reoccurrence.

Three complimentary methods were used to assesst@bterror rates throughout
this study:

* randomly selected samples were re-typed

« control samples were typed throughout the study

» parentage analysis was used to flag possible errors

These are detailed below. All error rates refetoedre allelic error rates i.e. the
percentage of alleles checked that was incorrdw.occurrence of mutations was
also examined because although not a ‘true’ etiney; can create problems with

parentage analysis.

3.1.3 Re-typing samples

Randomly selected samples from smolts sampled(d 20d adult returns in 1991
were re-typed. Approximately 5-6% of samples weramplified. This is within

the boundaries proposed by Boeinal (2004). They suggested that 5-10% of
samples should go through a blind test for accyraig that this should include all
steps in the typing (from extraction to callingeddls). This was not feasible in this
study because the amount of tissue sampled wastimiherefore only processes
subsequent to DNA extraction were repeated. Rexypisubset from the 1991
returns acted as a test of the similarity of gepesyobtained by typing with
different multiplexes on different machines (thenptes were initially typed with an
ABI fragment analyser, whereas the re-typing tolakc@ on the Beckman Coulter
fragment analyser). Reasons for using the diffemanthines and the samples typed

on each machine are given in Chapter 2.
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Table 3.1and Table 3.2 show the number of detesriexals in each set of samples.
Overall rates of 0.8% for smolt samples taken i6428nd 3.8% for adult returns in
1991 were found. Two errors at locisd 71 in the sample of smolts were due to
the same two adjacent alleles being incorrectledyd hese alleles were too close
to be reliably distinguished, and so bins for th@see combined in all subsequent
typing. The errors in the sample of returns in 18@te due to a ‘shift’ of the size
standard in one of the multiplexes (multiplex 6pirte sample, which was
apparently a software problem. Thus the two loaidpehecked in this sample were
incorrectly typed. Subsequently (and retrospectjvehe size standard in all
chromatograms was checked to ensure that the peakiseen correctly labelled
and that they were in the correct position in fefato the scale used to identify the

size of amplified peaks.
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Table 3.1 Number of incorrect alleles identified byre-typing 32 random samples from smolts that wereampled in 2004. Overall numbers relate to the tota
number of genotypes assessed.

Locus
Overall
Ssal7l Ssal97 Ssad401 Ssa407 Ssa408 Ssad4l0 Ssal605 Ssa2201 Ssa?2210 One®  Ssad404 Ssa202
# samples re-typed successfully 30 12 22 14 30 10 19 18 17 30 28 28 258
# incorrect alleles 2 0 0 0 0 0 0 0 1 0 0 0 3
% incorrect alleles 3.3 0 0 0 0 0 0 0 2.9 0 0 0 0.6
Table 3.2 Number of incorrect alleles identified byre-typing 8 random samples from adults that returred in 1991. Overall numbers relate to the total
number of genotypes assessed
Locus
Overall
Ssal71 Ssal97 Ssa407 Ssa4l10 Ssal605 Ssa2201 Ssa2210 Ooned Ssa202
# samples re-typed successfully 5 7 6 5 6 5 6 5 7 2 5
# incorrect alleles 2 0 0 0 0 0 2 0
% incorrect alleles 20 0 0 0 0 20 0 3.8
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3.1.4 Controls

For the genotyping carried out on ABI fragment gsafs, control samples were
primarily used to verify correct loading and trawki(on slab gels) i.e. to ensure that
each lane was identified correctly. Four sampldshofvn genotype were run on
each gel. In every case the tracking was confirtodze accurate and allele sizes
were assigned to the correct bin sizes. This gaassurance as to the provenance of
samples and the consistency of the genotype scoring

For the remaining genotyping Beckman Coulter fraghasmalysers were employed.
Three control samples were routinely analysed. ptosided a test for the
consistency of sizes of alleles (albeit for a ledinumber of alleles). There was less
concern with regard to sample tracking as all samplere analyzed in a 96 well
plate format. The second set was run on new maglaind so controls were
especially useful in monitoring the accuracy of ti@chines and how they were
used.

Table 3.3 shows the number of controls used irséo®nd set of genotyping and the
number of alleles that were incorrectly typed. ©kerall percentage of incorrect
alleles, averaged over controls and loci, was 0:H36. percentage of alleles typed
that were incorrect for each control is shown im ttight-hand column and the
percentage of alleles that were incorrect for eadividual locus is shown in the

bottom row.

3.1.5 Parentage analysis

The third method of error detection involved paaget analysis. Assignments with
one mis-matched allele, or with multiple mis-matirea single multiplex (to

screen for possible misidentified samples) weratstsed for errors.
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Table 3.3 Details of incorrect alleles identified ¥ repeat typing of controls. Three individuals wereused as controls. The number of incorrect allele®und at
each locus are shown for each individual control.

Locus
Control Total Tvped Total E % incorrect
# Ssa Ssa Ssa Ssa Ssa Ssa Ssa Ssa Ssa , o Ssa Ssa otal Typed fotal £rmor 0162
171 197 401 407 408 410 1605 2201 2210 404 202
1 # times typed 2 11 1 6 10 5 7 7 6 11 10 10 106
successfully
# incorrect alleles 0 1 0 0 0 0 0 0 0 0 0 0 1 0.4
2 # times typed 12 9 8 4 12 5 6 6 6 12 11 8 99
successfully
# incorrect alleles 1 0 0 0 0 0 0 0 0 0 0 0 1 0.5
3 # times typed 2 8 7 5 10 5 5 5 5 10 9 7 88
successfully
# incorrect alleles 0 0 0 0 0 0 0 1 0 0 0 0 1 0.6
total # samples typed 36 28 26 15 32 15 18 18 173 330 25
total # incorrect alleles 1 1 0 0 0 0 0 1 0 0 0 0
% incorrect allelé's 1

! for each locus
2 for each control
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Errors detected, and their causes, were explorddpth for two datasets involving:
* The assignment of smolts sampled in 2004 to 200801 adult spawners

* The assignment of adult returns in 1999, 2000 &ftd 20 1995 adult spawners
Parentage analyses in the earlier sets of genagtypssigning parr sampled in 1997
to returns in 1995 and assigning returns in 199%tarns in 1991) also identified
errors. However, though corrected at the time,ehesre not rigorously recorded
for error estimates and thus are not detailed here.

The error rate for both sets of assignments thae weplored in detail (Table 3.4)
was estimated by calculating the total number leled typed and tested (in both the
parents and offspring) and determining the percgntd these that required
correction. Only alleles that were involved in @asignment were included i.e. when
an offspring was assigned only to a female adtlrne(presumed to be sired by a
mature parr) just half of the offspring’s allelesre tested.

For the assignment of smolts sampled in 200424 ¢6t130 parents were screened,
400 offspring were assigned to female returns &@viZere assigned to male
returns. For 12 loci a total of 7596 alleles wested in offspring and
approximately 1560 alleles were tested in parénttal c. 0.4% (37/9156) of
alleles were initially identified as genotype sogrerrors.

For the assignment of adult returns in 1999, 20@0D2001 to 1995 adult spawners,
a total of 43 different parents were assigned,figbong were assigned to females
and 32 were assigned to males. For 12 loci a ¢bt@pproximately 1512 alleles
were tested. In total c. 0.1% (2/1512) of alleleseninitially incorrect. This is
probably lower than the previous estimate of 0.4%glise the adult returns of 1995
had already been purged of errors through the mesigt of parr sampled in 1997.

Table 3.4 shows thigpesof errors that were found.

57



Table 3.4 Error types and frequencies identified though parentage analysis, assigning smolts sampl@d2004 to returns in 2000 and 2001, and assigning
returns in 1999, 2000 and 2001 to returns in 199%0ssible errors were flagged by mismatches at onbne locus (or at all loci in the same multiplex),
and the correct genotype obtained by reanalysis @hromatograms or by re-typing.

Error type Locus % of total
Ssal71Ssal97 Ssad0l Ssad07 Ssad08Ssad10 SS&  SS&  SSA oo soiunaseapon 1O errors
1605 2201 2210
Heterozygote incorrectly typed as homozygote0 3 0 2 1 2 2 5 11 0 0 0 26 67
Homozygote incorrectly typed as heterozygoteO 0 1 0 0 1 0 0 0 0 0 0 2 5
Incorrect allele input manuafly 1 0 0 0 0 0 0 0 0 0 0 0 1 3
Trisomy’ 1 0 0 0 0 0 0 0 0 0 0 0 1 3
Pull ug’ 0 0 0 2 0 0 0 0 0 0 0 0 2 5
Size standard shiftéd 0 0 0 0 0 0 0 0 1 0 0 0 1 3
Incorrect sampfe 1 0 0 0 1 0 0 0 0 1 1 0 4 10
Unknown/not recorded 0 0 0 1 0 0 0 0 1 0 0 0 2 5
Total 3 3 1 5 2 3 2 5 13 1 1 0 39
% of total errors 8 8 3 13 5 8 5 13 33 3 3 0

8G

! In some cases the software would not recognise egk. In these instances the allele name was inpumually.
% One or more loci were found to have 3 alleles.
®Due to PCR products from different loci being run n single lanes, alleles of similar size sometimegeslapped. This was not normally a problem because

different fluors were used for different loci. However, a strong signal with particular fluors could result in a low signal for other fluors, which couldhave
been interpreted incorrectly as an allele at a di#rent locus.

“ The CEQ genotyping software occasionally did not atch the scale from which allele sizes were calctéal to the size standard peaks. This resulted in #ts
in allele size.

® An incorrect sample was used in one PCR amplificain, leading to all the alleles in a multiplex beig incorrectly scored.
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3.1.6 Null alleles/ allele dropout

Exact tests for deviation from Hardy Weinberg eiuilm were carried out using
GENEPOP version 3.4 (Raymond and Rousset 199530Nsistent deviation was
found at any one locus (Table 3.5). This suggéstssreither null alleles nor allele
dropouts were a major problem. This observation @eaoborated by parentage

analysis results, where again there was no evidehakele dropout or null alleles.
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Table 3.5 Significance of tests for Hardy Weinbergquilibrium (HW p), F s, observed H,) and expected Kl,) number of heterozygotes for all sample

groups. Values in bold are significant at 0.05 leVg@rior to Bonferroni correction.

Sample Locus

Group 2210 1605 2201 410 One9 407 202 171 197 401 Overall

Adult 1991 HWp 0.121 0.765 0.402 0.388 0.579 0.837 0.005 0.458 0.419 0.156
Fis -0.010 -0.020 0.015 0.015 0.021 -0.013 0.092 $.01 0.042 0.015
He 75.3 78.4 89.3 89.4 59.2 86.9 84.7 83.0 87.7
Ho 76 80 88 88 58 88 77 84 84

Adult 1995 HWp 0.074 0.955 0.832 0.001 0.485 0.139 0.290 0.057 0.039 0.002**
Fis 0.022 -0.019 -0.034 0.042 -0.007 -0.034 -0.038 01D. 0.005 -0.009
He 97.1 94.2 108.3 108.6 70.5 107.4 102.1 100.3 107.6
Ho 95 96 112 104 71 111 106 102 107

Parr 1997 HWp 0.019 <0.001 <0.001 0.001 0.497 <0.001 0.864 <0.001 0.074 <0.001**
Fis -0.052 0.020 0.008 -0.014 -0.037 0.001 -0.010 ®.00 0.002 -0.007

He 227.3 223.6 256.1 256.4 165.9 251.2 239.7 235.2 1.525
Ho 239 219 254 260 172 251 242 234 251

Adult 20000 HWp 0.018 0.080 0.307 0.575 0.035 0.011  0.569 0.617 0.044
Fis 0.041 0.036 0.046 -0.037 0.068 -0.022 0.033 -0.024€.013

He 73.0 72.6 83.8 83.9 52.5 83.2 78.6 76.2 82.0

Ho 70 70 80 87 49 85 76 78 81
Adult2001 HWp 0.730 0.046 0.781 0.028 0.929 0.328 0.263 0.210 0.005
Fis 0.001 0.145 -0.011 -0.005 -0.022 -0.003 -0.012 010. 0.101

He 33.0 33.9 38.6 38.8 26.4 37.9 35.6 35.6 37.8

Ho 33 29 39 39 27 38 36 36 34

Adult 2004 HWp 0.095 0.479 0.009 0.393 0.690 0.359 0.506 0.062 0.463
Fis 0.055 0.104 0.041 0.001 0.061 -0.002 -0.020 0.089-0.012
He 97.4 93.8 109.5 110.1 74.6 107.8 101.0 101.0 108.8106.5
Ho 92 84 105 110 70 108 103 92 110

smolt 2004 HWp 0.220 0.032 0.003 0.001 0.404 <0.001 0.018 0.458 <0.001

Fis 0.015 0.011 -0.019 -0.016 -0.006 0.013 -0.015 1®.0 0.024

He 332.9 330.6 377.8 380.1 252.5 378.1 352.7 3519 6.137 354.8
Ho 328 327 385 386 254 373 358 357 367

0.188 0.006

0.251  0.002**
0.035 0.016

80
0.114 0.016*
0.036 0.023

37
0.238 0.006*
0.054 0.033
109.9

382.2

104
<0.001  <0.001**
-0.002 0.000
383

09

* significant at 0.05 level following sequential Boferroni correction, for overall values only, initial =0.05/7
** significant at 0.01 level following sequential Bnferroni correction, for overall values only, initial =0.01/7
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3.1.7 Mutation

In six cases in this study mismatches were atgithtth mutations (Table 3.6). The
offspring were assigned (at 11 or 12 loci) to amltagair combination, with a mis-
match at a single allele. Parental and offspringriatograms were re-inspected
and the genotypic scoring was confirmed. As furtt@rfirmation, the parental and
offspring sets were genotyped again and the s@ores more confirmed. In all
cases the mismatching offspring allele was ongvorrepeats larger or smaller than
expected. The mutation mode of microsatellites lisi@lows a stepwise pattern,
so that mutations to alleles one repeat apart fr@noriginal are more common
(Beebee and Rowe 2004). In cases one and two (Bablewhere the mutation is
presumed to be paternal in origin (due to the sizdleles), a mature parr could
have been the true sire. However, if this was #s®¢he mature parr parent would
have been from a different year class to the amaous male and would have been
unlikely to be so closely related. The ages ofatigpring as identified by scale
readings match with the time of spawning of thegsmesl parents in all cases except

one (case three).

Table 3.6 Details of single mis-matches attributetb mutations.

Details of mismatching allele Number of

. X . Mismatch in
Sample parents Sample offspring loci tested in
Case Allele i Allele i ) . male/female
belong to belongs to Locus elein €le N mismatching t
parent  offspring pair paren
1 1995 seareturns 2000 sea returns 2201 303 299 11 male
2 2001 sea returns 2004 smolts 171 251 255 12 male
3 1995 sea returns 2000 sea returns 410 249 253 12 female
4 2000 sea returns 2004 smolts 407 248 239 12 &emal
5 2000 sea returns 2004 smolts 401 308 304 12 &emal
6 2000 sea returns 2004 smolts 401 308 312 12 &emal
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In total, 12675 meioses were observed, (over Bd&R &nd accounting for meioses
that were not observed due to paternity attribtemature parr). This gives an

average mutation rate over all loci of 4.7%10

3.1.8 Conclusion- levels of accuracy in genotyping

Considering all the types of errors that were idieat, the two most prevalent were
heterozygotes that had been incorrectly scoredam®mbhygotes and the lack of
distinction between two similar sized allelesSsfd 71. The errors caused by the
imperfect tetra nucleotide repeatsSsel 71 were eliminated in the early stages by
combining the appropriate bins.

The three different methods of identification afogralso gave varying error rates,

summarised in Table 3.7.

Table 3.7 Summary of error rate estimated using dferent methods

Type of analysis % incorrect alleles (total alletlested)
Re-typing smolts sampled in 2004 0.6 (516)
Re-typing adults that returned in 1991 3.8(104)
Controls 0.5(656)
Parentage analysis 0.4 (9156)

The largest discrepancies were found in re-typeapsess that returned in 1991.
However, this was due to the size standard beicgyiactly called in one multiplex
for one sample. This meant that 2 loci were inatlyeyped, which was noticeable
in the final error rate due to the small numberm@viduals) that were re-typed in
this set. As a result of this finding all chromatgs were checked for potential
size standard recognition errors. Very few otheesavere actually identified.

The error rate estimated from parentage analysiisely to be lower than the other

estimates because errors identified though re-typmolts and in typing the
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controls had been removed (bins were combin&sdi71 and size standards were
checked).

In a study on Antarctic fur seals, Hoffman and An@305a) found that maternity
analysis gave the lowest error rate for the difieezror detection methods they
employed and concluded that maternity analysisveashe best method for error
rate estimation. No error rate for paternity assignt was given, but it can be
derived from the data they report. This computesnterror rate of 0.3% (19
incorrect alleles/ 9loci x 388 pairs of sires affdfring x 2 alleles in each pair).
This falls between the error rates estimated frémerodetection methods they used.
Although it may not be the best way to estimatediter rate when only one parent
is available for assignment, it offers a relativegnsitive test for the presence of
null alleles or allele dropout. In addition to tlitiss a way of flagging possible
errors in the whole data set that merit furthegraton. Randomly re-typing samples
allows the eradication of errors found only in gaeticular sub-set that is re-typed.
In cases where all female and male parents areledntffers a means of
identifying the vast majority of errors rather theolely calculating an error rate.
Controls are useful as a continual check of thesistency of PCRs and
electrophoresis, but only test a limited numbealtd#les. They also offer a constant
reminder of the importance of precision in the dgpimg process and a check that
sample labelling has been correctly carried outiddibtedly using a variety of error
detection methods is to be recommended, as thilyg to give a better estimate of
overall error levels.

Compared to other studies mentioned in the intrboicerror rate estimates
derived in this study were reassuringly low. Thesrevcomparable to that reported

in Hoffman and Amos (2005a) (excluding the techingceor found in the sample of
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8 returns in 1991 that were re-typed). One reasothis is likely to be the reliance
on tetra-nucleotide repeat loci. Only one di-nutwas scored, which had just
three common alleles and these exhibited minimatestand were typed clearly.
Another reason could be the merging of four bins two at locusSsd 71.
Imperfect repeats &sd 71 were responsible for the majority of errorsndat this
locus by O’Reillyet al (1998). Overall, O'Reillyet al (1998) found thaBsd 97
had the highest rate of error of the tetra-nuctlestithey employed, and this error
was mainly due to dropout of larger alleles. Thaswot found to be a problem in
the current study, possibly due to the length ¢éesion in PCR. Longer extension
times were used, of 30s and 40s in duration (ifieiht multiplexes) compared to
20s as employed by O’Reillt al (1998).

The study by Hoffman and Ames al (2005a) relied exclusively on data from di-
nucleotide repeat microsatellite markers, but néedess maintained low error
rates. This may be due to prior selection of paldidy robust loci that gave clear
banding patterns. Six of the nine loci had alrelagign typed for a sub-set of
samples, so sources of error may already haveillestified and at least partly
rectified.

In this study the majority of errors were due ttehezygotes being incorrectly
assigned as homozygotes. The vast majority of lspesific errors occurred in
locusSs&210. Particularly error free loci we@ne9, Ssa04 andSs&02, where no
locus-specific errors were identified.

An average mutation rate over all loci of 4.7%0@s obtained. This is slightly
higher than that found by O’Reillst al (1998) of approximately 3.4x¥qin
Atlantic salmon), and slightly lower than that edéted by Norrigt al (2000) for

Atlantic salmon, of 7.8xIt) and that determined by Casepal (2004) for turbot,
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of 6.7x10%. O'Reilly et al. (1998) use®sd 71,Ssd 97 andSs202 and identified
mutations inSsd 71 andSsd 97. Norriset al. (2000) found a mutation &sd 71
andSs&02. The distribution of mutations across studiggests that none of the
three loci Gsd 71,Ss&02 andSsd 97) are particularly more prone to mutation than

the other two.

3.2 Assignment of parents -power of exclusion

Using exclusion methodologies there are four oue®of parentage assignment:

1. Correct assignment of a true parent

2. Incorrect assignment of a non-parent (false inohisi
3. Correct exclusion of a non-parent

4. Incorrect exclusion of a true parent (false exdoyi

It is important to be aware of, and to quantify vehpossible, potential assignment
errors. The predominant factors that can leaddaddlseexclusionof a true parent
are genotyping errors and mutations. These have cmeered in detail in the
preceding sections of this chapter. Detected eates were low and, as such, false
exclusion was considered unlikely to be a signiftdactor in the current study.
Furthermore, the exclusion programs employed (S\RF& DAMFIND) allowed
this to be monitored by flagging mismatched allel®e occurrence and extent of
possible falsenclusionerrors are more difficult to assess. Though aipless
contributing factor, genotyping errors and mutatoe less of a concern for driving
false inclusions. False inclusion rates are pritpanodulated by the power of the
loci used in the parentage analysis — a factorishadifficult to quantify precisely

under field conditions. Factors that determinegbeer of a set of loci include the
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number of loci (correctly) typed, the number ofgiivte parents that have not been

sampled (‘collected’) and the relatedness of puggpiarents.

3.2.1 False inclusion in an ideal population

One method to estimate the power of loci to distisly between individuals, and
therefore their power to exclude incorrect parestsy estimate the probability of
exclusion, based on an idealised population. AssgrHiardy Weinberg

equilibrium, it is possible to estimate the powkexclusion when assigning the
first or second parent, for each locus used indaily, and all loci combined, based
on the allele frequencies. As described in Mars#tadil (1998), the exclusion
probability, P, for the first parent at locuswith k codominant alleles and whepeis

the frequency of allelg is given by:
R =a —4a, +4a,-3a, +2a22

where

The exclusion probabilit?, for the second parent is given by:
R =a -2a,+a,+3(a,a,-a) - 2(a," - a,)

where

The overall average probability of exclusid?®) pvern independently inherited loci

is calculated by:

P=1—|j[1—P|]
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The equations above, as employed in CERVUS (Mdrshal 1998), were used to
calculate the probability of exclusion of an untethindividual for the first parent
(Table 3.8 and Table 3.9) and the second paremi€T39). The exclusion
probabilities for each locus used individually ar®wn in Table 3.8, and the

combined exclusion probabilities in Table 3.9.

Table 3.8 Exclusion probability of individual loci. Excl(1)- exclusion probability for first
parent. Calculated in Cervus (Marshall 1998).

Locus Sample sets" used in calculation of Excl(1) Excl(1)

2210 1991 1995 2000 2001 2004 0.493
1605 1991 1995 2000 2001 2004 0.456
2201 1991 1995 2000 2001 2004 0.778
410 1991 1995 2000 2001 2004 0.782
One9 1991 1995 2000 2001 2004 0.191
407 1991 1995 2000 2001 2004 0.736
202 1991 1995 2000 2001 2004 0.608
171 1991 1995 2000 2001 2004 0.572
197 1991 1995 2000 2001 2004 0.741
408 2000 2001 2004 0.675
404 2000 2001 2004 0.833
401 2000 2001 2004 0.775

Yyear of return of anadromous adults

Table 3.9 Total exclusionary power of combined lodffor assignment of the first and second
parent). The nine loci refer to the uppermost ninen Table 3.8. Samples used in the
estimations are the same sets employed in Table 3.8

. Total exclusionary Total exclusionary
Number of loci used )
power (first parent) power (second parent)
9 0.999876 0.999998
12 0.999998 1.000000

These calculations suggest that 9 loci would bejaate to resolve parentage of the
offspring of randomly mating, unrelated parentswidweer, the above calculations
are based on a set of assumptions that are untixddg fully met in the Girnock
Burn study. The sample sets are not derived frofidaalised’ population; not all
sample sets are in Hardy Weinberg equilibrium, geiiens are not discrete,
reproductive success of spawners is unlikely toalpelom, and the population is

relatively small with a significant number of spaaws likely to be very closely
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related (full or half-sibs). Therefore in orderexplore the probability of false

inclusion further a number of empirical investigas were carried out.

3.2.2 False inclusion in a real population

During the course of this study seven distinct paeassignment sets (PAS) were

considered, detailed in Table 3.10.

Table 3.10 Details of parental assignment sets (PAS

Year of return

Year of return

Offspring Age of - # loci
PAS # sample (#) offspring (#} of all possible of collected used
parents parents
1997 parr 1 (262) 1995 1995 9orii
1
(274) 2 (12) 1994
1(2) 2002
5 2004 smolts 2 (189) 2001 2001 12
(407) 3 (194) 2000 2000 12
4 (8) 1999
3 (14) 1991 1991 9or i1
1995 adult
8 returns (116) 4(59) 1990
5 (27) 1989
1999 adult
4 returns (10) 309 1995 1995 9orf1
3 (29) 1996
2000 adult
5 returns (89) 437 1995 1995 9ori1
5 (9) 1994
3(4) 1997
2001 adult
6 returns (41) 4(23) 1996
5 (9) 1995 1995 9orf1
3(24) 2000 2000 12
2004 adult
! returns (117) 4(76) 1999
5 (11) 1998

age estimated by scale readings. Individuals whesige was not estimated are excluded from

this column. Age is in years and corresponds to thetal age of fish. # sampled shown in

parentheses

Locus sets are detailed in Chapter 2

females could be assigned)

11 loci where initial assignments with nine loci we ambiguous (i.e. two or more males or

nine loci used were both sire and dam were assignetil used where only dam assigned
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Two main points are apparent from examination i thble. Firstly, different
numbers of loci (with potentially different resatg powers) were employed. At
least nine loci were screened, but where consideppdopriate two extra loci were
assayed (in order to resolve obvious ambiguougmsgnts or where higher
confidence was justified, i.e. in assigning damBAS 3-6 where no anadromous
male was also assigned). Towards the end of tHegtra 13" locus was added to
the multiplex panel and employed in screening thal two datasets (PAS 2 and 7,
Table 3.10). Secondly, not all the potential paemtre DNA profiled. With
regards to this, the PAS fall into two main catéggrFor the assignment of juvenile
fish, parr sampled in 1997 and smolts sampled 0#ZPAS 1 and 2), the vast
majority of offspring were estimated to be of ae aghere the corresponding
parents had all been genotyped. Conversely, faseééd requiring assignment of
adult offspring to previous year classes (PAS 31y one targeted parental year
class was genotyped, whereas the offspring sammlddvhave parents derived
from three or more year classes.

Three different approaches were used to investigatiential false inclusion errors:
1) Assessing assignment using different numbers bf loc

All individuals for two datasets (PAS 2 and 7) wgenotyped for the full locus
panel, i.e. at twelve loci. These datasets wenealgaed using the earlier, and
potentially less discriminatory, reduced locus pdne. nine or eleven loci). For
reanalysis of PAS 2, eleven loci were employed ovitgn assignment was
ambiguous. For reanalysis of PAS 7, eleven locewesed in cases when only a
dam was assigned using 9 loci (i.e. with no cowagmg anadromous male). The

outcome is detailed in Table 3.11.
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Table 3.11 Comparison of the numbers of assignmenéghieved with full and reduced locus
panels for two of the parental assignment sets.

) ) ) Neither assigned/
PAS Dam Only assigned Dam and Sire assigned ) i
Ambiguous assignment

12loci  9/1lloci Difft 12loci  9/11loci Diff 12loci  9/11loci Diff

#2 162 162 1 238 238 0 7 7 1
#7 2 2 0 11 11 0 104 104 0

! Number of cases where parental assignments diffate

Little or no reduction in assignment resolution waserved with the application of

the reduced locus set.

2) Assessing assignment using parental datasets @& known non-parentals

An attempt was made to assign offspring from PAfd 2 (Table 3.10; 681
progeny in total) to the largest adult datasetlalsée (2004 spawning run; n =117).
The latter set could not possibly have been parttsese offspring. Nine loci
were employed in the assignment of PAS1 offspramgl twelve loci in the
assignment of PAS2 offspring. For PAS1 offsprirayrf(false) dam assignments
and zero dam-sire pair assignments were obserged;aent to a false inclusion
rate of 1.5%. For PAS2 offspring, only one (faldain assignment was observed
and no dam-sire pairs were assigned, equivalemfatse inclusion rate of 0.2%.
This is slightly higher than that predicted by Gexyvas might be expected as the

stock in Girnock Burn is not an ‘idealised’ popigat

3) Assessing assignment where random errors weredated to offspring datasets
In order to mimic a genotyping error or mutatioatakets were edited by hand to
simulate a mistyping. In each case one locus gerotias selected and one allele

score changed to that of the most common alleléhfatrlocus. This was carried out
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for four samples in each set of offspring in PA% [Fable 3.10) and assignments
performed. The outcomes were either that the Ifgmale was still assigned or
that a mismatch was created. None of the change#ied in the assignment of an

incorrect dam or dam - sire combination.

3.2.3 Conclusion- power of parentage analysis

When both dam and sire are positively assignegibleability of false inclusion
tends to be extremely low, given the greater exchasy power associated with
assigning the second parent. As evidenced fromthetitheoretical calculations and
empirical studies conducted here, it is unlikelgttham-sire combinations identified
in this study are the result of false inclusionefghis a greater chance that a small
proportion of dam only assignments may be falsgasents. Due to such possible
occurrences (albeit likely to be very few in numbenly dam-sire assignments

were used when assessing scale reading error.

3.3 Ageing salmon from scale readings

The age of Atlantic salmon can be estimated froeréading of ‘rings’ (circuli)

that are seen in their scales. Rings are closetliegwhen a fish is growing more
slowly, i.e. during the winter months and whenrgshwater. Thus, careful and
practised scale examination can reveal the agdishiavhen it migrated to sea, and
in some instances when, and how often a fish spawitee determination of age of
Atlantic salmon from scale readings is particularbeful in research on wild stocks.
It has been applied in a vast number of studigs @&immers 1996; Whalex al
2000; Jonest al 2002; Stewergt al 2002; Baunet al 2004). However, the
process is not error-free. One problem is thatitiggpattern caused by winter
growth can be mistaken for a ‘summer check’- whexwh is slow during the

summer (ICES 1984). In some cases the first anmmlusbe missed (Jensen and
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Johnson 1982), although this is generally not &dlpra with salmon from Girnock
Burn (I. Mclaren, personal communication). Anotlssue is the erosion of scale
edges and sometimes the scale surface, as aoésedabsorption of material
during the freshwater period prior to spawningna@omous fish (ICES 1984).
This is predominant in male fish due to the develdept of secondary sexual
characteristics and tends to affect the estimaif@ea-age (I.Mclaren, personal
communication). Tagging of fish for genetic anadysan be employed to determine
the accuracy of scale readings, although therenglittle information available on
the results of such research. However, Lund andgeétafil991) found 99%
concordance between estimates of the sea-ageanitistsalmon obtained from
tagging and scale readings.

In this study fish age determined by scale reaffsegformed in all cases by FRS
staff) and parentage analysis were compared. Tassoarried out in the following
groups of samples:

e Group 1: 1+ parr sampled in 1997

e Group 2: 2 and 3 year old smolts sampled in 2004

* Group 3: Adult returns with 2-4 years spent inlireater and 1-3 in sea-water.
It was possible that small numbers of samplesaups 1 were not aged 1+, and for

small numbers in group 2 not to be aged 2 or 3syear

3.3.1 1+ Parr sampled in 1997

Parr electrofished from the length of Girnock Burr1997 were selected by length
to be presumed 1+ parr. Scale samples were alea talorder to verify their age.
Of 152 parr assigned to both parents, three hatdewn aged as 1+ from scale

readings. However, repeat scale readings confititmetdoriginal readings were at
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fault. Overall there was a 2% discrepancy (3/1%2)vieen age determined by

genetic analysis and initial scale readings.

3.3.2 Smolts sampled in 2004

Smolts that were sampled as they left the tra290% were mostly 2 or 3 years old.
Of those that had been identified as 3 years olah fscale readings and were
assigned to both parents, 8% (10/130) could neissggned to adults of the
appropriate spawning year i.e. 2000. Of thosetibdtbeen identified as 2 years
from scale readings and were assigned to both {sa1@¥ (3/96) were not assigned
to adults of the appropriate spawning year i.e 12@nolts that had not been aged
with confidence from scales, for example classiis®?, were discounted from this

analysis.

3.3.3 Adult sea returns of 1995, 1999, 2000, 2001 and 200
Over the course of the study 54 returning spawoeusd be confidently assigned to

parents of a previous spawning year (only indiviswehere both parents were
assigned were considered). Thus the total agdsesétindividuals were known and
compared to scale reading estimates (Table 3.1Rjligerepancies involved an age

estimate difference of one year only.
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Table 3.12 Number of discrepancies between ages ainted from scale reading and inferred
from parentage assignment.

Year of return of Year of return of Total number of % (number) of all assigned
parents tested offspring offspring assigned  with discrepancies in total age
2000 2001 2004 11 9.1(1)
1995 1999,2000,2001 32 9.4 (3)
1991 1995 11 6(0)
Total 54 7.4 (4)

1 Only offspring assigned to a female AND an anadroous male were included.

2 One sample was incorrectly aged on a spreadshektit was correctly aged on a scale packet.
As the error was in data input as opposed to scafteading it was ignored here but included
later when the error associated with using data frm spreadsheets was required.

3.3.4 Discussion

Error rates ranged from 2% in estimation of pagdd+, to 7% in sea-returns and
8% in fish estimated as 3 year old smolts. Thesémher than the 1% error rate
found by Lund and Hansen (1991). Lund and Hans@81(jlonly estimated the sea-
age for wild fish, so it may be that errors in tbigdy of anadromous fish were
largely due to differences in the estimation of tlenber of years spent in
freshwater. This was definitely the case in ontheffour discrepancies found in
this study for anadromous fish, but it was not fidego determine this for the
remaining three samples. It may also be that enosis not a problem in the stock
studied by Lund and Hansen (1991), or that theypéearfish near to the river
mouth, prior to its occurrence. In this study thoééhe four anadromous fish that
were aged incorrectly were males. Although numbeesvery small, since erosion
occurs to a greater extent in males it does netaut the possibility that this was a
major contributory factor. Other discrepancies rhaye been due to human error in
data input (one such error was identified, Tabl@RB.inadvertently swapping scales
during sampling or in reading large numbers ofexaln conclusion, there does not
seem to be a particular cause for the errors foomida range of uncertainties

involved in estimating the age of Atlantic salmoor scales are likely to be
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implicated. The errors identified in age estimatimm scales in this stock may not
necessarily apply to those that may occur in ath@ks, due to possible differences

in life histories.
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3.4 Overall discussion- applicationsto other studies

The previous sections considered a range of arkasevaccuracy is important and
ways in which they can be tested. To avoid ermoigeinotyping it was considered
important to optimise the type of loci (avoidingrdicleotides), PCR conditions and
the width of bins to reflect the accuracy of sigéreation and proximity of alleles.
To test the accuracy of parentage analyses irc#lsis it was useful to employ
empirical tests, which could also be the case floerowild populations. A number

of factors mean that estimating the age of Atlasdiitnon from scale readings is not
a clear-cut process and errors may be dependeheatudy population and time of

sampling.
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4 Investigating natural and quasi-natural spawning

4.1 Introduction

4.1.1 Reproductive success and mating system in the wild

Spawning of wild Atlantic salmon takes place dursagumn and winter.
Anadromous males compete with each other for adogesnales that are about to
spawn, while mature parr adopt a ‘sneaking’ stxatétpe female constructs a ‘nest’
or ‘egg pocket’ by moving away gravel to form a degsion. The female then
deposits eggs while milt is simultaneously reledsgthe male(s). The eggs are
subsequently covered with gravel, through movemewide by the female. Another
nest may be constructed in the depression lefhé&yitst nest. More nests may also
be made in this way, with those in close proxinidigming a ‘redd’. Initial
observations suggested a ratio of one redd toemale (Hayet al 1987, cited in
Barlaupet al 1994). However, it is now known that females rnagstruct more
than one redd, and that multiple females may doutiei to a single redd (Barlaep
al.1994; Taggaret al 2001). No after-spawning care of eggs or offgpoacurs.
Although a wealth of information on the phenotyplasticity of Atlantic salmon
has been collected over the years (reviewed by &lsemet al 2003), details of the
mating system in Atlantic salmon have only recebt¢n revealed. Initially there
was a popular belief that anadromous fish remamedogamous throughout the
spawning period (Belding 1934), although early obsgons of spawning in the
wild suggested this was not the case as pairedsmadee seen to be displaced by
other males. Belding (1934) described it thus: tible of [the] favored male is not
secure, since he may be supplanted at any timegltire season, day or hour’. In
addition, Webb and Hawkins (1989) observed anadusnmaales moving between

one or more females, in a study that involved tiraglof radio-tagged anadromous
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fish. The application of molecular markers hasvedld a more detailed and
definitive study of the reproductive success ofrgpars. Thompsoast al (1998)

and Martinezt al (2000), using genetic profiling techniques, destlfrom
analyses of offspring taken from discrete reddst, mhultiple males had fertilised
eggs from a single female in the wild. Howeverthese studies they were not able
to distinguish between mature parr and anadromalsswas the parental fish had
not themselves been genotyped. Martieeal (2000) also found females mating
with more than one anadromous male, but in an@difsituation. Subsequent
studies on wild stocks, also based on geneticlprgfanalyses, revealed that
females mating with multiple anadromous males aateshnmating with multiple
females were relatively common occurrences (Garaat 2001; Taggarét al

2001). Garanet al (2001) found that the reproductive success oemalas
positively correlated with the number of femalesytispawned with, although they
stated that more research was required to confirsnobservation.

Taggartet al. (2001) studied the spawning success of Atlantimsa in Girnock
Burn. This was investigated by determining the ptrge of eggs that had been
removed from naturally spawned redds. Attempts wieaide to sample eggs from
all redds that were constructed, although therenmameans of determining the
extent to which this had actually been achievecd Gfrthe three spawning years
included in this survey was 1995. In this year @5a(total of 66) female spawners
were not represented in the eggs that were sanmiptessible reasons for this finding
include: the females had not spawned, redds habe®st identified and so were not
sampled, or superimposition led to eggs from saneafes not being sampled. One
aim of the current study was to gain further insigko the reasons for the lack of

representation of these females. This was achieyedmpling offspring from

78



Investigating natural and quasi-natural spawning Chapter 4

outwith the confines of the redd, therefore nogirej on redd identification for
sampling to take place. This also allowed an irsigfio the effectiveness of

sampling of the two schemes.

4.1.2 Supplementation schemes

The manipulation of wild stocks of salmonids hasray history. They have been
widely introduced into the southern hemisphered@adiorf and Waples 1996),
although they are native to the northern hemisphereexample brown trout
(Salmo truttd have been introduced to Australia, South Ameaicd Africa (Laikre
1999), although they originate in Europe. Anotharaple is the introduction of
Atlantic salmon from Canada to Australia in the A96Reillyet al 1999).
However, many populations and species have suftdgelines, with 22 species of
salmonids being included in the 1994 IUCN Red bisthreatened Animals
(Allendorf and Waples 1996). Declines have beeribated to,inter alia,
overfishing, pollution, construction of hydroelectschemes and other losses of
habitat.

Instead of treating the root cause of the declmeumerous cases supplementation
of wild fish with fish reared in hatcheries has besed in an attempt to maintain
numbers. Unfortunately fishery management was gdélgarot conducted with the
aim of conserving stocks prior to the 1970s (U21@04).

Monitoring of such programs was not usually implaited. With the advent of
genetic and biochemical markers it became postitdmalyse the success (or
failure) of hatchery programs and their effect ative stocks. The first of these
programs involved using allozymes with alleles tiffered in frequency between
hatchery and wild populations (e.g. Krueger and 24¢4979 in brook trout

Salvelinus fontinalis In later cases hatchery fish were bred to bedaygous at
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particular allozyme loci (that differed to that faliin the wild) thus allowing their
identification following introduction (e.g. Taggaahd Ferguson, 1984 in brown
trout Salmo trutta Chilcoteet al 1986 in steelhead tro@ncorhynchus mykiss
Subsequent analyses have employed microsatetitssmbination with more
sophisticated analytical methods. These have iedutkttermining the origin of
individuals through assignment tests whereby sasrgnie assigned to wild or
hatchery stocks based on multi-locus genotypesHagseret al. 2001a; Nielsewet
al. 2001; Ruzzantet al 2001; Hansert al 2002).

These studies have reported the full scope of pateautcomes, ranging from no or
limited introgression, through some introgressiaothwild fish, to significant
displacement of the wild stock (Hindatral 1991; Laikre 1999). However, in
general, domesticated fish (either intentional thettg releases or unintentional
escapees from farming) have been found to be iletb&h wild stocks in the natural
environment (Hindaet al 1991; Milleret al 2004; Ruzzantet al 2004,

McGinnity et al 2004).

With increasing recognition of the importance ofiserving local adaptations, it
was generally recommended that in order to mairitargenetic integrity of
populations native fish should be used as broolstorestoration programs (e.g.
Hindaret al 1991; Cuencet al 1993; Youngsoet al 2003; Ferguson 2004). Such
programs, which involve native fish with the aimoainserving local populations,
are known as ‘supportive’ (e.g. Tess@al1997; Palet al 2003a; Ferguson
2004; Ruzzantet al 2004) and will be referred to as such in thiskvétowever,
precise definitions can differ between authors (@woan 2005).

Nevertheless, supportive breeding programs stieliae potential to have negative

impacts on the wild stock. Possible effects of suifige breeding are:
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» Areduction in the genetic variation (due to inagprate structuring of the
breeding program)
* Areduction in the adaptation of the stock to thei®nment (through the
inadvertent selection of characters beneficiahaartificial environment).
One particular downfall of supportive breeding sobke has been referred to as the
‘Ryman-Laikre effect’ (Waples and Do 1994; Tessieal. 1997; Koljonen 2001).
Under circumstances where the survival of offspregyed in a protective, captive
environment is higher than that of offspring rearethe natural environment, the
reproductive success of a segment of the popul&iorcreased (Ryman 1991).
This results in an increase in the overall varianaeproductive success of
breeders. Therefore, although supportive breedangrcrease the census number
of breeders in the short term, it may also resu#t counter-productive decrease in
effective population size (N which is particularly apparent when few indivédsi
are used as broodstock in the captive breeding éRy1991).
Some empirical analyses of supportive breedingraelsehave taken place. Tessier
et al (1997) estimated the effect of supportive bregdin N, taking into account
unequal sex ratio and differences in outputs oévsgas in the wild compared to
those used as broodstock. In this study offspriegeweleased as smolts. They
showed that Nwas more similar to the total number of actuakders when the
proportion of offspring from wild and hatchery bdees was more even. However,
they did not take into account the variance inadpctive success of individual
breeders.
Hanseret al (2000) found strong indications of reduced effecpopulation size in
two populations of brown trout undergoing suppatireeding. The reason for the

lowered N was thought to be due to the pooling of milt freeveral males prior to
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addition to eggs. Previous studies on hatcheryguhoes whereby milt from several
males were mixed prior to addition to eggs shoviradl sires were not equally
successful in fertilising eggs, in pink salm@ngorhynchus gorbuschéGarrat and
Shirley 1985), chinook salmo®( tshawytscha(Withler 1988) and rainbow trout
(O. mykis}¥ (Gile and Ferguson 1995). Thus in order to obtamore even
representation of males used as broodstock, ar lsétaeegy is to split eggs into
batches and fertilise each batch with milt fromrayle male.

Tessieret al (1997) and Hanseat al (2000) used different methods to investigate
effective population size; demographic and geragtigroaches, respectively. Ardren
and Kapuscinski (2003) used a demographic methedttmate the effective
population size of a wild population of steelheadit, accounting for unequal sex
ratio, variable reproductive success of spawneddlactuating population size.
Approaches to estimating.ldre described in more detail in Chapter 8.

In addition to possible reductions in effective plapion size as a result of
supportive breeding, domestication selection magwertently take place. For
example, Heatbt al (2003) found that egg size of chinook salmon icouatly
declined over a period of approximately 10 yeawsindj rearing in a hatchery
environment. In two other populations of wild chikcsalmon supplemented with
hatchery reared fry, a decrease was also seenh(kfealt 2003). McGinnityet al.
(2004) found characteristics of an Atlantic salnstwck had changed after going
through 18 generations of rearing in a hatchery ltoodstock initially originated
from the native stock, but for the vast majoritysphwning years broodstock
consisted entirely of returning adults that orig@uhin the hatchery). These
characteristics included sex ratio (an excessragfe returns), time of return to

freshwater (later in the year) and the proportibmature parr (an increase). There
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may be inadvertent selection for early spawnerschvimay arise if all space in the
hatchery is taken by the time final spawners artiwehe long term this can pose
problems because early spawners may be disadvantagee wild (Waples 1991).
Myers (2004) described how the lack of imprintioghatal sites led to greater
straying rates in hatchery salmon. Differences lmen seen in the sensory
lamellae structures of hatchery and wild smoltéitdintic salmon, those of wild
smolts being more developed than those of hatatrégin, which suggests this may
be implicated in differences in straying rates (BER2003). Hedriclet al. (2000a)
describe a supportive breeding program for chiresdkion Q. tshawytschethat
was curtailed partly due to the hatchery fish mitg largely to the site of the
hatchery rather than the natural spawning locatiche stock.

An indirect consequence of hatchery releases ad salmon in Oregon, which led
to an increase in numbers, was its de-listing ftbenEndangered Species Act in
this region (Myerst al 2004). Clearly this was not a factor that aidecbwery.

In order to reduce possible domestication seledtimnfavourable for the fish to
spend a minimal amount of time in the artificialgonment. However, this needs
to be weighed against the gain in survival whesmfhg are reared for longer in
the hatcheries (Cueneb al 1993).

Further difficulties with supportive breeding haxecurred when the best approach
to management is unclear. For example Primghet (1999) reported on a stock of
Arctic charr in southeast Finland, where very feidwpawners could be caught for
broodstock. The decision had to be made to eitfease numbers of broodstock
used by introducing fish from a different sourcetammaintain the genetic integrity
and use those available. The latter option wastakesimilar problem arose in

Virginia (USA) where a restoration program for #@erican shadAlosa
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sapidissimawas being carried out. In this case no broodskazkbeen caught in
the native river, leading the managers to resansiog broodstock from a nearby
river (Brownet al 2000).

Monitoring of supportive breeding programs thaeaske offspring that are unable to
be physically tagged (such as eggs or fry) is hiedl@s there should be little
genetic difference between wild and released fiskhese cases it is necessary to
determine the productivity of parents used in @iéif spawning by using more

intensive (and expensive) DNA profiling techniquesrace the origin of offspring.

4.1.3 Supportive breeding at Girnock Burn- Quasi-natural spawning

Due to consistent low returns at Girnock Burn ia ldite 1990s, natural spawning
has been supported by or, more recently, repladgidguasi-natural’ spawning
since 2000. The process of quasi-natural spawasgnplemented at the Girnock
Burn, involves stripping fish of eggs and milt, ahén setting up crosses whereby
eggs from each female are fertilised with milt freach male. Mature male parr are
also used in order to mimic the natural situatinfértilisation by sneaker males) at
Girnock Burn, although the numbers of parr usedikety to be far fewer than
those that contribute to natural spawning. A fewmutes after adding milt, extra
‘insurance’ milt from a random male is added (tame male is used for each
female). This is to protect against the uninteratiarse of sterile males in the first
instance resulting in unfertilised eggs. Eggs femuh female are then re-combined
and layered between stones in baskets. The bamsieepdaced in a secured, covered
‘incubator’ in Girnock Burn. The following springygs are removed from the
incubators and counted. Eggs from all familiesraneed and planted out at an
approximately even density throughout the burnjdiag areas known to be

especially prone to groundwater, which has showmpair embryo development
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(Youngsoret al. 2004). Eggs are planted out in small containeesf¢rated with
holes), containing small stones, in the stream bed.

This approach minimises the period of time offsprépend in an artificial
environment, in order to reduce selection for ctnastics that may be beneficial

in these circumstances, but not in the wild. Pfantiut as eggs also means that
homing should not be impaired as homing capahdityelieved to be mainly
developed during smoltification (when offspringgqefasi-natural spawning would
be in the natural environment) in a phase knowth@sensory period for olfactory
imprinting (Morin and Doving 1992). One theory bedhimprinting is that the
portion of the population in freshwater provide themical cue that is imprinted
and later homed towards (Nordeng 1971; Morin andimp1992). Crosses were
set up with the intention of having a relativelyeevoutput from each male and
female used in spawning, thus maintaining or pdgsilereasing the effective
population size in comparison to natural spawnirgpther possible benefit of
guasi-natural spawning was that regions of the maaocessible to spawning adults,
but adequate as nursery ground, could be utiliseateas in which to plant out eggs,

thus potentially increasing the carrying capacftyhe burn.

4.1.4 Objectives

The two main aspects that were considered in trapter were:

* Aninvestigation into the spawning success of amadus returns in 1995
(when only natural spawning occurred). This wad@ea by sampling 1+
parr offspring from outwith the confines of the deihd determining
parentage. Findings were compared to those of Taggal (2001), which

were based on sampling eggs from within redds.
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» A comparison of the success of quasi-natural atgralespawning, in terms
of the output and representation of spawners. Mhsprawning that occurred
in 1995, 2000 and 2001 was compared to quasi-riatpaavning (that took
place alongside natural spawning) in 2000 and 2001.

The success of the supportive scheme was investidpgt utilizing preserved fin
biopsies from smolts that were collected in 200thay passed through the traps at
Girnock Burn on their spring migration. The vastjondy of smolts were offspring
of adults that spawned in 2000 and 2001. (Aduiirres in 2000 and 2001 had also
been sampled, although unfortunately the matureytdised in quasi-natural
spawning had not). In both these years the majofifish that returned to the burn
were used in quasi-natural spawning, the remaibelgrg placed above the traps to
spawn naturally. This presented the opportunityive an initial insight in to the
success of the scheme and possible problems atesbuidh the approach. The
monitoring should be useful in planning future ngeraent practises to maximise
overall effective population size and in plannintufe sampling for monitoring

purposes.
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4.2 Materials and Methods
4.2.1 Samples

4.2.1.1 Natural spawning in 1995

The spawning event in 1995 involved the largestaiusalmon entering the burn
during the 1990s. A total of 128 fish returnedte traps, with 109 being placed
above the traps to spawn naturally (a few keltsdisglased or dying fish were
excluded). Of the 128 returns, tissue samples vetagned and screened from 116
samples (including the 109 placed above the t@mgpawn naturally), as described
in Table 2.1. The main spawning run was complateskiven days, between thé"25
and 32' October.

Sampling of eggs: During the spawning season (@ctBlecember) the burn was
surveyed for redds every 1-2 days. An attempt wadenio sample eggs from redds
within 48 hours of spawning. In addition, photodrapvere taken and a marker
stone placed on the bank to assist in locatingetid at a later date. The following
spring redds from which no eggs had been obtaireyé ve-excavated (this time
more extensively) in an effort to obtain offsprisgmples. The eggs sampled in
1995 were reared in a hatchery and preservedhanet) as alevins. It was intended
that 20 eggs should be sampled from each redduathin some cases fewer were
found. DNA from samples (of eggs or alevins) wasaoted using a modified
phenol-chloroform method (Taggattal 2001).

Sampling of parr: During September 1997 a tot&6f presumably 1+ parr were
sampled from the length of the burn. One sampletalken approximately every

30m, beginning at the traps and ending at the bé#ee burn. Adipose fin clips and
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scale samples were taken from each sample andtbdish were returned to the
burn.
All results that involved the representation ofvgpars in egg samples were

obtained from a study carried out by Taggsral (2001).

4.2.1.2 Quasi-natural spawning alongside natural spawnig@Q0 and 2001)

Spawning events in 2000 and 2001: Due to consikienteturns in 1996-1999,
FRS (Fisheries Research Services) decided to inted quasi-natural spawning
regime for the stock in Girnock Burn in order tdiopse the use of the eggs that
wereinput into the burn. In 2000 a total of 89 fistummed to the traps. Of these, 76
were potential contibutors to spawning above thpgy either through quasi-natural
or natural spawning (although tissue samples weteened and screened from all 89
individuals, as described in Table 2.1). The rugdneon the 2l October and the
last fish was caught in the trap on thd' Nbvember. Of these, 14 females and 32
males were used in quasi-natural spawning whilbtéggmnales along with 22 males
were placed above the traps (on the same daypterspaturally (Table 4.1). In
2000 two sets of crosses were constructed duriagieuatural spawning (entitled
set A and set B). In set A, nine females weresgtili The eggs from each female
were divided into 21 roughly equal portions andhepartion mixed with milt from

a single male. Fourteen portions were each mixéadl milt from different
anadromous males, and seven portions with milt fdifferent mature parr. Set B
consisted of five females, each crossed with 18m@maous males and three mature
parr. Crosses were constructed in the same maarier set A. Following the
construction of crosses milt from an extra ‘insweimale was added. The

insurance male was ‘likely’ to be a mature parr\imitten record of the type of
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male was made, although this information was obthifinom a person present at the
time).

In 2001 only 41 fish returned to the traps. Thelagan on the™October and
finished on the 11 November. Seven anadromous males and 12 femates we
retained for quasi-natural spawning, and nine feswtdgether with eight males
were released above the traps (over a three dadpéo spawn naturally (Table
4.1). In this year only one set of crosses wastoacted; eggs from each of the 12
females were divided into 11 roughly equal portiand each portion mixed with
milt from a single male. Seven anadromous maled@mdmature parr were used.
Following the construction of crosses, milt fromeattra ‘insurance’ male was

added. The insurance male was a mature male parr.

Table 4.1 Number of males and females that underwéeuasi-natural and natural spawning in
2000 and 2001. The number of full-sib families inaxh set of quasi-natural spawning is
shown. The number of females that were noted as paspent are shown in brackets.

Quasi-natural spawning Natural spawning
2000 set A 2000 set B 2001 2000 2001
Number of females 9 5(@) 12 8(2) 9(1)
Number of anadromous 14 18 7 22 8
males
Number of mature parr 7 3 4 unknown unknown
Number of families (QN 189 168 121% unknown  unknown

only)

“Two separate sets of crosses were set up in 2000.
’Records were incomplete for one female, the malesed to fertilise eggs were not known.
QN-quasi-natural.

Offspring of spawning in 2000 and 2001: Offspringressampled as smolts caught
in the downstream trap as they exited the burnyésn the 8 February and the's
May in 2004. The adipose fin from one in five sraaltas preserved in ethanol.
Scale samples were also taken from these samddiidipsh for aging. A total of

410 adipose fin clips were preserved.

89



Investigating natural and quasi-natural spawning Chapter 4

4.2.2 Genotyping

Egg samples and samples from adult returns in ¥898 screened with ten single
locus minisatellite probes (Taggattal 2001). These data were made available for
this project.

Parr samples and samples from adult returns in $896 typed at 9-11
microsatellite loci. Smolts sampled in 2004 andlaiurns sampled in 2000 and

2001 were typed at 12 microsatellite loci (see Make and Methods, Chapter 2).

4.2.3 Analysis

4.2.3.1 Parentage Analysis

Eggs sampled in 1995 and 1996 were assigned toratuins of 1995 (as described
by Taggartet al 2001).

Parr that were sampled in 1997 were assigned tb r@durns of 1995 using
DAMFIND and SIREFIND (described in Materials and thleds, Chapter 2).
Parentage of 407 smolts that were sampled in sgFebruary to May) 2004 was
also determined using DAMFIND and SIREFIND (desedlin Materials and

Methods, Chapter 2). Smolts were assigned to aghulins of 2000 and 2001.

4.2.3.2 Reproductive skew of natural and quasi-natural spay

The reproductive success of adult spawners wasa&sd from the number of
offspring (parr or smolts sampled) that they cdmited to. A comparison was made
between the representation of adult spawners isiqueural and natural spawning.
The number of females mating with each male (aachtimber of males mating

with each female) was also estimated for the tvawspng regimes.
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In addition, the representation of spawners waspewed by using a measure of
skew, the B index (Nonacs 2000, 2003). A revie\g bidifferent measures of
reproductive skew (prior to the introduction of Biéndex) showed that no single
measure of skew was satisfactory when comparingpgrof differing size or with
different outputs (Kokket al 1999). In addition, some were difficult to intezp
because the indices calculated could not easitobgpared to a value
corresponding to a random distribution (of offsgramong parents)(Kokket al
1999). However, Nonacs (2000) devised the B indeka@mpared it to seven other
indices. It was found to be the single measurewlaat robust to different group size
and productivity, and generally had the most pasiteatures and was the most
consistently reliable (Nonacs 2003). It was propgase a benchmark measure
(Nonacs 2000, 2003). To my knowledge no opposiewsito this have been
published. The B index has since been used to measproductive skew in the
Argentine antinepithema humil¢Fournier and Keller 2001), the social wasp
Polistes carolingSeppéet al 2002), the Mediterranean dpiheidole pallidula
(Fournieret al 2004), the rhesus macaddacaca mulattgWiddig et al. 2004), the
tropical hover wasparischnogaster mellyFanelliet al 2005), the mountain
gorilla Gorilla beringei beringe(Bradleyet al 2005) and the Australian allodapine
beeExoneura robustglLangeret al. 2006).

The value of the B index that corresponds to asandistribution (of offspring
between parents) is zero. It is negative for a newen (than random) distribution
and positive for a more skewed distribution. ThewlCalculator version 1.2 was
used to estimate the B index, 95% confidence iatsref the index and a
probability value for deviation of the distributidof offspring among parents) from

random (available fromww.obee.ucla.edu/Faculty/Nonadsonacs 2003). The
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confidence intervals assume a geometric distribudiod therefore each group was
tested for this using a Kolmogorov-Smirnov testdayeometric distribution

implemented in STATISTICA v. 7.1.

4.2.3.3 Influence of natural and quasi-natural spawningtba effective number of

breeders

The rate at which genetic diversity is lost is tetbto the effective population size
(Ne), which is a key parameter in conservation (Pairal 2003b). Despite the
actual value of Bbeing difficult to estimate, it was still possiliteinvestigate the
effects of factors known to influence the effectpagpulation size. Although many
factors affect the effective population size, thties are likely to differ between
natural and quasi-natural spawning were of intarestis case. These were the
variance in reproductive success along with thebmmof breeders and sex ratio,
which could be drastically altered by the numbemature parr contributing to
spawning.

The demographic effect on the effective numberregéters in a year was estimated
using equations taken from Ardren and KapuscirdB08) (Equation 4.1-Equation
4.3). These estimate the influence of variancepmaductive output for males
(Equation 4.1) and females (Equation 4.2), anctthmebined effect of these and

unequal sex ratio (Equation 4.3).

N ANK Ak Ak

Equation 4.1Effective number of male breeders in &rood year taking into account variable
reproductive success (from Ardren and Kapuscinski Q03).
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NNk 3k At

Equation 4.2 Effective number of female breeders ia brood year taking into account variable
reproductive success (from Ardren and Kapuscinski @Q03).

Nb(Dem@ = 4(Nbf X me)/(Nbf + me)

Equation 4.3 Effective number of breeders in a brog year taking into account unequal sex
ratio and variable reproductive succes of femalesra males (from Ardren and
Kapuscinski 2003).

Where:

N,.,=Effective number of male breeders in a brood yaking into account

variable reproductive success

N, =Census number of males

k,,=Mean output per male breeder
o}, =Variance in output of male breeders
N, emg =Effective number of breeders in a brood year, @kio account unequal

sex ratio and variable reproductive success.
Whenf was substituted fam, the corresponding value for female (rather thahejn

breeders was used.

The effective number of breeders in a brood yearpanting for unequal sex ratio
and variable reproductive success was estimated for

1. natural spawning in 1995

2. quasi-natural and natural spawning in 2000 and 2001

The reproductive success of spawners in 1995 wasuned separately from egg
and parr data. The reproductive success of spaun2a90 and 2001 was

estimated from smolts sampled in 2004.
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The mean and variance of reproductive success gegplere those estimated

from the anadromous spawners (this was likely ti@divhen the reproductive

success of mature parr was also taken into accbunthis information was

unavailable as samples of mature parr were nohjaRdée number of mature parr

that contributed to natural spawning was estiméiedLO, 800, 1500 and 4000, for

reasons described below) and includeinthe census number of males. The

number of mature male parr used in quasi-natulamg was also included in the

calculations where appropriate.

The actual number of mature parr contributing ttured spawning was not known.

In order to model the effects that different nunsb&frmature parr may have, a

range of values was used. The four values used were

1. an arbitrary low estimate of 10

2. an intermediate estimate of 800 (obtained by mlyltig the number of redds
identified in 1995, 109 (Taggaet al 2001), by the maximum number of parr,
seven, thought to have contributed to a single,rbdged on limited sampling)

3. San intermediate estimate of 1500 (obtained by assnB80% of male parr
mature, that they do not mature until aged 1+, lila¢itthe parr in the burn were
males, that half of the mature parr contributedpawning, and mortality of parr
between summer and autumn is 12.5%)

4. San upper limit of the number of mature male paat thight have been in the

burn, of 4000 (assuming half the parr in the buemenmale, that they do not

mature until aged 1+, and mortality of parr betweemmer and autumn is

12.5%)

These estimates were obtained by using data freoirefishing that took place

in Girnock Burn in the summers of 1969-1986 and9t2005. Initially, the
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number of parr caught was extrapolated to the whmda of the burn above the
traps (giving 9000 parr aged 1+ or above), therad®imptions above applied to
give maximum and intermediate estimates. Data wepplied by Phil Bacon

(personal communication).

In an additional, exploratory, analysis the effeethumber of breeders, taking into
account variable reproductive success and uneguabsio (i.e Nyp@emg), Was
estimated for spawners that underwent quasi-nasp@ining in 2001, but under
the hypothetical situation that these fish had smalwnaturally. Thus the mean and
variance of reproductive success estimated fromrabspawning that took place in
1995, were applied to the spawners in 2001 tha¢meht quasi-natural spawning.
The numbers of mature parr were estimated as 10,1800 and 4000, as
previously for natural spawning.

One drawback of the estimates of variance in ramtide success for naturally
spawning males was that they were based only @nfdah anadromous males.
Input from mature parr would be likely to incredlse variance. Therefore the effect
of doubling the variance in reproductive succesmales was investigated for

natural spawning.

4.2.3.4 Reproductive Success in terms of numbers of snroltisiped

The total number of smolts sampled that origindtech quasi-natural and natural
spawning (disregarding the contribution from egoévener) were compared in two
ways. First, the average output of smolts per ferttat underwent quasi-natural
and natural spawning was obtained. Secondly, theubof smolts from quasi-
natural and natural spawning, taking into accobetrtumber of eggs initially used,

was analysed. The number of eggs used in naturainspg was estimated by using
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data from females employed in quasi-natural spagvniine length of each female
used in quasi-natural spawning and the numbergd égproduced was known and
used to construct an appropriate predictive mdusléstimated the number of eggs

produced by any given female, given its length.

4.2.3.5 Survival of offspring of quasi-natural and natusgawning

Adult returns of 2004 aged 2.1, that had been spdvatove the traps were
assigned to spawners in 2000. A total of 13 seanstof 2004 were assigned to

spawners in 2000.
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4.3 Results

4.3.1 Natural spawning in 1995

A total of 66 females were potential spawners i519he majority of females
identified were represented in both egg and panpses (Figure 4.1 and

Figure 4.2).

DETECTED FEMALE SPAWNERS

Egz Patr

n=47

Figure 4.1 Venn diagram showing the number of femal spawners represented in egg and parr
samples from natural spawning in 1995.

A limited number of females were represented omlgdg or parr samples (three
and six, respectively). However, there was a gemermsensus between the two
sampling methods, with 19 females not being remteskby either sample (

Figure 4.2 and Figure 4.3).
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Output (number of eggs sampled) from anadromous females in the 1995 spawning year

Number of offspring sampled
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Figure 4.2 The output of each anadromous female thavas placed above the traps in 1995. Offspring wersampled as eggs (top) and 1+ parr (bottom). Date
of placement of fish above traps is indicated by aows (fish to the right side of arrows were place@bove the traps on this date).
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FEMALE SPAWNERS THAT WERE NOT DETECTED

Egz

n=28

Figure 4.3 Venn diagram showing the number of femal spawners not represented in egg and
1+ parr samples from natural spawning in 1995.

Slightly more females were represented in the gample (44 compared to 41).
This may have been due to the sampling techniqysosed, which did not rely on
the identification of redds, or a particular pontiof the redd being sampled. For at
least two females (#103 and #111; Figure 4.2)uleak represented only in the parr
sample, it seems likely that the redd(s) they eckatere overlooked. All 23 parr
assigned to these two females were found withim8@0the traps, yet the most
downstream redd identified was located ¢.1050m frioentraps.
Three female spawners identified from the egg saigph 1995 were not
represented in the parr sampled in 1997. Surphgioge of these females (#88)
had been assigned to the second highest numbggsf(Eigure 4.3). A number of
factors may account for this observation:
» the number of eggs assigned to a female was nageptative of the actual
number (perhaps due to sampling only a portioredtls),
» the mortality of offspring from this female was faularly high,
» the sampling of parr was not adequately extensiveate obtained samples
of offspring from this female.
Four females were noted as ‘part-spent’ (#20, #i6#107) or ‘fully-spent’ (#93)

on entry to the traps. Despite this, three stifiduced offspring that were sampled,
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showing at least some ‘part-spent’ fish and thedlenmoted as ‘fully-spent’

spawned successfully when placed above the traps.

A total of 43 anadromous males were potential seasvin 1995 i.e. were put above
the traps. The general consensus between femalesesped in egg and parr
samples was also borne out with anadromous malengra, the majority of males
were either represented in both egg and parr sanfpBmales) or in neither sample

(15 males)(Figure 4.4, Figure 4.5 and Figure 4.6).

DETECTED MALE SPAWNERS

Egz

n=28

Figure 4.4 Venn diagram showing the number of malspawners represented in egg and 1+
parr samples from natural spawning in 1995.
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Figure 4.5 The output of each anadromous male thatas placed above the traps in 1995. Offspring wesampled as eggs (top) or 1+ parr (bottom). Date of
placement of fish above traps is indicated by arrow (fish to the right side of arrows were placed ab@ the traps on or after this date, but prior to

the next date).
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MALE SPAWNERS THAT WERE NOT DETECTED

Egz

n=21

Figure 4.6 Venn diagram showing the number of malspawners not represented in egg and 1+
parr samples from natural spawning in 1995.

That the majority of male and female spawners wepeesented in both parr and
egg samples, or represented in neither sampleestgythat sampling was adequate
to detect all but the minority of spawners thategage to offspring. This is
supported by the sea returns (of 2000) that wdepohg of spawners in 1995. All
were offspring of male or female spawners in 1988 had already been
represented in egg or parr samples, or in both.

A relatively high proportion of potential spawné29% and 35% for females and
males, respectively) were not detected in eithispoing sample. These individuals
may not have spawned, or may have produced rellafie® offspring, which were
not represented with sampling. Two of the femaldsepresented were later found
as kelts, indicating they had indeed spawned aboé&aps. Their offspring may
either not have survived, or not have been samfiléslprobably more likely that
the parr sample would have given a better meadureaeproductive success of
individual spawners as it did not rely on the idkcdtion of redds or sampling from
a particular area within the redd.

In an attempt to identify potential factors deterimg the reproductive success of
spawners, the length, age and time of return toréips were compared between

identified spawners and apparent non-spawners.
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There was no obvious link between run time andessfal spawning in females,
since successful spawners were found early, midatedn the spawning season (
Figure 4.2). There was also no apparent differemege (93% of spawners and
81% of apparent non-spawners were multi sea-wfisley aged either 2.2 or 3.2
from scale reading). No significant differenceendgth (Mann Whitney Z=-0.90
P=0.37, Figure 4.7) between the groups was found.

There was also no apparent difference between ssitt@and apparently
unsuccessful males in terms of age (both consadfteeturns aged 2.1, 2.2, 3.1 and
3.2) and there was no significant difference irgtn(T-test, t=0.028 df=41 P=0.98)
(Figure 4.8). The final seven males to be placedalbioe traps (on or after the™2
November; Figure 4.5) were poorly represented th lsamples; only two were

positively identified as successful sires.
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Figure 4.7 Length of anadromous females from the B% spawning run: detected vs. undetected
spawners.
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Figure 4.8 Length of anadromous males from the 1%9spawning run: detected vs. undetected
spawners.

Despite the general concurrence in the representafiparticular male and female
spawners in egg and parr samples, they differeleparental-pairings detected.
Only 34 pairings were common to both egg and pampdes, with a total of 73

pairs being found in only one of the two samplésifdthe egg and 27 in the parr
sample). The identification of more families fronetegg sampling analysis may be
directly related to sample sizes (n >1000 for egg<69 for parr sample). Clearly

the combined datasets give a more complete piciutes regard.

Egz

n=107

Figure 4.9 Venn diagram showing the numbers of diffrent parental-pairs that were
represented in either parr or egg samples, or both.
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Taggartet al (2001) found evidence of size assortative matirtgvo of the three
spawning years studied but not for the 1995 spagwar. It was therefore of
interest to determine if extra data on pair-matifngm the parr sampling altered
this conclusion. No significant correlation (Pearsa=0.036, P=0.71) was found
between the lengths of females and males thatgair2995 (a total of 107 pairings
were identified from samples of eggs taken in 1888 from parr sampled in 1997)

(Figure 4.10).
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Figure 4.10 Scatterplot showing the length of anadmous males and females, for all 107 pairs
identified for spawning in 1995 (linear trendline ncluded).

There was a significant positive correlation betwtdee extent of multiple mating
(both dams and sires) and the number of offspipiagr] sampled (dams,
Spearman’s r=0.54, P=0.005, Figure 4.11; siresai®pan’s r=0.55, P<0.001,

Figure 4.12).
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Figure 4.11 Scatterplot (with linear trendline) ofthe number of offspring (1+ parr) sampled
from each anadromous male spawner against the numbef different female mates
detected. The number of different females each anamimous male paired with was
estimated from the parr sample of 1997.
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Figure 4.12 Scatterplot (with linear trendline) ofthe number of offspring (1+parr) sampled
from each anadromous female spawner against the nier of different male mates
detected. The number of different males each anadmoous female paired with was
obtained from the parr sample of 1997.
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4.3.2 Representation of spawners in quasi-natural and naral spawning

Central to evaluating the effectiveness of quasiHa spawning was demonstrating
how the representation of spawners among resufésgring compared to that of
anadromous returns that spawned naturally. The geptation of anadromous
males and females that spawned naturally and oadsrally are depicted

numerically in Table 4.2 and graphically in Figur&3ito Figure 4.16.

Table 4.2 Representation of anadromous male and feate spawners that spawned quasi-
naturally and naturally. Dates of samples refer tdhe year that anadromous fish
returned to Girnock Burn. Offspring of returns of 1995 were sampled from eggs taken
in 1995/1996, and parr sampled in 1997 (shown segaely and combined). Offspring
from returns of 2000 and 2001 were sampled as smelin 2004. The representation of
females, excluding females that were noted as ‘paspent’ or ‘nearly kelt’, are shown

in brackets.
Quasi-Natural Spawning Natural Spawning
Number Number
% represented represented/ % represented represented/
total total
FEMALES
1995 (parr) - - 67 (68) 44/66 (42/62)
1995(egg samples) - - 62 (65) 41/66 (40/62)
1995(combined parr and egg) - - 71 (73) 47/66 (26/6
2000 100 (100)  14/14 (11/11) 75 (67) 6/8 (4/6)
2001 100 (100)  12/12 (12/12) 67 (75) 6/9 (6/8)
MALES
1995(parr) 58 25/43
1995(egg samples) 58 25/43
1995(combined parr and egg ) i 65 28/43
samples)
2000A(first set quasi-natural 100 14/14 23 5/22
spawning)
2000B(second set quasi-natural 83 15/18 - -
spawning)
2001 100 717 50 4/8

'Results from Taggartet al. (2001).
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Natural spawning 1995
n=62

Quasi-natural spawning 2000 Natural spawning 2000
n=€

Quasi-natural spawning 2001 Natural spawning 2001
n=1z2 n=8

Figure 4.13 The proportion of detected (shaded dajkand undetected female spawners. The
proportion of females detected in natural spawningvas taken from the parr sampled
in 1997. Data for 2000 and 2001 are derived from syits sampled in 2004. n=total
number of females that were potential spawners (ekading those noted as ‘part-spent’
or ‘nearly kelt’)
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Natural spawning 1995
n=4z
Quasi-natural spawning 2000 Natural spawning 2000
n=11 n=4
Quasi-natural spawning 2001 Natural spawning 2001
n=1z n=¢

Figure 4.14 The relative output of detected femalspawners. Each shade represents a different
female. The output of females in natural spawningn 1995 was taken from the parr
output. The output of females that spawned in 2008nd 2001 was derived from the
smolts sampled in 2004. n =number of detected feneaspawners (excluding those
noted as ‘part-spent’ or ‘nearly kelt’)
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Natural spawning 1995

Quasi-natural spawning 2000 Natural spawning 2000

n=3z n=2z
Quasi-naural spawning 2001 Natural spawning 2001
n=7 n=8&

Figure 4.15 The proportion of detected (shaded dajkand undetected male spawners. The
proportion of males detected in natural spawning wa taken from the parr sampled in
1997. Data for 2000 and 2001 are derived from smelsampled in 2004. n=total
number of anadromous males that were potential spamers
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Natural spawning 1995
n=2&

Quasi-natural spawning 2000 Natural spawning 2000
n:25 n=E&E

Quasi-natural spawning 2001 Natural spawning 2001
n=7 n=4

Figure 4.16 The relative output of detected male sgvners. Each shade represents a different
male. The output of males in natural spawning in 195 was taken from the parr
output. The output of females that spawned in 2008nd 2001 was derived from the
smolts sampled in 2004. n=total number of anadromamales detected

Table 4.2 and Figure 4.13 show that the repredentat spawners in quasi-natural
spawning (up to the smolt stage) was more comgihate in natural spawning, for

both female and male spawners. That nearly all speswmsed in quasi-natural
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spawning were represented shows that the suppdmaeding scheme was
successful. It also reveals that the ‘insuranceemeded when setting up the crosses
did not monopolise fertilisations. Not all anadramaonales used in quasi-natural
spawning in 2000 were represented; three malesinsest B (Table 4.1) were not
assigned to any smolts sampled. A number of faetotiag either singly or in
combination may account for their absence, e.ges®f reduced fertility or
sterility, differential survival / behaviour leadjrio under-representation in the
spring smolt run, or sampling error due to thetreddy large number of males (18)
and few females (five, three of which were partrdpased in this set. A smaller
proportion of anadromous males that were placegabw traps to spawn naturally
were represented in 2001 than in 1995 or 2000. i§Hikely due to the large
number of males (22) in comparison to females (gitjiat were potential (natural)
spawners in this year.

The representation of successful female and malersgrs in 1995 was apparently
much more uniform compared to natural spawningdidand 2001 (Figure 4.14
and Figure 4.16). A number of factors may accoanthis, including differences in
sampling regimes (differential survival / behaviooay have led to under-
representation in the spring smolt run), differenicesex ratios and absolute
number of anadromous fish used in natural spawinitigese years, or the
occurrence of quasi-natural spawning alongsiderabspawning in 2000 and 2001
(whereby naturally spawned eggs may have beemnrbéeiby planting out eggs
from quasi-natural spawning).

In order to statistically compare relative sucagfsspawners, the B index and 95%
confidence intervals of the index were estimatedtie different groups of

spawners (Figure 4.17 for females and Figure ol 8iales). The distribution of
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offspring among parents of each group was sigmtigadifferent from random,
except for a single group: offspring of femaled thaderwent quasi-natural
spawning in 2000. Groups that did not significawuliffer from a geometric
distribution are highlighted in Figure 4.17 and¥ig 4.18. The 95% confidence
intervals of these groups should be reliable, weetbey may be too broad for other

groups (P. Nonacs, pers. comm.).
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0.45

0.35
x equal B

0.25
B

B index

Figure 4.17 Reproductive skew of females, measurég Nonac's B index. Year refers to year of
spawning. Eggs and parr are both samples of offsprg of natural spawning. Upper
and lower 95% confidence intervals are shown.

QN- quasi-natural spawning

Nat- natural spawning

*- distribution did not significantly differ from a geometric distribution

B- B index for the group

Equal B- value of B that corresponds to an equal diribution of offspring between
spawners
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Figure 4.18 Reproductive skew of males, measured INonac's B index. Year refers to year of

spawning. Eggs and parr are both samples of offsprg of natural spawning. Upper
and lower 95% confidence intervals are shown.

QN- quasi-natural spawning

Nat- natural spawning

*- distribution did not significantly differ from a geometric distribution

B- B index for the group

Equal B- value of B that corresponds to an equal diribution of offspring between
spawners

According to the B index, the reproductive sucasddsoth female and male

spawners was significantly more skewed in natysailsing in 2000 and 2001,

than in quasi-natural spawning for these years. @@ it also showed that natural

spawning that took place in 1995 (in the absenaati-natural spawning)

resulted in a reproductive skew according to thed&x, which was similar to that

observed in quasi-natural spawning. This is surggisonsidering the difference in
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representation of spawners between the types ofrspg (i.e. a relatively high
proportion of spawners were unsuccessful in nagpaWwning, while nearly all
spawners employed in quasi-natural spawning wenesented). Although the B
index values are similar for these groups, theedifice in absolute success (Figure
4.13 and Figure 4.15) may still be biologically ionant. B index values obtained
for natural spawning that took place in 2000 and126uggested more skewed
distributions than values gained for the reprodwctiutput of natural spawning in
1995 (when no quasi-natural spawning took placeis ¢bncurs with the
observations above from Figure 4.14 and Figure./Altumber of reasons may be
the cause, as suggested above (e.g. differensasnipling regimes (differential
survival / behaviour may have led to under-repregém in the spring smolt run),
differences in sex ratios and absolute number afleomous fish used in natural
spawning in these years, or the occurrence of quasiral spawning alongside
natural spawning in 2000 and 2001).

An additional element of spawning is the numbeditierent individuals each
spawner mates with. This aspect is not measureldeb index, but could be
evolutionarily important as the greater the nuntifgrairs that are formed, the
greater the number of different genetic combinatjavhich increases the chances
of advantageous combinations arising. The numberatés may also be linked to
the distribution of kin throughout the burn. Incsew the number of pairs that are
formed may allow an individual's offspring to be raavidely spread throughout
the burn, which could be seen as a ‘bet-hedgimgtesy in the light of the variable
environment. Therefore the number of males pairedgmeale and the number of
females paired per male was compared for quasraland natural spawning

(Table 4.3).
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Table 4.3 The average number of anadromous malesipad per female and the average
number of females paired per male. Year relates tgear of spawning. Average was
taken from males and females that were represented samples i.e., males and females
had been paired with at least one other male or feate. (Maximum number of females
or males paired is shown in brackets). Females thatere ‘part-spent’ or ‘nearly kelt
were excluded from the calculation of the averageumber of males paired per female.

Quasi-natural Natural
spawning spawning
Average number males paired per female
1995 (parr) 1.5(3)
1995 (eggs) 2.1 (6)
1995 (combined) 2.4 (6)
2000 5.9(11) 1.8(2)
2001 3.9(7) 1.2(2)
2000 &2001 4.9 (11) 1.4 (2)
Average number females paired per male
1995(parr) 2.4 (5)
1995 (eggs) 3.2 (9)
1995 (combined) 3.8(11)
2000 2.5 (5) 1.6 (2)
2001 6.1 (9) 1.5(2)
2000&2001 3.2(9) 1.6 (2)

! Results from a previous study by Taggaret al. (2001).

The number of males paired per female was highegdasi-natural spawning than

in natural spawning in all cases (Table 4.3). Thiy imaexpected as in quasi-

natural spawning each female’s eggs were fertilsed minimum number of seven

anadromous males. Of interest is the similarityveein the number of females

paired per male in quasi-natural spawning (in 2800 2001 combined) and natural

spawning that took place in 1995. This suggestssthiting up artificial crosses did

not increase the number of females paired per owtgared to that found in

natural spawning in 1995, at least as measuredgrngsentation of spawners in

offspring samples. A possible explanation is the tumbers of eggs each male
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fertilised in set B of quasi-natural spawning ird@0and the low numbers of

females involved in this particular cross.

4.3.3 Influence on the effective number of breeders perear

In order to further investigate the effects of queural spawning in comparison to
natural spawning, the effective number of breegersyear was estimated for the
various sample sets. The mean and variance in regtigd success of different sets
of spawners are shown below (Table 4.4). It is tivedges that influencBlydemo)

(as demonstrated by Equation 4.1 to Equation 4.3).stéindardized variance
(variance/(meaf) is also shown. This allows a comparison to be nimdeeen the
groups, since it is largely independent of the m@amney 1996). Nunney (1996)
used this value to describe data on the variatiderale fecundity in different
species of mammals, insects and birds.

Table 4.4 shows that the standardized variancdaveesy for quasi-natural
spawning than natural spawning, as would be exgeEtr quasi-natural spawning
the standardized variance might be expected tadhehin females than males
because of the different numbers of eggs produgexhbh female, whereas crosses
were set up such that each male should have $ediequal numbers of eggs. This
was not the case in 2000, where anadromous mages i fertilised ¢.1730 eggs
each and anadromous males in set B fertilised@eggs each. This probably
accounts for the comparatively high standardisermae in male output compared

to females in 2000.
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Table 4.4 Mean, variance and standardized varianc@ output of females and males used in
guasi-natural spawning in 2000 and 2001 and in natal spawning in 2000, 2001 and
1995.

Spawning year Gender of spawneMean output ~ Variance  Standardized variafice

f 16.29 377.16 1.42
1995 eggs

m 12.56 330.40 2.09

f 4,11 24.40 1.45
1995 parr

m 3.51 17.30 1.40

f 11.73 21.62 0.16
2000QN

m 3.19 4.93 0.49

f 5.83 53.37 1.57
2000NAT

m 1.36 17.10 9.20

f 10.67 32.42 0.28
2001QN

m 10.43 34.62 0.32

f 10.00 184.86 1.85
2001NAT

m 4.25 38.21 2.12

f- female
m-male

NAT-natural spawning

QN-quasi-natural spawning

Youtput is number of smolts for 2000 and 2001, eggs parr for1995
*Standardized variance- (variance/(mearf)

The standardised variance was particularly higmédgural spawning in anadromous
males in 2000, which could be explained by the lyigkewed sex ratio in this year
(22 anadromous males and eight females were pktoeee the traps to spawn
naturally in this year). In comparison, in 2001h¢ignadromous males and nine
females were placed above the trap to spawn nbtural

The estimates are likely to be more accurate fmates because of the greater
sample size of offspring, fewer offspring were itged from anadromous males
due to the input of mature parr.

Table 4.5 shows the effective number of breedery@ar(Npemo), taking into
account variable reproductive success and unegdabsio. Comparing the quasi-
natural spawning that took place in 2000 and 20@bJe 4.5 shows that the

effective number of breeders was a lower percentagige initial number of
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breeders for quasi-natural spawning that took pila@9)00. This was probably due
to the set-up of two separate sets of crossessry#ar, with 18 anadromous males
and 2 females (plus three females which had fevs &gft), the other with 14
anadromous males and nine females. This resultadjieater standardised variance
in reproductive output for anadromous males in 2@@dnpared to anadromous
males in 2001) in addition to a more unequal sé&r (this was nearly equal in
2001, when 12 females and 11 males were employehgses).

For natural spawning, the effect of contributiofsliffering numbers of mature parr
was investigated. When the number of mature partributing was varied between
800 and 4000, there was little effect on the effechumber of breeders. However,
the effective number of breeders more than doubteeh 800 rather than 10 mature

parr contributed.
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Table 4.5 Number of breeders and effective numberfdreeders (taking into account both
unequal sex ratio and variable reproductive succe}$or quasi-natural and natural
spawning in different years. Estimates of the numtreof mature male parr involved in
natural spawning were varied (10, 800, 1500 or 400

Mature parr

sT)g\j\(/enﬁ’]: Year of spawning usedt’) or N Nb(dem% Nb(demoj<100/N
P 9 estimated

ON 2000 18 53 28 53

ON 2001 ¥ 23 19 83
Natural 1995(E) 10 119 43 36
Natural 1995 (P) 10 119 54 45
Natural 2000 10 38 6 16
Natural 2001 10 26 8 31
Natural 1995(E) 800 909 102 11
Natural 1995 (P) 800 909 111 12
Natural 2000 800 828 9 1
Natural 2001 800 816 11
Natural 1995(E) 1500 1609 106 7
Natural 1995 (P) 1500 1609 115 7
Natural 2000 1500 1528 10 1
Natural 2001 1500 1516 11 1
Natural 1995(E) 4000 4109 109 3
Natural 1995 (P) 4000 4109 118 3
Natural 2000 4000 4028 10 <1
Natural 2001 4000 4016 11 <1

E-offspring sampled as eggs
P-offspring sampled as parr
QN- quasi-natural

Nbemo)*100/N- the effective number of breeders as a pert@ge of the initial number of
breeders

! Note this is the effective number of breeders parear, as opposed to the effective population
size per generation, which is estimated in Chaptes.

Estimates of the effective number of breeders 8@5lbased on parr or egg data

were similar. Comparing quasi-natural and natysaling shows that as a
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percentage of the original number of breeders KN}jemoywas higher for quasi-
natural spawning.
A comparison of the two methods of spawning was afsproached in a different
way, by estimating Ndgemoyfor quasi-natural spawning in 2001 and then estimga
Nb@emoyfor the same numbers of anadromous fish, undenypethetical situation
of natural spawning. Thus, in order to mimic theseffof natural spawning on fish
that actually underwent quasi-natural spawning ntlean and variance of
reproductive success of natural spawning that pda&e in 1995 were applied to the
set-up of quasi-natural spawning in 2001 (Table.4.6)
Table 4.6 The effective number of breeders in hypbetical situations and an actual set up. The
number of breeders used in quasi natural spawningii2001 were re-analysed using
parameters (mean and variance of reproductive sucss) obtained from natural

spawning that took place in 1995. The effective nuper of breeders estimated takes
into account both variable reproductive success andnequal sex ratio(Nygenc))-

Origin of
Hypotheticali mean and  Number of Number of Number
actual variance of anadromous Nb(demo)
i . mature parmof females
situation  reproductive males
success
Actual QN 7 4 12 23 25
Hypothetical ~ Natural 7 10 12 29 13
Hypothetical Natural 7 800 12 819 21
Hypothetical ~ Natural 7 1500 12 1519 21
Hypothetical ~ Natural 7 4000 12 4019 21

QN- guasi-natural

The number of effective breeders was lower forhyyeothetical natural spawning.
This was true even when 4000 mature parr were asstohave contributed.

One of the drawbacks with the estimates gfidNoywas that the variance in
reproductive success did not take into accouniniigt from mature parr. It is likely
that mature parr would individually have sired few#spring than anadromous

males, which would have resulted in an increase@dwee in the output of males.
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To model the effect of increased variance in repectisle output the variance was

doubled and Mgemoyre-estimated for natural spawning (Table 4.7).

Table 4.7 Number of effective breeders (Memo)), When modelling the effect of increased
variance in reproductive output, by doubling the vaiance. Estimated for natural
spawning only.

vear of Estimated Nb(demo) Np(demo)
: number of N
SPAWNING ature parr 1x 0} 2x 0y
1995(E) 10 119 43 26
1995 (P) 119 54 33
1995(E) 800 909 102 63
1995 (P) 909 111 67
1995(E) 1500 1609 106 66
1995 (P) 1609 115 69
1995(E) 4000 4109 109 68
1995 (P) 4109 118 71

E-offspring sampled as eggs
P-offspring sampled as parr

1x sz - Original estimate of variance in reproductive sucess for anadromous males
and females used in calculatin®Nygemo).

2 x sz - The original estimate of variance in reproductivesuccess for anadromous
males and females was doubled in calculatingpgemo).

Table 4.7 shows that doubling the variance in répctive output results in a

decrease of Hyemopf C. 40%.

4.3.4 Reproductive success in terms of smolt numbers

For spawning in 2000 and 2001 it was possible togare the absolute output of
quasi-natural and natural spawning. Smolt outpufgraale (Table 4.8) was
significantly higher (Mann-Whitney Z= -2.150 P= 82) for quasi-natural
spawning c.f. natural spawning (median 10 vs. 4weler, females used in quasi-
natural spawning were longer (Mann-Whitney testiéok length, Z=-2.845

P=0.004).
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Table 4.8 Numbers of smolts sampled that were proaed by each female in quasi-natural and
natural spawning (2000 and 2001 combined, in ordgo maximise sample size). Three
females were discounted from natural spawning as #y had been noted as part-spent,
and three from quasi-natural spawning for the sameeason.

Quasi-ngtural Naturgl
spawning spawning
1 0
5 0
6 0
7 0
8 2
8 3
8 3
8 5
9 7
9 9
10 11
10 15
10 19
11 41
11
12
14
15
17
18
19
20
21

Thus it was considered more prudent to comparetsmgbut against potential
female fecundity. Based on data obtained from femaked in quasi-natural
spawning, two linear regressions were used to préluie numbers of eggs from
grilse and multi-sea winter females (separatelyhagelationship was non-linear
when values were combined). Plots of the data (Eigul9 and Figure 4.20) and
equations (Equation 4.4 and Equation 4.5) used wigirdhe number of eggs from

females that spawned naturally, given their length,depicted below.
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Figure 4.19 Length of MSW females used in quasi-natal spawning and the number of eggs

obtained from each.
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Figure 4.20 Length of female grilse used in quasiatural spawning and the number of eggs

obtained from each.

E =19.507x-8596287

Equation 4.4 Equation used to predict egg number) of MSW fish that spawned naturally,

given their length in cm ).

E =15.008x—-5732297

Equation 4.5 Equation used to predict egg humberH) of grilse that spawned naturally, given

their length in cm (x).
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Therefore the total number of eggs that were spdwagurally in 2000 and 2001
were estimated (Table 4.9). Taking into accountiim@ber of eggs used in quasi-
natural and natural spawning, there was no difig¥en the output of smolts, since
30% of eggs were spawned naturally, and 30% o$mhelts sampled also
originated from natural spawning (Table 4.9). Tthesminimal impact approach, of
rearing only up to the egg stage in an artificralisonment, appears not to have
given the offspring of quasi-natural spawning aayjevantage over those from

natural spawning.

Table 4.9 Comparison of the output (in numbers ofreolts) from quasi-natural and natural
spawning, taking into account the number of eggs esl. The number of eggs in natural
spawning was estimated from their length. (Number# brackets relate to the number
of anadromous females that were discounted as théad been noted as part-spent.)

Number of Proportion Proportion of

Approximate . Number of
Year of anadromous initial number of initial smolts smolts
spawning females used of eqas eggs (NAT/ represented represented
in spawning 99 total) P (NAT/ total)
2000 QN 14 52051 139
0.28 0.20
2000 NAT 6 (2) 19943 35
2001 QN 12 56296 128
0.33 0.38
2001 NAT 8 (1) 27359 80
20088&2001 26 108401 267
2000&2001 0.30 0.30
NAT 14 (3) 47302 115

NAT-natural spawning.
QN-quasi-natural spawning.
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4.3.5 Marine survival of offspring of quasi-natural and natural spawning

The last spawning run sampled in this project wa&004. It was possible that some
of these fish represented the 2000 year clasdigtethat were aged 2.1). Parentage
assignment identified 13 individuals that returt@@irnock Burn in 2004 as
offspring of anadromous adults that spawned in 20@dle 4.10). These were all
classified by age as grilse, as would be expedied. returns from natural

spawning were full sibs, while no returns that mraged from quasi-natural

spawning were identified as full sibs.

Table 4.10 The origin of adult returns that could [ assigned to spawners in 2000, and the
number of female and male spawners represented ihé offspring.

Origin Number of offspring Number of female spawners Number of male spawners
assigned represented represented
QN 7 6 4
Nat 6 2 4

QN-Quasi-natural spawning
Nat-Natural spawning

Although numbers were too small for meaningfulistatal analysis, offspring from
both quasi-natural and natural spawning were reptesl. Thus there was no
obvious indication that survival and homing of fishs influenced to any great

extent by the type of spawning that produced them.
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4.4 Discussion

4.4.1 Mating system in the wild (when no quasi-natural spwning took place)

There was a general concurrence between egg andgmaples in the particular
males and females that were found to be detectédiadetected spawners, largely
confirming the findings of Taggaet al (2001). However, it was likely that at least
one redd (including two nests) had not been idiewtiin the study carried out by
Taggartet al (2001). It cannot be determined whether or net@imsuccessful’
spawners were in fact completely unsuccessful drmhembers of offspring too low
to be detected. The finding of two females as k#itst were apparently
unsuccessful spawners suggests eggs were depdsitadhether any of these
survived is not known. Three females that, accgrdinfield notes, were either part
or fully spent were detected in the parr samplas Shggests that females with few
eggs are still able to reproduce successfully,thagractise of putting them above
the traps was valid. However, it may be that tek that was noted as fully spent
was incorrectly recorded or that it is difficultdetermine when a female is fully
spent.

The lack of representation of a notable proportibputative male spawners ties in
with observations made by Webb and Hawkins (1988} eadio tracking spawners
at Girnock Burn in 1986. They found that some mateswed little evidence of
spawning success (defined as being observed tolwatat to spawning).

In a study examining the parentage of fry fromrh&ural spawning of anadromous
male and female Atlantic salmon, Garanhal (2001) found that 100% (41/41) of
males were represented and that only 9% (3/3%roffes were not represented,
although the variance in success was high. Howéwveryery difficult to compare

these findings to the present study due to thewiiff) field conditions and methods
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employed. Sampling may have accounted for thisbetpresentation, since
offspring were sampled beyond the confines of dulr(as fry), although fewer
samples were taken; 650 fry in total. Another aspet differed was the length of
rivers available for spawning; in the present stG@yemales were released into a
stretch of approximately 8km, whereas 35 female®a#owed to spawn in
approximately 19km in the study by Garaintal (2001). It may have been that a
greater area of spawning habitat was availablearstudy by Garart al. (2001),
such that redd superimposition was less likelyaweehoccurred, although this can
only be speculated. Another relevant aspect isithieg of release. Anadromous
males and females were all released into the sitelyat the end of August in the
study conducted by Garaet al (2001), although spawning takes place at a later
stage, during October and November. This is inrestto Girnock Burn, where the
entrance of adult spawners to the burn is dictiegely by the water flow and
occurs very near to the time of spawning. Othesaea for the lower representation
of anadromous spawners could be washout of deposiigs occurring during times
of spate, groundwater effects on eggs that weresiigg and predation (of the
anadromous fish).

Although size assortative mating is common amohgrosalmonid species (Foote,
1988)there was less than convincing evidence for tlisfdata collected from
Girnock Burn. Taggaret al (2001) reported evidence of a positive corretatio
between male and female length for identified peigmairs from spawning in
1991. However this was not the case for 1992 ob Xpwning data. The
additional data provided by the current study foavening in1995 did not alter this

finding.
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The number of anadromous mates was correlatedrepioductive success, for
both males and females. This was also found byratal. (2001). However they
state that their finding could be due to not idgmig all pairs formed. This is also
likely to be the case in the current study, espigatansidering the large number of
pairs (73) only represented by parregg samples. If not all pairs were detected it
could mean that individuals that had mated witgdanumbers of females, but had
low reproductive success may not have been detether this finding still
requires more thorough sampling in order to deteenthhe actual relationship.

A similar mating outcome to that identified hereswaund by Seamoret al

(2004), in steelhead trout. They found high numioérsotential spawners were not
represented (43% and 23% of males and femalesatsply), and a range of
number of mates (0-10 for males and 0-5 for femalEsey suggested that the
flexibility and complexity of the mating system rhigoe advantageous in variable
environments, which could well be the case in ¢hisl other) stock(s) of Atlantic
salmon. Ways in which multiple mating could be Wem& are; in producing a
greater variety of genetic combinations, some dttvimay be useful in prevailing
environmental conditions, in utilising differenigiens of the burn for offspring
development (a ‘bet-hedging’ strategy), and avoiganf inbreeding (Aviset al
2002). A flexible mating system may also be advgexdaus in allowing for variances

in water flow during spawning (Taggaat al. 2001).

4.4.2 Representation of spawners in quasi-natural and naral spawning

The vast majority of spawners employed in quasiH@ispawning were
represented in the smolts sampled. The only casawhbt all spawners were
represented was when the sex ratio was heavilysttéowards males, and this may

be due to chance sampling error among offsprings iBhin contrast to natural
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spawning, when complete representation of anadrerapawners was not found.
This suggests that the method of quasi-natural spa(involving crossing each
male in a set with each female and distributingséfiggm families throughout the
burn) has been successful, in that the representatianadromous spawners was
more even and therefore increased the chancegiofépresentation in the future
genepool.

Nonac’s B index (Nonacs 2000) was used as a watatitically comparing the
reproductive skew of different groups. This showmsslnatural spawning that
occurred alongside quasi-natural spawning was figmitly more skewed than
gquasi-natural spawning or natural spawning thatiged in 1995. Thus when
managing the burn, it may be more beneficial thezihave all fish spawned quasi-
naturally, have greater numbers spawning naturatlyywhen there is an excess of
anadromous males, to place them (a long way) btlevirap as they may encounter
more females than are above the traps and podshtyore likely to reproduce.
Quasi-natural spawning resulted in more males beagd per female (but not
more females being paired per male) than was datdotoccur naturally. This ties
in with observations from radio tracking made byBvend Hawkins (1989) at
Girnock Burn. They tracked anadromous males analiesrduring the spawning
season, and found that anadromous males tendeodvi® forther and more often
than anadromous females, the implication beingttieyt mated with different
females in different parts of the river. Thus quaaiural spawning may be a way of
obtaining a higher number of pairings of malesfparale, but not necessarily
females per male as this was shown already tod#eihithe natural spawning that

occurred in 1995.
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The numbers of females paired per male and viceaweere lower in this study (for
both types of spawning) than those found by Gaeaat (2001), also in Atlantic
salmon. Garargt al (2001) found, on average, each male spawned6amth
females and each female spawned with 7.5 males.may reflect different
sampling regimes of the two studies, different n@gystems in the two stocks, the
shorter run time at Girnock Burn, the lower areamdwning habitat available at
Girnock Burn, and possible effects of washout amadigdwater on deposited eggs
at Girnock Burn.

The actual reproductive success (as determined $rooit samples) of adults that
spawned in 2000 and 2001 may have differed todhs¢rved because the smolts
sampled in the spring of 2004 only representedrguoof these offspring. Firstly,
offspring of the same year class would have pagsedgh the traps in the autumn
prior to sampling. Secondly, in order to sample yw@ar old smolts originating from
spawners in 2000 and three year old smolts origigdtom spawners in 2001,
samples of autumn migrants from 2002 and 2004 ditiad to spring migrants
from 2003 and 2005 would have been required. Thezaf a particular spawner
only gave rise to offspring that undertook a paitic life history tactic, such as
smolting at three years, and no three year oldtsmare sampled, the spawner
would not have been represented. The extent tohathis may have biased results
IS unknown.

The parr sample was not limited in this way, int e whole cohort was available
for sampling. However, the smolt sample was takbamwfish were older, so had
survived for longer in the freshwater environméiivas therefore potentially a
slightly better indication of lifetime reproductigeiccess of the spawners, although

this must be considered in light of the probabkesbn this latter sample. The egg
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sample was limited in that only portions of thededre sampled, although
sampling redds did allow for the position of spawgnand therefore the ranging of
spawners to be determined. With hindsight a lasgenple of 1+ parr would have
allowed for a more accurate estimation of the rdpative output of spawners in
1995 (particularly for males), and for the detectod additional mating pairs.
However, these samples had already been colletted deginning of the current
project, and the sample size had been limited tomige the amount of disturbance
caused.

When considering the design of studies compariegeiproductive success of
hatchery and natural-born spawners, Hinrichsen3pf0inted out the importance
of having the appropriate baseline in order to lewa worthwhile comparison.
When this principle is applied to the present stuldg 1995 dataset provided ‘an
appropriate baseline’ for natural spawning when garnmg aspects of natural and
guasi-natural spawning, as no quasi-natural spaywoiok place in this year.
However, natural spawning that took place alonggigesi-natural spawning (in
2000 and 2001) allowed the success of the two ndsttmbe measured under the
particular conditions that occurred in these yelmsexample water flow,

temperature and abundance of predators may haiszhanong years.

4.4.3 The effective number of breeders per year

Comparing the quasi-natural spawning that tookeplac2000 and 2001, Table 4.5,
shows that the hkemo)as a percentage of a percentage of the initial eurob
breeders, was greater for quasi-natural spawni2§@1 than in 2000. As described
previously, this was likely due to the set-up obtseparate sets of crosses in 2000,

one with 18 anadromous males and two females {pheg females which had few
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eggs left), the other with 14 anadromous malesrémel females. A more even sex
ratio would have been preferable. However, thea@hof parents was restricted by
the sea-returns available on the day when crosees eonducted.

The main flaw in the estimation of,Nemoy Was that the variance of reproductive
success for males was calculated only from thanafdromous males. For natural
spawning the variance in reproductive success raag increased if mature parr
had been taken into account, since they are likkeigdividually have a lower
reproductive success than anadromous males. Aeasgerin variance in
reproductive success was modelled, which resuttedd.40% decrease in the
Nbdemo)In order to examine this further, the reproductuecess of individual parr
would be required in order to provide a more adeuestimate of the variance in
reproductive success for males.

Overall, these results suggest that when a givembeu of breeders are used in
guasi-natural spawning (as implemented at GirnaginBthe resultant effective
number of breeders will be greater than if they igalwned naturally. However,
there may be more combinations of genetic typdkaroffspring of natural
spawning if large numbers of mature parr contriblitshould be noted, however,
that mature parr have not undergone selectionamrtlrine environment. It may
therefore be that the alleles carried by anadromuaiss are of more ‘value’ than
those of mature parr. This is discussed furthéhapter 7.

In the long term it may be that attempting to maimthe effective number of
breeders through quasi-natural spawning will hétle keffect on the effective
population size, as it may be overridden by fluttres in population size over time.
Frankham (1995) found that temporal change in i size was the most

influential factor on N in a review of Nin 102 species, while Ardren and
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Kapuscinski (2003) found that it was the secondtrimdkiential factor on the
effective population size of steelhead trout (trestinfluential being variable
reproductive success). While management program&elp improve spawning
success and freshwater survival rates, influenciagne survival would impossible

or far more difficult to achieve.

4.4.4 Reproductive success in terms of numbers of smolts

When the number of eggs used in natural and qusial spawning was taken into
account there was no significant difference indbgout of smolts from the two
schemes. In some ways this was surprising as tivevaliof eggs in the burn over
winter (for natural spawning) was likely to haveehdower than that for quasi-
natural spawning. In addition, eggs from quasi-reltspawning were planted out in
areas that avoided regions subject to high leviedgaundwater, which has been
linked to impaired embryo development (Youngstml 2004). However,
according to Cuencet al (1993) planting out offspring as eggs is notliike

result in an increase in survival, as the highegll of mortality occurs after
emergence from the gravel. That there was no stgmf difference was beneficial
as it meant that offspring from natural spawningemv@ot at a (measurable)
disadvantage in terms of survival to smolt stagevel documented problem with
artificial spawning programs is the Ryman-Laikréeet, whereby a small portion of
the total broodstock are employed in the suppotireeding program, which are
then over-represented in the offspring. The equalisurvival and the set-up of
crosses in quasi-natural spawning at Girnock Bilna, results in a representation of
anadromous spawners that is no more skewed tharahapawning, suggests this

is not occurring.
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To a limited extent, quasi-natural spawning mayijg® a slight increase in the
output of the burn. Quasi-natural spawning allomesuse of regions of the burn
suitable for egg deposition that would otherwisesltleer inaccessible to spawners
due to low water levels, or do not tend to be used.

The distribution of kin throughout the burn waslkto differ for quasi-natural and
natural spawning. Eggs from families were mixeaptd planting out in quasi-
natural spawning, whereas females tend to nestawalaces in the burn during
natural spawning. The roughly equal survival opffng of natural and quasi-
natural spawning shows that beneficial kin intacand, if they occur, are either still
able to take place, or do not influence greatlysinerival of offspring up to the

smolt stage.

4.4.5 Marine survival of offspring of quasi-natural and natural spawning

No apparent differences in marine survival weresobsd between offspring of
quasi-natural and natural spawning. This suggéststie survival and homing of
fish that were produced through quasi-natural spregvhas not been greatly
impaired. This may be due in part to the minimabant of time the offspring spent
under artificial conditions (being planted out gg®, which still allowed for
imprinting. It also meant that offspring were prets@ freshwater at times that

might be important if it is the salmon themselJest fprovide the chemical cues that
are the basis of imprinting. This is in contrasstpportive breeding schemes where
offspring are planted out as smolts, as a lacknpirinting to the natal stream can
lead to higher straying rates in hatchery fish (ke al 2004).

As such a low proportion of smolts actually rettorGirnock Burn as adults to
spawn, the value of attempting to decrease thaneei in output of breeders may be

guestionable. However, for the small numbers afrret (13) in 2004 that could be
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assigned to spawners in 2000, only two females vegreesented in offspring of
natural spawning (two returns were also full sibg)ereas six different females
were represented in offspring of quasi-natural spag/(none were identified as

full sibs). This suggests that a lower varianceeproductive success of spawners to
the smolt stage may also translate to later ldges (namely anadromous adults).
However, it must be noted that the natural spawthiagjtook place in 2000 initially
had a limited number of females, so is not pertzapsmparable baseline.

Whether or not the initial representation of spawne carried through from eggs to
smolts to sea returns depends on how survivalgrirdfshwater and marine
environment is determined. If groups of migratdshftravel together, it may just be
groups that follow a beneficial route that surviddternatively it may be those with
favourable genetic make-ups that survive, in wigiabe individuals that are more

closely related will tend to survive anyway.

4.4.6 Future directions

This chapter describes the first attempt to qugriié genetic consequences of
implementing quasi-natural spawning in Girnock Bunitially, this was
implemented in relative haste and was not conduetddsubsequent detailed
genetic analysis foremost in mind. The study hanhery enlightening,
particularly in contrasting the genetic effectgjaasi-natural and natural spawning.
Nevertheless, in conducting the analyses, a nuotgeaknesses (particularly in
sampling methodologies and design) became appaviidh should be addressed
in future monitoring of quasi-natural spawning:

* it would be advantageous to sample the matureysad in quasi-natural

spawning. This would enable their individual reprotive success to be

monitored, in addition to the anadromous males eygal.
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» details of the 'insurance’ male used during cros$eaild also be retained in
order that sterility / low fertility issues can tetected and quantified.

* it would also be beneficial to sample much morealyidrom each particular
year class to provide a potentially much less biasanple. This would
include sampling from the autumn migration in aidditto the spring
emigration (only the spring emigrants were sampidatiis study) and
sampling over multiple years.

» Larger sample sizes would provide a more accustmate of the
reproductive success of individual anadromous spasyiparticularly males.
However, typing more samples would involve moreetiamd expense. In
addition, it would complicate routine sampling aldg in place, whereby
one in every five smolts are examined in more ddength is measured and
scale samples are taken). In order for these data in with tissue samples
it is necessary to place the fin clips into indivédiwells filled with ethanol.
This is a tedious task when in the field, in ofteciement or severe weather
conditions. An alternative method would be to odllall adipose fin clips
(all Atlantic salmon captured in the downstreanp tinave the adipose fin
removed) and place them in a single containertadredl. This would be less
time consuming but other data on the fish sampledidvbe lost.

All fish that returned to the burn in 2005 wentaigh quasi-natural spawning. This
was the first year that there was the capacityotealand may be continued in future
years. Positive aspects to this approach include:

» the representation of all anadromous returns shimeilshore even. This
should maximise Nor the population (provided adequate numbers of

mature parr are involved in the crosses).
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« all potential parents can be sampled / genotypathdit the input from
anonymous parr, parentage assignment should be simgier, potentially
requiring fewer loci to allocate parents with higimfidence.

Negative aspects of the scheme include;

* The risk of losing all eggs if they become infecteddome unforeseen
problem occurs with the incubator. (There was 308ftafity of the eggs
from the crosses set up in 2005, far higher thgraévious years. The reason
for this is not known).

» Lack of selection during mating could cause fisht thrould otherwise not
spawn to produce offspring. (However, there wasunggestion that
strayers, identified using different methods, nalturhad a substantially
lower spawning success in Girnock Burn- see chdjter

* Fewer mature parr are likely to contribute to spagnwhich is likely to

differ from the natural situation.
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5 The spatial distribution of juvenile kin and implications for sampling

5.1 Introduction

One potentially serious problem with sampling julesin order to determine
population structure of salmonids was noted bydef and Phelps (1981). They
described, through simulation studies, how ‘itasmgerous to draw conclusions’
about the reproductive isolation of salmonid stotlesed on allele frequency data
derived from juvenile samples, as such samplesarginate from a small number
of breeders. Despite this warning, juvenile sampbege still been used in
population genetic analyses in salmonids, probebég/to the practicalities of
sampling. With the advent of multiallelic molecufaarkers, and the ability to
determine kinship of individuals from within sampl@ the current study, this
problem has been revisited.

Empirical studies based on microsatellite and raieiltite data have found
clustering of juvenile kin in at least some sitaati. Hanseet al (1997) sampled
brown trout aged 0+, 1 or 2 years, from two rivier®enmark, the Tjaerbaek and
Skibelund. In both rivers samples were obtainethfeo200m stretch, although the
majority of fish and all 0+ fish were obtained fra20m stretch in the Skibelund.
The authors found significant differences in mtDN#&plotypes between age classes
within both rivers, and suggested that samplinfaofilies may have contributed.
The difference was particularly pronounced for 8kébelund samples, and further
analysis with six microsatellite loci showed tha¢ O+ sample was likely to have
comprised only three full sib groups. Accordinglgrt$eret al (1997)
recommended the sampling of adult fish, or if mtilg juveniles aged 0+, sampling
from river stretches greater than 100m in lengith ot to include large numbers of

individuals caught at the same site. Mjgineepdl (1999) studied the distribution
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of related Atlantic salmon juveniles along a 30Q@retsh of the River Jiesjokka in
Norway. Using multilocus minisatellites they estteththe relatedness (based on
band-sharing) of pairs and their geographic sejparathe authors found a
significant (but not strong) negative associatietween geographic separation and
relatedness in pairs born in the same year. Mjgbhetr al (1999) therefore
recommended sampling from more than one age claea employing juveniles for
population studies. A similar study comparing retiiess and geographic
separation was conducted by Carlsebal (2004) in two streams, one in Scotland
the other in Denmark. In the Findhu Glen Burn, #oat, samples of 0+ brown
trout were obtained from a 50m section and sangdléish older than 0+ from a
215m section. In the Dollerup Mollebaek, Denmagmples of trout aged 1+ or
older were obtained from a 125m section. The astheported that samples found
closer together also had a higher relatednessdlzas&4 microsatellites) in the
Findhu Burn, although this was not found in thelBralp Mollebaek. On a smaller
scale, Fontaine and Dodson (1999) evaluated whéittemtic salmon juveniles
occupying adjacent territories tended to be reldfezh aged 0+, 1+ and 2+ were
sampled from areas of a large river (Trinite RivaBasuring 5 x 20m. The
relatedness between pairs was estimated usingrfouosatellite loci and the
geographic position recorded. The authors did imot & relationship between
geographic separation and relatedness, of anyrage gampled.

Where spatial association of juvenile kin has beemnd it is likely to be due, at
least in part, to spawning in redds which lead$éohatching of related individuals
in close proximity to each other. Beatlal (1994) examined the dispersal of
Atlantic salmon juveniles in the Lapitxuri Brook lrance, a tributary where no

Atlantic salmon occurred naturally. Following plagt of eggs in the Brook, the
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authors studied the distribution of 0+ fish by &lefishing. Approximately three
months after hatching, 0+ fish were found to hawenty dispersed downstream;
89.2% were found within 1600m downstream from thigicial nest, while 3.7%
were found within 750m upstream of the nest. Tispelisal of Atlantic salmon
from artificial nests was also examined by Weblal (2001) in Baddoch Burn (a
tributary of the Dee, Scotland). Using single loousisatellites, the authors
determined the parentage of 0+ fish (aged 17 wemkginating from known
crosses and known nest sites. It was found thatted dispersal tended to be
downstream and less than 1km from initial nesssite

The implications of the distribution of kin for palation analyses were considered
in the current study; specifically how samplingagdgy may affect results. Previous
sampling of parr from the length of Girnock Burmpg$tream of the fish traps)
allowed this to be investigated by determiningdisribution of kin through

parentage analysis and comparing the genetic diftetion of sub-samples.
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5.2 Methods

Samples were obtained from anadromous returns96 fitat were caught in the
upstream trap and 1+ parr (progeny of these reiarh895) sampled from the burn
in 1997. In 1995 113 anadromous returns were rettabove the traps to spawn,
after an adipose fin clip (or sliver of adiposeifithe fin had previously been
removed) was sampled from each. A total of 274 dr were sampled by
electrofishing from the length of Girnock Burn (&leahe fish traps) in 1997. These
were selected by length to be 1+ parr. One fishtadesn every ¢.30m, an adipose
fin clip and a scale sample were obtained, andishereplaced. Extraction of DNA
from adipose fin clips is described in the Materiahd Methods (Chapter 2). Nine
to eleven loci were examined for each sample (Taldgand a parentage analysis
conducted, as described in the Materials and MeatiiGtapter 2). Data had already
been collected on the spawning position of anadr@meturns in 1995, which had
been examined by determining parentage of eggsledrfrom redds (described in

Taggartet al 2001).

Table 5.1 Loci screened to determine parentage 0997 1+ parr.

Sample Life stage of

year sample Relationship Loci typed

1995 Anadromous  Putative .14 4665 9501 410 One9 407 202 171 197 (404'408)
return parents

1997 parr OPf?stztrli\r/lz 2210 1605 2201 410 One9 407 202 171 197 (404%08)

1See material and methods for details

In order to determine how sampling strategy cotifielca the results of population
genetic analyses when sampling juveniles of a giagk class, the parr were
divided into five equal groups using two methodse Tirst method was based on

their distribution (as sampled) in the burn. ThetfR50 samples obtained were
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divided into five groups of 50 samples, correspogdb samples from (adjacent)
stretches of river approximately 1.47 km in lendtbr example, group one
consisted of 50 parr sampled from the first 1.47dbove the traps and group two
of 50 parr sampled between 1.5 km and 2.97 km atievé&raps. Hereafter these are
referred to as ‘spatially discrete’ samples. Theoad method was designed to
simulate sampling over a wider area. The 250 pher §ame individuals as used in
method one) were split into groups of 50 by randosaimpling without
replacement (using a sampling routine executedPB$v.14). These samples are
referred to as ‘random samples’.

The groups of samples were then analysed usingatadmopulation genetics
procedures, using the initial nine loci listed iable 5.1, which were screened in all
individuals. Hardy Weinberg equilibrium and diffeces in allele frequencies were
tested for using exact tests ang\Wwas calculated using GENEPOP 3.4 (Raymond
and Rousset 1995). For high precision exact tests wun with the following
parameters: 20000 dememorization steps, 200 ba#ctte6000 iterations per batch.
The standard error of the probability was alway8.64. Pairwise values offwvere
calculated and the significance determined using BRUIN 3.01 (Excoffieret al
2005), with 20000 permutations. Again the stanaardr of the probability was
always <<0.01.

The distribution of juvenile kin in the burn wasaaxined by plotting the position
from which groups of both full sibs and materndf ks were sampled. In cases
where eggs had been assigned (in the previous bju@gggaret al 2001) to
corresponding anadromous sires and dams (in tleeatdall sibs) or the
corresponding anadromous female (in the case cmmthalf sibs), the position of

the redd from which eggs had been sampled wapéisied.
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5.3 Results

5.3.1 Parentage analysis

A total of 269 parr were assigned to parents irb19%venty full sib groups with
three or more progeny were identified and 11 filigroups with two progeny. 17
maternal half sib groups with six or more membegesendentified, four groups
with five members, eight groups with four membearsg 15 groups with three or

fewer members.

5.3.2 Population genetic analyses

Significant departures from Hardy Weinberg equilibr were detected at
individual loci in four of the five groups of ‘spally discrete’ samples (without
sequential Bonferroni correction, Table 5.2). Hoamwombining over all loci
revealed significant departures in only two groapthe five (both prior to and
following sequential Bonferroni correction). In trendom samples, significant
departures from Hardy Weinberg equilibrium wereed@dd at individual loci
(without sequential Bonferroni correction) and &tirloci combined (both prior to
and following sequential Bonferroni correction),timo samples of five. Overall Fis
values (calculated over all loci) were negativaresponding to an excess of
heterozygotes, in the spatially discrete sampleth Begative and positive values

were found in the random samples.
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Table 5.2 Significance of tests for Hardy Weinbergquilibrium (HW p), F s , and observed )
and expected He) number of heterozygotes for groups obtained from.#7km lengths
from the burn or randomly sampled from 7.47km.

Group # Locus Overall
2210 1605 2201 410 One9 407 202 171 197

Grouped as sampled from burn

1 HWp 0.01 0.01 0.01 0.28 0.61 0.03 0.02 0.57 0.12<0.01*
Fis -0.132 -0.012 0.037 -0.045 0.132 -0.042 0.014 29.00.048 -0.019
He 41.6 395 46.7 45.9 29.9 44.2 43.6 40.8 458
Ho 47 40 45 48 26 46 43 42 48

2 HWp 0.68 0.24 0.74 0.12 0.63 0.22 0.93 0.60 0.330.60
Fis -0.060 -0.045 -0.048 0.061 -0.114 0.000 -0.018000.0.014 -0.018
He 38.7 41.2  46.8 45.8 26.1 46.0 442 440 456
Ho 41 43 49 43 29 46 45 44 45

3 HWp 0.82 0.33 0.02 0.41 0.27 0.51 0.97 0.04 0.290.11
Fis -0.071 -0.029 0.013 -0.035 -0.125 0.059 -0.03500.1-0.039 -0.013
He 41.1 39.9 46.6 47.4 29.4 45.7 445 436 46.2
Ho 44 41 46 49 33 43 46 39 48

4 HWp 0.02 0.91 0.07 0.21 0.17 0.19 0.64 056 0.950.12
Fis -0.020 0.045 0.018 -0.040 -0.134 -0.045 -0.041038®.-0.003 -0.026
He 43.1 39.8 458 45.2 30.9 45.9 442 434 459
Ho 44 38 45 47 35 48 46 45 46

5 HWp 0.59 <0.01 0.01 <0.01 0.28 0.01 0.12 0.22 .0x0 <0.01*
Fis -0.048 0.055 -0.005 -0.065 -0.046 -0.033 0.016058.0.058 -0.013
He 41.1 41.2  45.8 46.0 32.5 44.5 417 416 446
Ho 43 39 46 49 34 46 41 44 42

Random samples

1 HWp 0.87 0.03 0.01 0.16 0.53 0.34 091 0.04 0.750.04*
Fis -0.042 0.026 0.101 0.002 0.001 0.033 -0.051 0.1a®34 0.026
He 42.3 41.0 46.7 47.1 32.0 46.5 43.8 440 46.0
Ho 44 40 42 47 32 45 46 39 44

2 HWp 0.26 0.25 0.19 0.71 0.13 0.48 0.76 0.42 0.560.43

Fis 0.011 -0.028 -0.011 -0.018 -0.199 -0.064 0.009 05D. -0.023 -0.036
He 41.4 409 465 47.1 30.0 45.1 444 438 46.0

Ho 41 42 47 48 36 48 44 46 47

3 HWp 0.98 0.07 0.44 0.05 0.90 0.19 0.90 0.81 0.500.43
Fis -0.120 0.116 -0.028 -0.046 0.057 0.023 -0.032 9.00.019 -0.002
He 41.1 40.7 46.7 46.8 29.7 45.0 43.6 42.6 459
Ho 46 36 48 49 28 44 45 42 45

4 HWp 0.99 0.11 0.01 0.12 0.20 0.21 0.07 0.04 0.580.01*
Fis -0.141 -0.012 -0.008 0.023 -0.202 0.011 -0.070044.-0.023 -0.044
He 40.4 41.5 46.6 47.1 29.2 46.5 439 43.1 46.0
Ho 46 42 47 46 35 46 47 45 47

5 HWp 0.12 0.42 0.29 0.45 0.29 0.25 0.33 0.25 0.860.30
Fis -0.002 -0.006 0.000 -0.006 0.128 -0.017 0.118 4€.00.010 0.023
He 41.9 40.8 47.0 45.7 29.8 45.2 442 42,6 46.5
Ho 42 41 47 46 26 46 39 42 46

*significant at the 0.05 level following sequentiaBonferroni correction (overall results for
Hardy Weinberg equilibrium only). Initial «=0.05/5
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Tests for allelic differentiation revealed statistly significant differences in nine
of ten pairwise comparisons of spatially discrempgles (Table 5.3). For random
samples, no pairwise comparison was statisticaglyifscant (Table 5.3). Similar
results were obtained when comparing the signiieasf k; values (Table 5.4);
there were statistically significant differenceseight out of ten pairwise
comparisons (following Bonferroni correction) ofasially discrete samples, while
random samples were genetically homogenous (Ta#h)els addition, for the few
cases where pairwise comparisons of spatially gisgamples were not statistically
significant (following sequential Bonferroni cortem), the comparisons were
between adjacent samples (sample numbers two aeel #nd three and four).
These results suggest that observed genetic ditfation between pairs of samples
obtained over stretches of the burn c. 1.47kmngtle was due to sampling bias,
since no genetic differentiation was observed wd@mnples were taken randomly

over the entire sampling area.

Table 5.3 P values for exact tests of allelic diffentiation between pairs of samples. Above
diagonal- random samples. Below diagonal- spatiallgliscrete samples (groups relate
to adjacent samples). Results are shown prior to geential Bonferroni correction.

Sample # 1 2 3 4 5
1 - 0.95 0.12 0.36 0.94
2 <0.01** - 0.12 0.49 0.64
3 <0.01** 0.65 - 0.16 0.34
4 <0.01** <0.01** 0.01* - 0.09
5 <0.01** <0.01** <0.01** <0.01** -

**significant at 0.01 level after sequential Bonfgoni correction, initial a=0.01/10

*significant at 0.05 level after sequential Bonferoni correction, initial a=0.05/10
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Table 5.4 Significance of Fst values for compariserbetween pairs of samples. Above diagonal-
random samples. Below diagonal- spatially discreteamples (groups relate to adjacent
samples). Results are shown prior to sequential Béarroni correction.

Sample # 1 2 3 4 5
1 - 0.91 0.15 0.48 0.87
2 <0.01** - 0.23 0.42 0.71
3 <0.01** 0.48 - 0.39 0.53
4 <0.01** <0.01** 0.04 - 0.11
5 <0.01** <0.01** <0.01** <0.01** -

**significant at 0.01 level after sequential Bonferoni correction, initial ¢=0.01/10

5.3.3 Distribution of kin

In order to explore possible reasons for sample thia distribution of identified full
sib and maternal half sib groups was depicted gcaphy (Figure 5.1, Figure 5.2,
respectively). Clustering of kin was evident intbotises. For example, in Figure
5.1 full sib groups 6 and 7 were only found witttie first 1500m, while full sib
groups 3 and 4 were only found upstream of 700@ngFoups of maternal half
sibs, offspring of females 55, 103 and 111 wereasgnted only in the first 1500m,
while females 12 and 29 were represented onlynmpsas taken upstream of 5000m
(Figure 5.2).

Comparing the position of putative redds with tlsipon of parr, suggested that
dispersal from putative redds had occurred bottreias and downstream. In some
cases families appeared to move in a certain @redtor example, full sib group
number one appeared to have largely moved upstieemthe putative redd, while
members of full sib group number four appearedeinggal to have moved
downstream (Figure 5.1). In contrast members ofjedoip two were not found to
have moved in a particular direction; equal numiwesee found upstream and

downstream of the putative redd (Figure 5.1).
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Figure 5.1 Distribution of full sibs (parr). Each damond represents the position of a single parr, dimonds on a single horizontal line represent a full
sib family. Only full sib groups consisting of three or more individuals are shown. Centres of circleeepresent the position of redds from which
eggs were assigned to the corresponding dam andesire. were members of the corresponding full sibrgup. 100 parr are depicted, of a total
of 269.
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Figure 5.2 Distribution of parr sampled that were dfspring of particular female spawners. Each diamod represents the position of a single parr,
diamonds on a single horizontal line represent theffspring of a particular dam. Data are only shownfor female spwaners where six or more
offspring were detected. Centres of circles repreaéthe position of redds from which eggs were assigd to the corresponding dam. 192 parr
are depicted, of a total of 269.
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5.3.4 Discussion

Analysis of allele frequencies from groups of induals is a popular means of
describing population structure of fishes (and otrganisms). However, this presents
a dilemma, as knowledge of population structumeisessary to inform unbiased
sampling, whereas unbiased samples are requiredd@nalysis of population
structure.

Overall, the results show that sampling strategyadiiect the results of population
genetic analyses applied to 1+ parr in Girnock Barthis study. Groups of 50 samples
obtained over 1.47 km lengths of the burn showatissically significant genetic
differentiation, although this was not apparent wheoups of 50 parr were randomly
sampled over 7.47 km. This could be attributecato@ing of family groups, as these
were shown to cluster, in some cases within stestdf the burn one to two km in
length. Evidently, the recommendation by Hanse®T)%or brown trout that sampling
should be conducted in stretches above 100m irtHaaghot appropriate for 1+
Atlantic salmon parr in Girnock Burn. Sampling olerger regions, perhaps above 4-
5km would be more appropriate when sampling a siagk class of juveniles.
However, this may be logistically difficult and exqsive to achieve. In order to avoid
sampling a limited number of families and to obtaibetter representation of the
population as a whole, a more suitable method neayp Isample more than one age
class, as recommended by Mjolneretdal (1999). However, the distribution of
families in Girnock Burn, a relatively small tritauy, may differ to that in main rivers.
Fontaine and Dodson (1999) describe the condifrotsbutaries as high density (of

fish) and low dispersal, in contrast to rivers, evhthey classified as having low density
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and high dispersal. Thus clustering of kin mayauaur to the same extent in large
rivers, or indeed in other tributaries where fagt@ifecting dispersal and or spawning
habits differ.

In this study there were some differences in thteaues of tests for Hardy Weinberg
equilibrium between spatially discrete and randeames (when focussing on
individual loci prior to sequential Bonferroni ceation). However, differences were
relatively small, which suggests that results ofdyaNeinberg equilibrium tests may
not necessarily be a useful predictor of such kiasenpling.

A number of studies have now examined the tembadlility of genetic relationships
among populations of salmonids. Problems may bewetiered when using juvenile
fish for such studies. Comparing families couldliéathe observed degree of temporal
genetic variation being higher than its actual leSecch studies have generally
included samples from only adult fish (Padtnal 2003b; Heatlet al 2002; Tessier
and Bernatchez 1999), or mainly adult fish (Haresesl. 2002; Nielseret al. 1999a).

In some cases where juveniles have been used, cativpdy little information
regarding sampling protocols, such as the agedifigluals or area sampled, has been
given. For example Nielseat al (1999a) described the juveniles sampled from one
river as parr sampled by electrofishing, with ndidation as to the age class(es)
included or the area electrofished. Haneeal (2002) stated the likely age
composition of juveniles, but gave no details & $ive of sampling area. @stergaard
al. (2003) conducted a study of the temporal andapgnetic variation of
populations of brown trout, based on samples congitargely of juvenile fish.

Although the authors stated that these were maimiyposed of two age classes and
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that sampling had been carried out at ‘severaltpdia avoid sampling a few families,
there was no indication of the distance betweerpagpoints. Garangt al (2000)
conducted a study on the temporal and spatial geveatiation of Atlantic salmon, by
sampling 46-50 fry from regions of river greateartt200m. The authors found that the
variation due to temporal instability or ‘randomrgaing error’ (i.e. biased sampling)
was three times greater than the spatial compafesatriation. In the current study
clustering of families had an impact on the alfeégjuencies of samples of 1+ parr
taken from stretches of river c. 1.47 km in lengthjch corresponds to approximately
9700nt (based on a mean width of 6.6m). Had the fry éndtudy by Gararst al
(2000) also been clustered in a similar way, theeoled allele frequencies may have
been biased.

Webbet al (2001) studied the dispersal of 0+ Atlantic sainfrom artificial nests and
found that this was generally downstream and witima km of the initial nest. Parr
aged 1+ in the current study (a year older tharfishiesampled by Webét al. 2001)
were found at greater distances from putative relolaisstill remained clustered. In the
families observed with larger numbers of detectegy@ny and cases where the
position of putative redds had been identifiedreteppeared to be movement both
upstream and downstream. However, it should bedrtbeg not all redds may have
been detected, and thus these observations shettddied with some caution. Besil
al. (1994) observed the dispersal of Atlantic salffrom an artificial nest in the year
following hatching and found that the proportiorfish found upstream of the nest
increased with time. In the current study, paracdiamilies appeared to move from

redds in different directions. This is similar tketfindings of Weblet al (2001), who
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reported that when the eggs from three familiesevptainted out in the same nest, the
pattern of movement downstream differed for eachilia

Thus there is the suggestion that juvenile salmgpedsal is not random, particularly
among younger age classes. It is also likely thdhout due diligence, electrofished
samples are likely to be biased towards these moserous individuals. Therefore
much greater emphasis should be placed on dewasidgmplementing suitably robust
sampling procedures. Further work is warranteddeoto determine the distribution
of juvenile kin in other rivers. In the current dyusampling of only a single age class
was investigated. It may be that sampling singke @gsses is more of a problem at
lower latitudes, where smoltification occurs at évages — one year old smolts are
found in southern Europe (Klemetsetnal 2003). In contrast, at higher latitudes a
greater age range of juveniles will be presenttdube higher age at smolting, for

example, up to eight years in northern Quebec (tsemet al 2003).
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6 Trap leakage and the extent of straying

6.1 Introduction

The reproduction of animals at the same ‘sitehasr tparents is known as
philopatry and is a common feature of salmonidss Elrategy is of evolutionary
significance as it can potentially drive the pracetlocal adaptation, leading to
speciation. Anadromous salmonids are renownechfar ability to home to natal
streams to spawn, following often long and distaigrations to marine feeding
grounds (e.g. Groot and Margolis 1991; Youngsontdag 1996; Thedingat al
2000). However, homing is not perfect and strayiag been recorded, to some
degree, in the vast majority of studies on anadustsalmonids to date (for
example appendix 1 in Hendry and Stearns 20043yfsg (or dispersal) can be
defined as

‘the interpopulation movement between the natad ared the area where

breeding first takes place’(Frasstral 2004),
in contrast to gene flow which may be described as

‘the outcome of successful reproduction after disale (Fraseet al 2004).
These definitions will also be applied in the cuatrstudy i.e. ‘strayers’ may not

necessarily reproduce successfully in the recigepulation.

6.1.1.1 Implications of straying and gene flow

In salmonids high fidelity of homing theoreticalgads to relatively restricted gene
flow between populations, thus allowing potentialfferent adaptive
characteristics to evolve (Taylor 1991; Dittman &uinn 1996; Jonssaat al

2003; McLearet al. 2004). However, it is difficult to prove conclusly that
candidate characteristics are adaptive (Haesah 2002). The degree of gene flow

affects the geographical scale over which locaptateon is likely to occur. High
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rates of gene flow will tend to act against locadizadaptation (Adkison 1995). On a
longer timescale gene flow among populations canegmt them from diverging

into different species. Morjan and Rieseberg (2@&honstrated that even a small
level of gene flow could allow species to evolvecalesive units. The authors
reviewed estimates of gene flow in a wide rangspeicies (including species of
plants, fungi and animals) and found that the lefeJene flow was theoretically
too low to prevent divergence in many species. Hanghe authors concluded that
they might be prevented from diverging by advantagealleles under strong
selection that would spread rapidly throughoutecsss despite low levels of gene
flow.

While homing is a well documented feature of maalyn®nid species, straying has
also played (and continues to play) a pivotal molthe success of this group of
fishes. Straying is an essential attribute forablenization of new habitat. Until
8000-15000 years ago most salmonids were confmadéstricted number of
isolated refugia due to glaciation. The currentrdiation (of naturally established
populations) is therefore a result of straying fribrese glacial refugia (Kinnison
and Hendry 2004). There are records of the vergrniecolonization by coho salmon
Oncorhynchus kisutglof streams in Alaska that developed followingcgda
recession. The most recently colonised river wimased to have formed less than
50 years ag@Milner et al. 2000). Straying has also been witnessed following
human interference. Aylloat al (2006) attributed the presence of brown trowd in
small stream that had been affected by damminsfrégyers from nearby
populations (the original population was lost dgrdam construction as the river
was diverted). Straying may also be important ffier persistence of small

populations. Strayers to small populations ardyike maintain (or at least reduce
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the rate of loss of) genetic diversity and so x&ier ameliorate negative effects of
inbreeding (Consueget al 2005). Primmeet al (2006) found evidence that
suggested populations of Atlantic salmon in tribiesof the Varzuga River in
northwest Russia that were furthest from the riaeuth received fewer strayers,
and so might be more susceptible to the negatieetsfof declines in population
size.

Gene flow also has implications for the managemésalmonids with respect to
their conservation. Conserving a particular popoiaait the expense of others may
result in the loss of gene flow to that (popula}ibring conserved, which may in
turn have negative effects (Hansaral. 2002). In addition, supportive breeding
programs may alter levels of gene flow throughsodminately using sea-returns

as broodstock, thus increasing the reproductiveesscof strayers.

6.1.1.2 ldentification of strayers and the estimation of gffective number of

migrants

Levels of straying may be estimated directly thtopdysical tagging studies or, as
developed more recently, through genetic taggirdidprg. The effectiverate of
straying (or the effective number of migrants) nhayestimated indirectly through

the analysis of allele frequencies.

Tagging studies may focus on the level of strayng particular river or the level
of strayingfromit. Offspring originating in a particular river mde tagged and, in
the first instance, the numbers of tagged and getdish that return to the river
determined, or in the second instance the locatémsturning tagged fish may be

identified (i.e the original river or alternativedations). Conventional tagging
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involves attaching a physical marker to fish (sasltoded wire tags), although
Quinnet al (1987) used the prevalence of parasites to thierate of straying in
populations of sockeye salmod.(nerkg. An additional method is marking
through temperature induced banding on otolithsr{ffseret al 2002).

A relatively recent technique is to explore theelenf straying directly through the
analysis of multilocus genotypes of individualsi&giermine their origin. This
method is akin to physical tagging of individuagcept that the tag is inherent to
the fish’s genetic makeup, so is never lost anesent at all life stages. Hansgn
al. (2001b) reviewed the use of multilocus genotypesssign individuals to the
population of origin. The technique can be appired number of ways. For
example Primmeet al (2000) reported that the origin of a fish (Atliargalmon)
caught in an angling contest was more likely t@liish market than the lake where
the contest was held. Nielsehal (2001) applied assignment tests to determine
whether current Danish populations of Atlantic sainin five rivers were more
likely to be derived from exogenous stocked fismative fish, and found that a
significant number of individuals from two of thegulations were from native
sources. Frasat al (2004) classified individuals in a populationbwbok charr
(Salvelinus fontinals as strayers and non-strayers, also using agrassint
method to determine the population of origin. Agmam commonly applied to such
studies is GENECLASS 2 (Pist al 2004). This has previously been used
numerous times to assign individuals to populatiémsexample in the
diamondback terrapiMalaclemys terrapir{Hauswaldt and Glenn 2005), whitefly
Bemisia tabac{De Barro 2005), a pioneer tree spedesirhea borbonicgLitrico

et al 2005) and the three-spined stickleb&#sterosteus aculeat($ayloret al
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2006). It has also been used to identify first gatien immigrants in the Mallorcan

midwife toadAlytes muletensifraaijeveld-Smiiet al 2005).

Estimating theeffectivenumber of migrants is obviously not possible frphysical
tagging studies, which merely indicate presendégrahan reproductive success of
individuals. Estimating the effective number of naigts, indirectly, through genetic
analysis is based on a theory introduced by Wi(i$y#81). This states that
N.m=0.25(1/kr1)

where

N.m = effective number of migrants per generation

Fst= proportion of total genetic variation that is sad by differences among
populations
However, it is based on a number of assumptiortsatteararely met in the real
world, such as equal numbers of migrants betwebpapulations, subpopulations
of equal size and randomness with respect to diapéor example, that females
are just as likely to disperse as males) (Whitlactl Mccauley 1999). Other similar
measures of differentiation have been developedXample Bt by Slatkin (1995)
for use with microsatellites based on a stepwistation model. These can be used
to derive measures of gene flow, but still relytb@ same island model assumptions
(Whitlock and McCauley 1999). However, as theseimggions are likely to be
violated, Whitlock and McCauley (1999) advised agausing values ofdr(or
other similar measures) to estimate the effectivalmer of migrants. Other
approaches have since been developed that use oraxikelihood methods based
on coalescence theory such as that described hyi Bed Felsenstein (2001).

These allow for asymmetric gene flow and unequbpspulation sizes.
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6.1.1.3 Factors that affect straying rate

Straying in salmonids may be influenced by envirental conditions and there are
a number of theories explaining how selection mfghibur straying or philopatry
(Hendryet al 2004b). Straying rate in salmonids has been faanéry between
populations of the same species (e.g. Unwin and@{1i993) compared to Hard
and Heard (1999) in chinook salmon), over timetli@r same population (Jonssen
al. 2003) and between populations of different spgeibabiting a common
environment (Shapovalov and Taft 1954, cited inMQui993). However, in
general, straying tends to be between local rdtteer distant populations (Hendry
et al 2004b). Factors that may influence straying aagewflow (Unwin and Quinn
1993), size of population (Jonssetnal 2003), and the age (Hard and Heard 1999,
Jonssoret al 2003) and sex of the individual (Hard and He&8€89 Jonssoet al
2003).

Measures of straying from a river can be biaseddniances in sampling intensity
in different rivers. In addition tags may induceanpes in the degree of straying.
Thedingaet al. (2000) found elevated rates of straying in pinknsm that were
coded wire tagged compared to pelvic fin clipped] Blabichtet al. (1998) found
the ability of pink salmon to home could be affelchy the position of coded wire

tags.

6.1.1.4 Gene flow

Gene flow among populations is dependent on theiftie) reproductive success of
strayers. The survival and reproductive succesmpifnative fish in native
populations has received particular attention. Thue to the potential for non-

native fish to interbreed with native stocks assutt of human activity. Such non-
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native fish could be escaped farmed fish or releas@atchery-reared fish for the
purposes of conservation or fishing. Released leayeteared fish may be progeny
of non-native broodstock, or be genetically diskamio native fish as a result of
adaptation to the hatchery environment. Such nénenéish (whether escapees or
purposely released) bear similarities to strayetieé wild although 1) they may be
present in much greater numbers, and 2) they magdsewvell adapted to the
natural environment as a result of domesticatitndi8s on the survival and
reproductive success up to varying life stagesootmative fish and farmed fish in
the wild, compared to those of native fish, haveegally shown a higher survival
of native fish (e.g. Skaakt al 1996 inSalmo truttacomparing non-native hatchery
fish and native fish; McGinnitgt al 2003 inSalmo salaccomparing farmed and
native fish; McGinnityet al. 2004, inSalmo salalcomparing non-native and native
fish) or a higher reproductive success of natisk {Fleminget al 2000, inSalmo
salar for lifetime reproductive success of farmed vsiveafish; McLearet al

2004, inO.mykissup to smolt stage comparing non-native hatchety dénd native
fish). However, differences between hatchery amfzat fish and wild fish are likely
to be greater than those between natural straperfigh in the recipient population.
Thus the interaction of wild strayers with recigi@opulations may therefore be
more subtle, although it has been suggested thgeneral, the level of gene flow
among populations in the wild is lower than theslenf straying (for example

Tallman and Healey 1994; Hendeyal 2004b).
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6.1.2 Trap leakage and straying rate at Girnock Burn

An accurate estimate of straying rédea region (or the degree of homing), based on
tagged returns, requires that all juveniles leavirggtributary or river in question
are tagged. At Girnock Burn a smolt trap based @od trap (Wolf 1951) is
designed to catch all smolts and parr travellingmigiream. All downstream
migrating parr and smolts that are caught haveathgose fin removed and are
microtagged before being placed downstream. Th& meagetained in the returning
adults, thus allowing the identification of anadmm adults that originated above
the traps. Sea returns marked with an adiposdifirape considered philopatric, as
microtags that have been recovered from returnitults have only ever been
traced back to Girnock Burn. Adult returns are rded as clipped (having had the
adipose fin removed) or unclipped. This allows atineate of the degree of homing
to the trap. For example, Youngsenal (1994) investigated the level of homing to
Girnock Burn (more specifically, the level of homito the region above the traps
in Girnock Burn). The authors found that 45% otiras to Girnock Burn (of an age
expected to bear fin clips, between 1988 and 18@0¢ fin clipped. However, they
indicated that the actual level of homing mighteality have been higher, as it was
possible that trap leakage occurred (i.e. juvemiiag have ‘leaked’ over the trap
without being clipped). Although the downstreanptmdesigned to catch all
smolts travelling downstream, the trap may overflowimes of spate and when
grids become clogged with debris, such as fallamds (particularly in autumn). In
these situations water and presumably fish aretaljp@ass over the traps.

In a direct comparison of the reproductive sucoégilopatric and presumably
non-philopatric returns, Taggaet al (2001) found no significant difference in the

reproductive success (up to the egg stage) ofntbaytoups of returns in any of
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three years studied (spawning in 1991, 1992, a8&)1 However it was also
possible in this study that a portion of non-phdtfr returns were actually
philopatric (i.e. due to trap leakage smolts mayehevaded capture and not been
marked).

Between 1990 and 2004 33% of adult returns caughieaGirnock traps were
adipose fin clipped. The proportion of clipped anwh-clipped fish varied greatly

during this period (eg. from 0% clipped returnd. 997 to 64% in 1990, Figure 6.1).

Numbers of clipped and unclipped returns to
Girnock burn from 1990-2004
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Figure 6.1 Number of sea returns to Girnock Burn tkat were clipped and unclipped between
1990 and 2004.

The question then arises as to the origin of theipmed returns. It may be that

unclipped returning adults merely passed over theltstrap (i.e. were due to trap
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leakage), and so were actually philopatric. Altékedy they may have originated
below the traps. Youngson and Hay (1996) deschibedgion towards which adult
returns home as a ‘homing unit’. Since the trapwide an artificial barrier, they
are not likely to coincide with the true boundafyttee homing unit. Thus adults
returning to the traps at Girnock Burn, but whoatahsites were below the traps,
may still be homing to the same ‘unit,” and be d¢desed philopatric. Conversely,
they may originate in other homing units. The arigf unclipped returns is
considered in more detail in this chapter.

This chapter explores the extent of trap leakagkitgrimplications at Girnock
Burn. The following points are addressed:

1. Estimation of the extent of trap leakage. DNA desfiof unclipped
(presumed non-philopatric) adult returns were camgpavith genotypes of
adults that returned to Girnock Burn in previouarngen order to identify
possible philopatric individuals (i.e. fish thatdhevaded adipose fin clipping
on the downstream migration).

2. Re-evaluation of homing rates in light of the imf@tion obtained from
point 1.

3. Identification of adult returns that were likely@daginate in different
populations, through the analysis of multi-locusagpes.

4. Comparison of the reproductive success of philapatrd non-philopatric

adult returns.
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6.2 Methods

6.2.1 Samples employed

In order to identify philopatric individuals andtiesate the extent of trap leakage,

three parent - offspring datasets were used (Talle

Table 6.1 Datasets employed in estimating the exteof trap leakage and identifying
philopatric individuals.

Parents Potential Offspring
Set Age #correct | *loci
Year # Year #  assigned  age for used
to parents assignmerit
1 1991 95 1995 116 2.1 16 9-11
1999 16 2.1 9 9-11
2 1995 116 2000 89 2.20r3.1 37 9-11
2001 41 2.30r 3.2 9 9-11
3 2000 89 2004 117 2.1 23 12

! Number of potential offspring that were positivelyidentified (from scale reading) to be the
correct age for assignment to parents. Clipped andnclipped returns are included.

2 Only adult returns in 1999 aged, from scale readig, as ‘uncertain’ or 2.1 were employed

In order to compare the reproductive success dbpdhiric and non-philopatric
individuals (including results from parentage assignts that identified unclipped

individuals as philopatric), datasets shown in €ahR were used.

16t



Trap leakage and the extent of straying Chapter 6

Table 6.2 Datasets employed in comparing the repragtive success of philopatric and non-
philopatric returns.

Parents Potential Offspring
# loci
Set Year . Age # correct Used
Year # Life stage # assigned age for
sampled ;
to parents assignmenit
RST 1995 116 1997 parr 274 1+ 262 9-11
RS2 2000 36 2004 smolt 407 3 194 12
1999 seareturn 10 2.1 9 9-11
SRSt 1995 116 2000 seareturn 89 22/31 37 9-11
2001 seareturn 41 23/3.2 9 9-11
SRS? 2000 38 2004 seareturn 117 2.1 23 12

! RS- reproductive success

2 Number of potential offspring that were positivelyidentified (from scale reading) to be the
correct age for assignment to parents. Clipped andnclipped returns are included.

%includes only adult returns that were released abe the traps to spawn naturally (excludes
adult returns used in quasi-natural spawning)

% SRS-reproductive success up to sea return stage

6.2.2 Parentage assignment

The assignment of female parents to offspring veasmplished using DAMFIND,
and the assignment of male parents to offspringdayg SIREFIND, employing the
criteria outlined in Chapter 2, section 2.8»th dam only assignments (i.e. where
the sire was assumed to be a mature parr), andanads parental pair

assignments were included in the analyses.

6.2.3 Identification of strayers from population genotypedata

GENECLASS 2 was used to determine ‘migrants’ (tia\gers’) through the
analysis of genotypes. GENECLASS 2 can be emplayédo ways, firstly to
assign individuals to populations, secondly to defiest generation immigrants. It

allows the analyses to be carried out in situatiwhen only a single population is
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available (such as this), and was therefore emglayg@reference to other programs
(i.e. IMMANC and STRUCTURE), which require more thane population
(Maudetet al 2002; Rannala and Mountain 1997). However, GENEES 2
assumes Hardy Weinberg equilibrium. As this assionpvas violated in all years
but 1991, the results may be affected.

The Rannala and Mountain (1997) Bayesian appraaeltimate the likelihood of
individuals being resident in a population or beinfiyst generation migrant was
employed in this study. Cornuet al (1999) and Maudaett al (2002) found this
approach gave more accurate results than otheoaetvailable in GENECLASS
2.

In both instances the Monte-Carlo resampling meghadorward by Paetkaet al
(2004) was used to obtain a threshold value beydridh an individual was
classified as non-resident or a first generatiogranit. This was shown to be
superior to other methods of resampling (with aicedl type | error), and differs in
that it resamples a set of individuals of the sawmaber to that in the actual sample,
and samples gametes rather than alleles (Paetlkadl2004). A type one error rate
of 0.001 was used, and 1000 individuals were reszump

As many adults as possible were used in the armlgsee alleles should be
representative of the population (Primneéal 2000), and with overlapping
generations, this was the most certain way of sepréng the majority of alleles in
the population.

Since 12 loci were used to type returns in 2000128nd 2004, and only nine of
these loci were used to type returns in 1991 al® 1@vo separate groups of

genotypes were analysed. One included adult retnrh891, 1995, 2000, 2001 and
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2004, and used nine loci. The other consisted olt adturns in 2000, 2001 and

2004 and included 12 loci.
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6.3 Results

6.3.1 Extent of trap leakage

Data for an initial estimate of trap leakage amspnted in Table 6.3. Taking set 3
as an example: of 117 progeny screened (Table€e¥gn individuals were
assigned to parents in the 2000 spawning year (tlasse individuals would be
aged 2.1). Of these seven individuals, one waspped. When offspring of female
parents noted as ‘part-spent’ or ‘nearly kelt’ wer@uded, 13 individuals could be

assigned to the 2000 spawning year class, of whiehwere unclipped.

Table 6.3 Estimate of the level of trap leakage. Nbers of returns that could be assigned to
salmon that spawned in Girnock Burn in 1991, 1995rad 2000 and the number of these
that were unclipped- presumed to have leaked ovehe trap.

Set Yearl);(r);rrgum Y;agfggﬁ;lgn # unclipped / # assignéd % unclipped
1 1991 1995 6/13 (6/13) 46 (46)
2 1995 1999,2000,2001 16/48 (18/51) 33 (35)
3 2000 2004 1/7(5/13) 14 (38)
Mean level of 23/68 (29/77) 34 (38)

trap leakage

"Numbers in parentheses include offspring of femalethat were noted as ‘part-spent’ or
‘nearly kelt’ on entry to the traps, otherwise theg offspring are exluded.

In datasets where female parents noted as ‘pant:smpe’nearly kelt’ (in set two
and set three) were identified, higher percentagesclipped individuals were
observed when offspring of these females were detdu Successful spawning
below the trap (as opposed to trap leakage) mayuatdor this. Thus the estimate
of mean trap leakage (of 34%) based on data exguafispring of these female

spawners is likely to be more reliable.
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In an attempt to further purge the data of suchvepas, another estimate of the
extent of trap leakage was made, utilizing infoliorabbtained from the assignment
of eggs to spawners in 1995 (from the study by &&gg al 2001). The location of
redds in which females had spawned had been detedyand the maximum
distance between redds sampled in which the samaléehad spawned was
3.02km. In this more conservative estimate of tesgkage only three groups of
offspring were included, those that originated from

« females that were noted as ‘unspent’ on entry eédrtips

e a parental pair that had previously been identifiethe egg survey, based on
the assumption that few parental pairs spawn fhemint locations. (Four pairs
of a total of 80 identified pairs were found towpan different locations
according to the egg survey conducted by Taggaat. (2001), on eggs
spawned in 1995. The distance between redds washias ¢.105m apart for
each of three pairs of redds, while one was c.72part.)

« females that were found only to spawn more than Bgstream from the traps
(the maximum distance between spawning sites single female in 1995 was
3.02km, according to sampling carried out by Tagghal. 2001).

Using only this subset of results, the extent ap tieakage was estimated as 37%

(11 unclipped progeny / 30 assigned) 46% from the full dataset.

It was plausible that the level of trap leakagéedé#d between years, due to varying
periods of high water flow and varying levels ofmitoring of the trap. In order to
assess whether the level of leakage differed betwears, a more detailed analysis
of ‘set 2’ (see Table 6.3) was made, as this dataskided the highest number of

offspring samples. The age, year of return and gébraving freshwater for these
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fish are shown in Table 6.4. The year in which mfifsg left freshwater was
obtained either from the year in which it was spagv(from the assignment of
parents to anadromous returns aged 2.1) or wanastl based on scale readings
(for example, a return of total age four years inaye spent two or three years in
fresh water, which would have required data obthinem scale readings to
discern). It was not possible to determine pregisdien adult returns would
originally have passed through (or over) the trapsthe downstream migration. It
could either have been in the autumn as parr tirdrspring as smolts. Fish passing
through the traps in autumn as parr one year leagbwater with smolts that pass
through the traps in the following spring. Thus tate of trap leakage estimated for
smolts leaving freshwater in 1998 was related tald@ns that may affect trap
efficiency (such as water flow and the level of marmng of the trap) that occurred

in the autumn of 1997 and the spring of 1998.

Table 6.4 Age of offspring of spawners in 1995 uséd compare the level of trap leakage in
autumn 1997/spring 1998 to that in autumn 1998/spnig 1999.

Year left freshwater

Year returned to Girnock Burn Age
as smolt

1999 2.1
1998 2000 22

2001 2.3

2000 3.1
1999

2001 3.2

! Includes parr passing through the traps in autumn1997 and smolts passing through the traps
in spring 1998

2 Includes parr passing through the traps in autumn1998 and smolts passing through the traps
in spring 1999

Estimates of the extent of trap leakage in thepexods are presented in Table 6.5.

The freshwater age of 13 returns was uncertaisgtinere discounted. Offspring of
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females that were noted as ‘part-spent’ or ‘nekely’ were also discounted (the age

of one of these was also uncertain).

Table 6.5 Estimates of the extent of trap leakag®iff smolts that left freshwater in 1998 and
1999.

Year left freshwater as # unclipped/ # returns

smolt assigned to parents %age of total unclipped
1998 5/7 71
1999 5/29 17

1998 &1999 10/36 28

Y according to time spent in freshwater as indicatethy scale readings

As before, another estimate was calculated basgdarthose offspring that were
thought likely to have originated above the trdpsdpplying the same criteria for
selection of offspring as previously) (Table 643.in Table 6.5, the freshwater age
of 13 returns was uncertain (these were discourted)offspring of females that
were noted as ‘part-spent’ or ‘nearly kelt’ wersaatliiscounted.

Table 6.6 Estimates of the rate of trap leakage fasmolts that left freshwater in 1998 and 1999.
Only offspring that were thought likely to have originated above the traps were

included.
Year left freshwater as # unqlipped/ # returns %age of total unclipped
smolt assigned to parents
1998 2/4 50
1999 3/17 18
1998 & 1999 5/21 24

Yaccording to time spent in freshwater as indicatethy scale readings

The extent of trap leakage was significantly déferbetween years in the initial
estimate (exact test for contingency tables, P%)Ql8ut not significantly different
in the more conservative estimate using only festlat were unlikely to have
spawned below the traps (exact test for contingealohes, P=0.23). Thus further
investigation would be required to determine whethagp leakage varies between

years.
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However, although numbers were low, the estimatb@extent of trap leakage was
higher in 1998 than in 1999, in both estimates. fEsailts suggest that the level of

trap leakage differs between years.

6.3.2 Revised rate of homing

A revised estimate of the degree of homing wasutaied. Previous indications of
the level of homing to Girnock Burn, were obtaifmdclassifying ‘homers’ as
those returns that had been clipped. In this revestimate homers also included
unclipped individuals that had been assigned toipus returns to Girnock Burn
i.e. they were either spawned above the trap aletover it without being
clipped or were offspring of females that had speavbelow the traps prior to
entering the upstream trap. The numbers of indalsithat would ordinarily be
identified as homers (i.e. clipped offspring) weoenpared to numbers of
individuals that could be assigned as being phttopay DNA profiling (Table 6.7,
summarised in Table 6.8). Only returns that weesiidied to be the correct age for

assignment (according to scale reading) were irecud the analysis.
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Table 6.7 Assignment of adult returns to adult spwaers in previous years. Only offspring of a
given age that were suitable for assignment, accard) to scale reading, were included.

Year of return Year of return Age of Result of # offspring # offspring
of parents of offspring offspring' assignment clipped not clipped
Assigned 6 5
1991 1995 21
Not assigned 1 2
Assigned 2 3
1995 1999 21
Not assigned 0 4
Assigned 18 7
1995 2000 3.1lor22 ]
Not assigned 4 8
Assigned 6 2
1995 2001 3.20r23
Not assigned 0 1
Assigned 7 5
2000 2004 21
Not assigned 0 11

'According to scale reading

Table 6.8 Summary of the number of returns that wee clipped and unclipped, and the number
of each that could be assigned to females that rehed to Girnock Burn.

Total # offspring Total # _offspring Totals
clipped unclipped
Total assigned 39 22 61
Total not assigned 5 26 31
Totals 44 48

The level of homing according to clipped and urmdig returns was 48% (44/92),
while the estimate based solely on assignment W& €61/92). This latter
estimate did not include five individuals that wel@ped (and thus presumably
philopatric) but nevertheless were not assigneB profiling. This is most
likely explained by incorrect scale reading. In ptes 3, section 3.3, the error rate
associated with aging adult returns by scale repdizs estimated at 9%, not
significantly different from that identified her€hus accounting for scale reading
error, by excluding eight individuals from the tofiee. ¢.9% of 92) provides an
adjusted level of homing of c.73% (61/84). Thereftite percentage of returns to

the burn that would be considered ‘strays’ was a@xprately 27%, defining
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strayers as returns that were not offspring of femthat had entered the traps. Thus
parentage analysis of sea returns allowed a maadett analysis of the origin of
strayers than was possible solely with clippingad@his has enabled a more
biologically relevant estimate of straying to bé&reated, rather than one based on

an artificial (trap) boundary.

6.3.3 Identification of potential strayers from population genotype data.

Individuals that were likely to have strayed froiffetent ‘populations’ were
identified using assignment methods and resampdiolgniques implemented in
GENECLASS 2. Outputs of these assignment analysegrasented in Table 6.9.
Only individuals identified as strayers with a sgrent probability of a false positive

<0.001 are included.

Table 6.9 ‘Strayers’ identified through assignmenimethods implemented in GENECLASS?2.

Spawning # loci # Ei . . Non-assignment to Girnock
X I irst generation migrants
years included utilized samples stock

Individual P Individuat P

1991

1995 g00-013 P<0.001 g00-013 P=0.001
g00-065 P<0.001 g00-065 P<0.001

2000 9 458

2001 g04-088 P<0.001 g04-088 P<0.001
g04-101 P=0.001 g04-101 P=0.001

2004

2000 g00-013 P<0.001 g00-013 P<0.001
g00-065 P<0.001 g00-065 P<0.001

2001 12 247
g00-070 P<0.001 g00-070 P=0.001

2004

g04-088 P<0.001 g04-088 P=0.001

! Individual identification, g- Girnock, followed by the year of sampling (e.g. 00, in 2000). Final
three digit number is the individual sample number.

No adult returns of 1991, 1995 or 2001 were idedifis potential strayers under

the criteria used. As one dataset was restrictéerms of the number of loci
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examined (to nine rather than twelve loci) anddtieer dataset was restricted in
terms of the year classes examined (it did notughelsamples from 1991 or 1995),
only individuals that were identified (as ‘migrant ‘not self-assigned’) in both
datasets were examined further. These comprised thdividuals: g00-013, g00-
065 and g04-088. These three individuals were alemand were not fin clipped.
According to scale reading they were aged 3.1,8hd,2.1 years, respectively.
Parentage analysis of g00-013 did identify a pcakfgmale parent for this
individual from the 1995 year class. Inspectioth&f composite genotype for g00-
013 revealed scoring for a unique allele at locune® (This allele had not been
found in any other adult return in 1991, 1995, 2GD1 or 2004). The individual
also possessed one rare allele at each of threelott. It is possible that mature
parr harbour alleles that are rare or not presetita adult samples (although
perhaps unlikely). It is also possible that thenidfeed strayer was spawned below
the traps, the sire being an anadromous stray@ilgBiparentage analyses of g00-
065 and g04-088 did not identify possible damsessiHowever, in the case of g00-
065 (presumed age 2.1) this would not necessamlyigle evidence for the fish
being a strayer, since its probable parental spaywear class (1996) was not
screened.

Overall the data suggest that there is not a gnélak of strayers from populations

that differ widely at the loci tested.

6.3.4 Reproductive success of strayers identified by clgpng and parentage
assignment

Sufficient numbers of offspring were identified amgathe datasets to allow a

comparison of the reproductive success betweepeadignd unclipped fish as well
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as between philopatric fish and ‘strayers’ up t@krand parr stage. Results are

depicted in Table 6.10 and Table 6.11.

Table 6.10 Comparison of the reproductive succes$ dipped and unclipped spawners in three
spawning years. Data analysed by exact test for ctimgency tables. (Female spawners
noted as part or fully-spent on entry to traps werenot included)

Year of Sex of Offsorin # offspring assigned to
return of pring # spawners clipped and unclipped
spawner sample
spawners spawners Exact test
Clipped Unclipped Clipped Unclipped P-value

1995 F 1997 parr 22 40 87 177 0.77
1995 M 1997 parr 21 22 84 68 0.49
2000 F 2004 smolts 6 0 35 0 n/a
2000 M 2004 smolts 9 13 8 21 0.38
2001 F 2004 smolts 3 5 6 74 0.03
2001 M 2004 smolts 1 7 0 34 0.19

Table 6.11 Comparison of the reproductive succes$ philopatric and non-philopatric
spawners in three spawning years. Data analysed lexact test for contingency tables.
(Female spawners noted as part or fully-spent on ény to traps were not included)

Year of # offspring assigned to
return  Sex of  Offspring 'spring 9
# spawners philopatric and non-
of spawner  sample - . Exact
philopatric spawners
spawner test
. . Non- . . Non-
Philopatric philopatric Philopatric philopatric P-value
1995 F 1997 parr 22 40 87 177 0.77
1995 M 1997 parr 27 16 99 53 0.86
2000 F 2004 smolts 6 0 35 0 n/a
2000 M 2004 smolts 12 10 10 19 0.17
2001 F 2004 smolts 4 4 47 33 0.72
2001 M 2004 smolts 0 34 0.19

In general there was no significant differencehia telative numbers of offspring
from clipped and unclipped parents. However, thés wot the case for female

spawners in 2001, which was due to the particulaidi output (41 smolts) for a
single (unclipped, multi-sea-winter) female. Howetlee p-value of 0.03 was not

significant following sequential Bonferroni correst for multiple tests. This
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female was identified as philopatric from assigntriests. There was no significant
difference in the relative numbers of offspringnrghilopatric and non-philopatric
spawners. This suggests the reproductive succgdslopatric and non-philopatric
individuals did not differ, at least in the dataseidied.

A measure of the lifetime reproductive succesgaiers would need to take into
account survival at sea. Reproductive success thetetage of adult spawners
returning to Girnock Burn was explored between gpped and clipped spawners
and philopatric and non-philopatric spawners. Taeeptage of sea returns was
determined and the success of clipped / unclippadsers and philopatric/non-
philopatric spawners was compared. The sexes wamaiaed separately.

Data for reproductive success up to adult returclipped vs. unclipped spawners
are given in Table 6.12 and Table 6.13. The redativmbers of offspring from

clipped & unclipped parents returning to the buichrabt differ significantly.

Table 6.12 Comparison of the reproductive successf to adult return stage) of clipped and
unclipped female spawners. Data analysed by exa&st for contingency tables. Female
spawners that were noted as part or fully-spent oentry to the traps were excluded.

Year of Year of # offspring assigned to
return of return of # spawners clipped and unclipped
spawners  offspring spawners Exact test

Clipped Unclipped Clipped Unclipped P-value

1991 1995 12 44 2 11 1.00
1999 2000

1995 2001 22 40 13 35 0.41

2000 2004 6 0 1 0 n/a
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Table 6.13 Comparison of the reproductive successf to adult return stage) of clipped and
unclipped male spawners. Data analysed by exact tdsr contingency tables.

Year of Year of return of #pffsprlng asagned to
return of ; # spawners clipped and unclipped
offspring
spawners spawners Exact test
Clipped Unclipped  Clipped  Unclipped P-value

1991 1995 11 28 6 5 0.15
1995 1999 2000 2001 21 22 18 13 0.48
2000 2004 9 13 1 5 0.37

A similar analysis was undertaken between philapaind non-philopatric
spawners (identified by genotyping/ parentage amsly able 6.14). Unfortunately
this was only possible for male spawners. Only alssubset of spawners in 1995
was of the correct age (2.1) to be assigned taguewspawners (in 1991). Of those
assigned only one was female, and this was clippe2000, all females involved in
natural spawning were clipped. Again there wer@lonaous indications of
differential reproductive success (up to the staigenadromous return) of

philopatric/non-philopatric spawners.

Table 6.14 Comparison of the reproductive successf to adult return stage) of philopatric
and non-philopatric male spawners. Data analysed bgxact test for contingency

tables..
Year of Year of return # of_fsprlng assigned to
return of X # spawners philopatric and non-
of offspring . .
spawners philopatric spawners Exact test
. . Non- . . Non- P-value
Philopatric philopatric Philopatric philopatric
1995 1999 2000 2001 26 17 19 12 1.00
2000 2004 12 10 2 4 0.65

6.3.5 Reproductive success of strayers identified by thenalysis of genotypes

The previous estimates of the reproductive sucokessayers did not make any

distinction between strayers that may have comma fust below the traps and those
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that may have originated in different populatiofise reproductive success of
individuals identified as strayers using GENECLAZ$hrough the analysis of
multilocus genotypes, was therefore assessed.

Of the three individuals that were identified asgmbial strayers by GENECLASS 2
analysis, one was a return in 2004; no offspringevgampled from this year class.
The remaining two returned to Girnock Burn in 2@0@ only one of these was
placed above the traps to spawn naturally. Thisesgfully reproduced and it was

represented in the smolt sample of 2004.
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6.4 Discussion

6.4.1 Extent of trap leakage

Previous studies that have evaluated the efficasynolt traps have involved
capture mark-recapture methods. Cheng and Ga(k@®4) estimated the
efficiency of a rotary screw trap (designed onlgépture a sample of downstream
migrating smolts) and Cunjak and Therrien (1998ested the efficiency of a
counting-fence (designed to trap all downstreanratigg smolts). Cunjak and
Therrien (1998) estimated the trap efficiency tdbaveen 70% and 87% for
smolts and between 65% and 82% for 1+ parr (maxirndhminimum values over
five years, for Atlantic salmon). These values war&ined by capturing a sample
of smolts or parr at the counting fence, markingd egleasing them above the
counting fence, followed by re-capture (of a petagr) at the counting fence.
Individuals not re-caught were assumed to have ¢sgzhthe trap. The values
obtained were higher than those found in this stadyean level of trap efficiency
of 63%) for smolts and parr combined. This was pbi due to the different river
system and trapping facilities involved. A limitati of the capture-mark-recapture
method is that the destination of the marked ungaptfish is unknown- they might
not actually reach the trap. In addition it onlpyides an estimate of the efficiency
of the trap for the duration of the experiment, velaes the method employed in the
current study provides an estimate of efficiencgrahe entire period of use.
Potential limitations of the genetic profiling methused in the current study were
1) the inability to identify reliably offspring thanay have resulted from spawning
below the trap and 2) the number of adult retusrisnited in comparison with the
number of smolts or parr available in a particykear (capture mark-recapture

methods would involve smolts or parr, whereas thAprofiling method relied on
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adult returns). In addition a low degree of err@ayrhave been introduced through
genotyping error or mutation (see Chapter 3). Baldr attention was paid to
females that may have spawned below the trapssfmate of the extent of trap
leakage was made excluding female spawners thabdwma noted as part-spent. A
second estimate was made based on a subset oefamfiiere known spawning
was confined to the upper reaches of the burn evilych should have further
purged the dataset of offspring spawned belowrtjest The values of leakage
obtained were similar, 34% (obtained from data fitbnee spawning years) in the
former case and 37% (obtained from data from spagvim 1995) in the latter.
During the period of study the traps were clearfediebris by staff based
approximately two hours from the traps at GirnoekB The traps are presently
monitored by a person living in closer proximitythe traps and are cleared more
often. However, the downstream trap is not cleéneaughout the night. At
Girnock Burn factors that tend to promote downstreaigration are darkness and
high flow (Youngsoret al 1994). Unfortunately these are also the condstiomder
which the downstream trap is more likely to clopgefefore the estimate of trap
leakage derived in this study may still reflectremt levels of leakage.

The results suggested that the extent of trap tgakaght differ between fish that
left freshwater in 1998 and 1999, although the nemslnvolved were too low to
determine this for the more conservative estimateap leakage (that involved
solely offspring of females that were likely to leaspawned only above the traps).
Possible reasons for such differences include mgrgiegrees of monitoring of the
trap and varying periods of high water flow. Howeube estimate for the rate of
trap leakage for fish that left freshwater in 198 based on fish that spent two

years in freshwater, and that for 1999 was basdasbrihat spent three years in
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freshwater. Although both years may have includehl that passed through (or
over) the traps as parr in the autumn migratioosehthat passed through as smolts
were likely to have differed in size, with 3 yedd smolts being slightly larger on

average (based on data obtained from smolts tissepahrough the traps in 2004,

(Figure 6.2).
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Figure 6.2 Length of 2 and 3 year old smolts thatgssed through the traps in spring 2004.

Smolts passing through the traps in1998 would Heen two years old and
probably slightly smaller on average than thosesipgsthrough as three year old
smolts in 1999. It is possible that the differeitsize of smolts may have affected
trap efficiency. The extent of trap leakage wasargn 1998, when two-year old
(smaller) smolts were sampled. Cheng and Gall2@®4) suggested that larger fish
might have been more manoeuvrable than small fislelustrong water flows and

so were less likely to be caught by a rotary sdraw. It may be that fish ‘prefer’ to
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travel down into the Wolf trap than over it in higlater flow, which could result in
larger fish being more prone to capture. Howevemendata are needed to
determine whether there is a difference in thellet/&rap leakage between years,
what factors influence it and in which direction.

One of the difficulties involved in estimating trigakage was the possibility that
females had spawned prior to entering the trap200% no natural spawning took
place above the traps. All offspring of this yekass that originate above the traps
underwent quasi-natural spawning, and so all ceoasee of known pairings. Thus
offspring of 2005 that return to the burn unclip@ed are assigned to pairings
known not to have been set up in quasi-natural spayymust originate below the
traps. With no natural spawning above the trapsdéetification of unclipped

returns that have leaked over the trap should imerde slightly improved.

6.4.2 Revised rate of homing

The revised rate of homing was ¢.73%, which todé account fish that were
unclipped but could be assigned to females thatr&ached the traps. This clearly
shows that presence of an intact adipose fin imnetiable indicator of straying in
Girnock Burn, since only 48% of returns were cligp€&he high rate of homing
concurs with findings of sub-structuring of popidat of Atlantic salmon (that
have not been subjected to stocking) within riversfor example, Garawtt al.
(2001) and Primmest al. (2006)

A question then arises concerning the origin ofapparent strayers to the region of
the burn above the trap. If the boundary of the ingminit were the tributary, and
the 27% of returns that were strayers originate@dimock Burn below the traps,
they would have been spawned in 900m of tribut@pnsidering the length of the

burn above the traps is 8km this seems unlikelyvéieer, it is dependent on the
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productivity of the habitat within the 900m belometburn, which is difficult to
predict as although there is more spawning sulespat km, due to shading from
trees the growth rate of fry and parr is reducath(McLaren, pers. comm.).
Alternative origins of the strays are the main stdrthe river, other tributaries of
the Dee, or even further afield. In order to estarthe relative contributions from
each of the above, much more extensive samplingyandtic screening of the adult
returns in these regions would be required followg@ssignment tests to identify
origins of putative strayers.

Leider (1989) studied the effect of the eruptioraafolcano (Mount St Helens,
Washington State) on the straying of steelhead.ttbwas found that adult sea
returns originating in tributaries severely affetty the eruption tended to return to
other tributaries upstream, rather than downstredtineir natal river. If the same
behaviour were applicable to Atlantic salmon in Bree, then strays that enter
Girnock Burn because they are prevented from emgeheir natal tributary (as
might occur if water flow is low) may originate dogtream rather than upstream of
Girnock Burn.

Although it was not possible to determine the arigi all unclipped returns,
parentage analysis of sea returns has allowed a datailed examination of their

origin than was possible solely with clipping data.

6.4.3 Identification of strayers through the analysis ofpopulation genotype
data

Three adult returns (in five years of returns) widentified as unlikely to have
originated from the population in Girnock Burn, edon genotype data. All were
unclipped, as expected and were male grilse. Rus\dtudies on straying in

salmonid fishes have found male biased strayingsglnet al. 2003; Hard and
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Heard 1999), although others have found no detkcthtference between the sexes
(Thedingaet al 2000; Hansert al2001b). The influence of sea-age on straying
has also been found to differ among studies, beioge likely for individuals
spending more time at sea (Jonssbal 2003 in Atlantic salmon), or less likely
(Hard and Heard, 1999 in chinook salmon).

A better way of identifying strayers from differgmdpulations would be to sample
other regions from where fish might stray, suclotagr tributaries and rivers. This
is because there is more power in determining giesteration migrants when all
source populations are sampled (Rityal 2004). However, in reality this would be

extremely costly.

6.4.4 Reproductive success of strayers that were ident#d through clipping,
parentage assignment and the analysis of multilocugenotypes

Comparing the reproductive success (up to parsamlt stage) of clipped and
unclipped returns showed there was no signific#fgrénce between the groups.
This is in concordance with the findings of Taggaral (2001). In order to
distinguish between unclipped returns that hadddakver the trap or were spawned
by females prior to entry to the traps, and un@igbpeturns that were not offspring
of returns to the burn (specifically returns to trep), additional comparisons were
carried out. These treated unclipped returns thdtidleen assigned to previous
returns to the trap as ‘homers’ (i.e. philopatridd. significant differences in the
reproductive success between the groups were fédmdever, not all age classes
of unclipped returns were tested for philopatrptigh parentage analysis. For
example unclipped returns in 1995 aged 3.2 woule eeen spawned in 1989, and
would therefore need to be checked against retartiss year before philopatric

state could be determined. Although the compariserg some way towards

18¢



Trap leakage and the extent of straying Chapter 6

accommodating trap leakage and females that retumthe trap but spawned prior
to entry, not all cases were likely to have beemiidied.

Clipped and unclipped returns, philopatric and pbilepatric returns were
successful in producing offspring that returne@@@dromous adults. This suggests
that at least some of the offspring of strayersevastequately adapted to the
environmental conditions to survive and returngaven.

Previous studies have suggested that strayere it tend to have a lower
reproductive success than philopatric individubder{dryet al 2004b; Tallman and
Healey 1994). In the comparisons above the adifisoundary delineated by the
traps was used to distinguish strayers and homatis §ome degree of overlap
introduced by identifying offspring of individuallat may have spawned below the
traps prior to entry). In order to examine the oeluctive success of strayers that
were more likely to be from further afield, andrifere biologically defined
strayers, individuals were identified that were liatly to have originated in the
population in Girnock Burn (through the analysiswiltiocus genotypes). Few
strayers were identified in this manner, but orivildual that was identified
reproduced by natural spawning and its offsprimyigad (at least) to the smolt
stage. This indicates that gene flow to the stadgkirnock Burn has occurred. This
supposed gene flow may be important in maintaigigetic diversity in the
Girnock Burn stock, though it could be argued tallsadvantageous in possibly
disrupting adaptive allele complexes. The impadependent on the adaptive
similarities of the strayer to those in Girnock Buthe selection pressures
experienced, and on the effective population sizeerecipient population. In a

smaller population straying may be more importarrhaintaining genetic diversity.
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6.4.5 Implications for conservation

At Girnock Burn an important aspect of the curmmainagement of the stock is
quasi-natural spawning. To date anadromous rethame been chosen for
broodstock irrespective of their straying statugped or unclipped, genetically
similar or dissimilar to the remaining stock. Tiusuld eliminate pre-zygotic
mechanisms that might prevent strayers from repiogu In addition the
representation of returns used in quasi-natural/spey was found to be higher than
that in natural spawning (for example, 100% of feErsgawners employed in quasi-
natural spawning in 2000 were represented in dfigpmhile only 71 % of female
spawners that underwent natural spawning in 199% vepresented in offspring
(Chapter 4). Thus it is possible that the reprodactuccess of strayers may be
changed through quasi-natural spawning, althoughnot known whether this
would have any impact on the long-term survivalhef stock. The effect of quasi-
natural spawning will be difficult to examine duethe lack of knowledge on the
origin of the anadromous adults that return tolhen and on the level of gene flow
that occurs under natural circumstances. Howevegryalow number of returns
were identified (through the analysis of populatimotype data) as being unlikely
to have originated from the Girnock Burn, and ohthese reproduced naturally.
Thus it is possible that quasi-natural spawning mot have a large impact on the
reproductive success of ‘strayers’.

Consuegrat al (2005) and Fraset al (2004) investigated the direction and
magnitude of gene flow among populations of brde#rc Salvelinus fontinalis

and Atlantic salmon, respectively. Both studiesaveced complex systems, with
asymmetric gene flow. In a wider context, theselisi bring to attention the

interactions of fish stocks within a watershed. &m@ample if a management scheme
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were to increase the output of a particular popardadr part of a population (albeit
using native broodstock) would this tend to incestiee number of strayers to other
populations? Would this result in the disruptioradfptive allele complexes in the
recipient populations? Answering these questiors vegyond the scope of this
study. However, an initial examination of the extehhoming (accounting for trap

leakage) and possible genetic input of strayerspea®rmed.
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7 Mature parr; their reproductive success and potental impact on adaptation.

7.1 Introduction

7.1.1 Mature male parr

Alternative reproductive tactics (ARTS) in fish @@mmon and include variation in
mate choice and parental care (Avagal 2002). One such ART is ‘cuckoldry’ (also
described as parasitism or sneaking), wherebyisations by secondary males are
attempted by darting from hidden positions neawitinin the nest. In this way
fertilisations may be ‘stolen’ from ‘fighter’ or durgeois’ males that fight for access to
females or defend a territory. In the Europeareblittgy (Rhodeus sericeisnales

exhibit these two ARTS, either defending a teryitdhe ‘bourgeois’ male, or sneaking
fertilisations. However, they are neither genelycabr morphologically different

(Smith and Reichard 2005) and territorial males alap sneak fertilisations (Reichard
et al 2004). In other species of fish the distinctismmore clear; in the ocellated wrasse
(Symphodus ocellatyand the bluegill sunfish.épomis macrochiryghe sneaking
tactic is also exhibited, but performed by males t#re smaller than the bourgeois
males (Aviseet al. 2002; Neff 2004).

In Atlantic salmon the ‘sneaking’ tactic is alsaated by males that are considerably
smaller than bourgeois males; these are ofterthlessa hundredth of the weight
(Fleming 1996) and take the form of mature male.prese are also known as
precocious parr. In sockeye and coho salmon sneaksw occur, although they are
termed ‘jacks’ (Fleming and Reynolds 2004).

Thus in Atlantic salmon, mature parr have the pidéto fertilise eggs, without having

undergone smoltification or experiencing the magngironment. The proportion of
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Atlantic salmon parr that mature sexually has deend to vary with latitude. Valiente
et al (2005) reported that the proportion of mature gacreased with increasing
latitude, in populations on both the east and we#te Atlantic, over the entire
(natural) range. A likely reason for the highergmdion of parr maturing in southern
populations is the higher temperature, resulting imgher growth opportunity
(Martinezet al 2000; Garcia-Vazquet al 2001). The impact of mature parr may be
of particular importance in the future in relatimnpredicted climate change. Increases
in freshwater temperature have been predicted sithesUnited States (Mohsesgtial
1999). In the UK the annual average temperaturdban predicted to increase by 2-
3.5°C by 2080 (Hulmet al 2002), and there is generally a close relatignbbiween
air and surface water temperature (Moetllal 2005). In Girnock Burn a rise in
maximum temperature during spring and winter ofrapipnately 2°C was seen
between 1968 and 1997 (Langatral 2001). Considering the observed relationship
between latitude and the proportion of parr thatumeg it can be tentatively predicted
that the proportion of parr maturing sexually mgg ras the temperature and, with it,
growth opportunity increase. Knowledge of the intpadf mature parr on populations
is therefore required in order to predict somehefppossible impacts of climate change
on wild Atlantic salmon populations.

Much interest has been focussed on the factorsngpulividual male parr to mature
prematurely in freshwater. A number of studies hestablished a link between the
physiology of parr and those that go on to matsrpaar; early maturity has been

associated with (increased) mesenteric fat levRdsveet al 1991), growth rate
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(Berglund 1992) and size (Dalley al 1983; Prévostt al 1992; Aubin-Horth and
Dodson 2004).

Development of sexual maturity as parr can be thbafjas a tactic adopted as a result
of a conditional strategy, whereby above a cettai@shold individual parr will mature
in freshwater (Gross and Repka 1998; Aubin-Horith Rndson 2004). Findings of
Aubin-Horth and Dodson (2004) and Baetal (2004) suggest that the threshold
varies even between sites within the same rivedesysand Baunet al (2005)

proposed that the threshold may be modified byetheronment.

7.1.2 Spawning success of mature parr

By comparison with the level of attention awardedhe factors influencing parr
maturity, fewer studies have investigated the ctille reproductive success of mature
parr in the wild. Difficulties are encountered tndying spawning success through
observation, particularly in the wild. However, tthevelopment of molecular markers
has, comparatively recently, enabled the quantitoaof spawning success to be
attempted. Early allozyme work by Hutchings and ky@ 988) revealed that mature
parr were capable of fertilising eggs, albeit ireatificial setting (tanks). Later work by
Jordan and Youngson (1992), also with allozymeswsid that mature parr contributed
to spawning under more natural conditions, althairghprecise contribution was not
guantified due to the low polymorphism of the manksed.

Factors that may affect the proportion of eggsligetd by mature parr include
availability of mature parr, sperm competition, B@exmate choice, heterogeneity of
substrate and the sex ratio of anadromous spawheosiaz (1995) found that in an

artificial setting containing one anadromous femafee anadromous male and between
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one and 12 mature parr, the proportion of eggsl diyemature parr was lower in the
second nest built. This was thought to be due tberhaustion of the mature parr, and
it was suggested that this may not relate to thuatson in the wild, where there is
likely to be an over supply of mature parr. Howewerthe proportion of parr that
mature in populations varies greatly, perhaps thegesituations where few males
mature as parr and thus the total proportion okebgy fertilise may be limited by milt
exhaustion.

Gageet al. (1995) conducted an investigation, which suggeitatithe properties of
sperm produced by mature parr might influencelfeation success. After comparing
various characteristics of sperm from male matare @nd anadromous males, the
authors reported that the mature male parr spenmma mere motile and lived longer
than sperm from anadromous males, which could fimeréde advantageous in gaining
fertilisations.

Another factor that may influence the reproducsuecess of mature parr is female
mate choice. Female mate choice is exhibited iResge salmor@ncorhynchus nerka
(Burgner 1991) and at spawning time female cohmsal(Oncorhynchus kisut¢h
show aggression towards males other than the domnmale (Sandercock 1991).
Maekawaet al (1993) reported that anadromous female Dolly ¥ar@alvelinus
malmg showed aggression towards sneaker (stream-résidaies but never towards
anadromous males. They also found that attempts $toeam-resident males to
fertilise eggs tended to result in a decreaseemtimber of times that the female
released eggs. One reason for such behaviour imigylet been the consumption of eggs

by stream-resident males, which had been obsenvidgticlosely related Miyabe charr
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(Salvelinus malmaniyabbe). However, this had not been observed in the @djoul of
Dolly Varden under study, leading the authors fagpsise that this was not a factor.
Maekawaet al (1993) suggested that females might exhibit saettaviour in order to
promote anadromy and fitness in offspring, althotigé would be dependent on
anadromy and fitness being heritable characteratlémtic salmon Thomaz (1995)
reported that anadromous females were aggressiagde mature male parr and it was
previously thought that females would not spawthaapresence of mature parr without
an attending anadromous male (CasweHll 1984), although this has since been
observed (e.g. Jones and Hutchings 2001). It mdkdighe degree of aggression
directed towards mature parr by females affects todlective reproductive success.
Jones and Hutchings (2001) postulated that witloeerheterogeneous substrate mature
parr would be more likely to be able to sneak lisdiions un-noticed. Thus mature parr
may be more successful in obtaining fertilisationsome natural situations rather than
artificial environments with less debris within whito hide.

Jones and Hutchings (2001) found that the colleatdproductive success of mature
parr decreased with increasing competition frondamaous males. In a comparison of
different studies described in the literature (8able 7.1) this relationship was not
apparent. However, many different factors couldnfleencing the collective success

of mature parr so the studies are unlikely to lbeatlly comparable. Nevertheless, Table
7.1 illustrates the paucity of information avaikoin the proportion of offspring sired
by mature parr in a natural setting, the low numslzérstudies that examined large
numbers of anadromous spawners and the narrow cdriige degree of competition

from anadromous males that has been observed.

194



Mature pairr; their reproductive success and potental impact on adaptation  Chapter 7

Table 7.1 Comparison of studies on Atlantic salmoepawning that have determined the proportion
of offspring sired by mature parr.

% potential %
Type of # # anadromous # mature of_fspring
setting anadromou anadromous spawners parr sired by Source
females males that were mature
male parr
A 1 0 0 5 100 Jones and Hutchings 2001
A 2 1 33 10-23 52.5 Jones and Hutchings 2001
A 2 1 33 7 75.8 Jones and Hutchings 2001
N 66 43 39 ? 50 %) Taggart, pers. comm.
N 6 4 40 ? ~11 Jordan and Youngson 1992
N 55 39 41 ? 51 %) Taggart, pers. comm.
A 1 1 50 5 4.7 Jones and Hutchings 2001
A 1 1 50 1 ~5 Hutchings and Myers 1988
A 1 1 50 20 ~20 Hutchings and Myers 1988
A 4 4 50 20 23 Jones and Hutchings 2002
A 1 1 50 1 25 Moranet al 1996
A 1 1 50 10 25.9 Jones and Hutchings 2001
A 1 1 50 2 26 Thomazet al 1997
A 1 1 50 20 29.9 Jones and Hutchings 2001
A 4 4 50 20 37.1 Jones and Hutchings 2002
A 1 1 50 12 39 Moranet al 1996
A 1 1 50 12 40 Thomazet al 1997
A 1 1 50 10 55 Jones and Hutchings 2001
A 1 1 50 6 89 Moranet al 1996
N 34 38 53 ? 52 2] Taggart, pers. comm
N 6 7 54 ~100 65.1 Martinezet al 2000

L A- artificial, N- natural setting

2updated from Taggart et al. 2001

Jones and Hutchings (2001) concluded that a grealiecctive reproductive success of
mature parr was associated with lower competitomfanadromous males. However,

this was based on an experimental study investigatnly three levels of competition,
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involving; i) one female, one anadromous male atm Z0 mature parr, ii) two
females, one anadromous male and 7 to 23 maturgiipasne female, no anadromous
male and five mature parr. Without the inclusiotadaom this third situation
(involving no anadromous male) the relationship waissignificant. The study was
also conducted under artificial conditions. Thatiehship was not tested, and

therefore may not hold, under more complex natitations.

7.1.3 Genetic diversity and mature parr

Given the potential success of mature parr inligrig eggs, considerable attention has
been directed towards their influence on effecpigpulation size. L’Abée-Lund (1989)
gave an estimate of the effective population sfzz gmall population of Atlantic
salmon in Norway, excluding and including maturer powever, these estimates
were rather crude as they were based solely onuhmbers of anadromous males,
anadromous females and mature male parr in theray3the authors were able to
count the fish in the system as it had been treatddrotenone, in order to kill the
salmon and eliminat&yrodactylus salarisThe estimates of the effective population
size took into account unequal sex ratio and opertey generations, but neither
variance in reproductive success nor fluctuationsapulation size were considered.
They concluded that mature p#neoreticallyincreased the effective population size
above the recommended minimum of 50 in the poprainder study. Moran and
Garcia-Vazquez (1998) found multiple paternity gfie from a single female. Eggs
were sampled from a redd (constructed under natoraditions) and parentage was
inferred using single-locus minisatellite markenserpretation of the egg genotypes

showed they all could have originated from a sirigieale, and a minimum of six
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males. They suggested this multiple paternity ctwgléh mechanism for increasing the
effective population size and thus maintaining gergiversity, particularly in small
populations. However, the authors were not abtietermine the identity of males
(whether anadromous males or mature parr). Mom®tigh analyses of the impact of
mature parr on the effective population size haaentreported by Martine al
(2000), Garcia-Vazque=t al (2001), Jones and Hutchings (2001) and Jones and
Hutchings (2002), again using genetic analysesci@&dfazquezt al (2001)
demonstrated in a semi-artificial setting (a 650mgl section of a stream containing
mature male parr into which seven anadromous nagldsix anadromous females
were released) that mature parr contributed to spegrand related this to the survival
of small populations in southern Europe. They estid the sex ratio and proportion of
between cohort pairings in Atlantic salmon fronmefrivers in southern Europe under
two scenarios, i) 0% of embryos sired by matureenpalrr ii) 60% of embryos
fertilised by mature parr. In the populations unsteidy the sex ratios of anadromous
fish were heavily biased towards females, thusitature parr input resulted in an
evening of the sex ratio. A lower rate of betweehart pairing was also predicted,
which the authors suggested would result in a dserén inbreeding. The authors
concluded that as a result of these mechanismgffibetive population size would be
increased. Jones and Hutchings (2001) quantifieeétfect of mature parr input on
effective population size by identifying individualature parr and accounting for
variance in reproductive success. This was conduntan artificial setting, which
therefore enabled samples to be obtained from #tena parr involved, and

subsequent identification of parentage using matadbte markers. They concluded
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that the increase in effective population size wumature parr would be most
pronounced when numbers of anadromous males wadbnause they found an
increased proportion of eggs fertilised by matuae gvhen the intensity of competition
from anadromous males was reduced.

Valienteet al (2005) found no relationship between conservadtatus and genetic
diversity. Conservation status was based on thebeuwf adult individuals, including
for example a category for stable populations aradteer for declining populations.
Valienteet al (2005) thought the relationship might be attrdalito mature parr
maintaining genetic diversity in populations withoav conservation status. Consuegra
et al (2005) also found genetic diversity to be higiman expected in small
populations, but attributed this to gene flow (dw@nadromous adults rather than
mature parr).

The effective population size is concerned withrtite of loss of genetic diversity due
to stochastic forcegather than systematic forces such as seledfi@ang 2005). The
impact of mature parr on effective population $ias already been examined, as
described above. However, the environment expegby mature male parr and
anadromous males differs and mature parr are alseptoduce without having
experienced the marine environment. To my knowlgtigesffect of reproductively
successful mature parr on the propagation of allefeler selection has not been

investigated.

7.1.4 Consequences of the mature parr ART for adaptatiorio the environment

Under certain circumstances it may be that repringlg successful mature parr

propagate alleles that confer adaptation to thehfsater environment, but which are

198



Mature pairr; their reproductive success and potental impact on adaptation  Chapter 7

not favourable for anadromy. This hypothesis isedasn the ability of mature parr to
reproduce without having experienced the marinérenment, smoltification, or the

return migration. The life stages involved are degad in Figure 7.1.

Wanable proportions of

eggs fertilized by mature

patr and anadromous

geg& males g

o o Approx 100%
1 e - females remain
Males may mature as parr i jmmature as parr

‘ freshwater

'8 seg&? Mo eggs fertilized

chlt, icggs

Smolt, migrate, successfully Smolt, migrate, succ essfully

retumn to freshwater and return to freshwater and spawn
spawn

Figure 7.1 Life history of Atlantic salmon illustrating the two main ARTs of males. Dark arrows
show where alleles conferring adaptation to the frghwater environment may be
propagated. Not all stages will be present in allgpulations.

There is more likely to be a difference in adaptato the conditions encountered by
mature parr and anadromous males if the seleatiensity is strong and differs
between the environments encountered, if the @iffetactics have a heritable
component and mature parr do not later migratedocasd return as anadromous males.

Female spawning may act to prevent the propagafiatieles conferring an advantage
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in freshwater, as in the vast majority of populasidhey undergo migration to sea prior
to spawning; females very rarely mature as parne(es2005). However, if selection
intensity is high then females carrying alleles t@nfer a disadvantage for anadromy
may have a higher mortality. Alternatively, alleleay be propagated mainly in the
male lineage if they are located near to the ségrdening region, or may only be
expressed in males.

One of the factors making differential adaptatioorenlikely is heritability of parr
maturity. A heritable component to parr maturityAitlantic salmon was found by
Thorpeet al (1983), Gjerde (1984) and Dustenal (2005). Thorpet al (1983)
described how the incidence of male parr maturig wignificantly higher among
offspring of mature parr aged 1+, than among oiifgpof anadromous males aged a
total of two or three years. Gjerde (1984) consedsix artificial crosses between fish
of different ages, including females aged 4 or &gyeanadromous males aged 4 or 5
years and 1 year old mature male parr. Ten mafesgarticular age) and 10 females
(of a particular age) were used in each cross. Antoe resultant offspring mature
male parr only developed in the progeny of croisaswere initially constructed with
mature male parr. Dustat al (2005) found that male offspring of mature pad h
higher rates of maturity as parr than male offgpohanadromous males. In this study
the anadromous males were MSW fish, although firecise age was not given.
Gjerde (1984¥tated that the heritability of parr maturity haat heen estimated, and to
the writer’'s knowledge this is still the case. Eagfrowth of offspring of mature parr
(compared to offspring of anadromous males) wasdaarior to exogenous feeding by

Garantet al (2002). Thus, it is plausible that there may lgeaetic distinction
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between mature parr and anadromous males, alloseilegtion for different
characteristics.

Another factor that makes differential adaptaticorenlikely is strong selection
pressures that differ between anadromous and fegsimresident fish. Anadromous
fish are subject to factors that cause mortalitghenmigration to and from the sea, and
during the period in the marine environment, tockhmature parr are not subjected.
Stresses encountered include osmoregulation dthengransition between fresh and
saltwater (and back to freshwater), energy experelassociated with migration
(throughout the journey, but perhaps particulanytlte upstream migration when no
feeding occurs and delays may transpire due ta@mwiental conditions) and
predation (specifically for anadromous fish as theyy encounter more predators and
be less able to avoid them) (Henatyal 2004a). In addition, a different array of
pathogens will be encountered in the marine enviiemt. Mature parr resident in
freshwater are free from these additional streasdgherefore might be less
constrained in evolving adaptations specific tofteehwater environment. Indeed,
differences have been reported between sympatpialgtions of nonanadromous and
anadromous fish of the same species, which weedylik be adaptations to the
different life histories (anadromy and nonanadranfgr example, Birét al. (1991)
reared progeny of sympatric anadromous and nonramenlis Atlantic salmon in a
common environment. They found differences in patens associated with parr-smolt
transformation, including; seasonal levels of beiliyering, gill Na-K* ATPase

activity and size and number of gill chloride cellese differences were suggested to

have a genetic basis as the fish were reared@amanon environment and would be
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consistent with the nonanadromous fish being irptieeess of dispensing ‘with
smolting changes associated with a switch to hypoosgularity mechanisms’. Wood
and Foote (1996) found morphological and developaietifferences between two
sympatric populations of sockeye saln@ncorhynchus nerkabne nonanadromous
and the other anadromous. The authors found difte®in gill raker number (a
heritable character) and growth rate when rearelémucontrolled conditions.

A specific factor that may cause mortality, andéfigre be a selection pressure, in
anadromous Atlantic salmon is high river tempetur the return migration. High
temperatures and low flow have been identified poalem in Devon for Atlantic
salmon entering estuaries, associated with delayé&ailed entry (Solomon and
Sambrook 2004). In the Aberdeenshire Dee, SmithHawlkins (1995, cited in
Solomon and Sambrook 2004), found that migratitigiea might be subject to a
difference in temperature of up to 10°C over a fegtres (due to stratification of saline
and fresh water of different temperatures). In tldisea surface temperature in spring
has been linked to survival and growth rate of Atitasalmon post-smolts, both in
Europe and North America (Friedlaetial 2000, 2003, 2005) although the
relationship is complex and not necessarily dirAobther factor that may affect
mortality is growth rate. Handelard al (2003) found that fish that had been selected
for a higher growth rate were less able to tolesatevater.

When considering what role mature parr might pirathe adaptive response of the
population, it is genetically determined traits endelection that are important. Unwin
et al (2003) found family- specific survival rates aasof chinook salmon, suggesting

a ‘considerable genetic influence over survival'.
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7.1.5 Issues investigated

The content of this chapter is partly concernedh witploring the role of sexually
mature parr in the adaptive response of populatiotise environment. Much attention
has been directed towards the influence of mataregn effective population size (and
this aspect was covered in Chapter 4). Howevehedavriter’s knowledge the way in
which mature male parr may affect (specificallyg firopagation of alleles that are
under selection has not been considered. Matureapaable to reproduce after only
experiencing freshwater conditions, which may leathe propagation of alleles that
confer adaptation to freshwater conditions butnemtessarily conditions experienced
by anadromous fish.

An additional aspect of male parr maturity investegl was the relationship between
the sex ratio of anadromous spawners and the toeeproductive success of mature
parr. Although there have been a large numberudfiess on the proportion of parr that
mature as parr (e.g. Bawnhal. 2004; Valienteet al 2005), fewer have investigated the
proportion of eggs sired by mature male parr, paldrly in the wild. From a semi-
natural setting Jones and Hutchings (2001) conditidat a greater collective
reproductive success of mature parr was associtedower competition from
anadromous males. One aim of the research descénlibid chapter was to provide an
insight into the way in which the sex ratio of armdous spawners may affect the

collective reproductive success of mature parhéwild.

7.1.6 Mature parr at Girnock Burn

Girnock Burn was the study site for all the isseeamined. The proportion of male

parr that mature in freshwater (as parr) in GirnBakn has not been quantified.
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However mature male parr are present in large ntsribghe system. They have been
recorded after being trapped (in the downstreap) ttaring the autumn. Buck and
Youngson (1982) suggest their emigration at thietcould be a means of maximising
the chances of encountering anadromous femalesp&uamg data collected over an
eleven year period, the authors found that the alat@hich mature male parr were first
found in the trap (in autumn) was significantly redated with (and generally
succeeded) the first date that anadromous femades placed above the traps. In
addition, in 1978 no anadromous fish were placexvabhe traps and in this year
substantially more mature parr were trapped irdthenstream trap than previously.
Buck and Youngson (1982) suggest that in ‘normedirg the presence of anadromous
returns acts to prevent emigration of mature fmut that the presence of adult females
may also result in an increase in general actigiying rise to the observed correlation
between the onset of mature parr emigration astddate of female entry to the burn.
Male parr may initially mature in freshwater aged An added complexity is that
males that do mature in freshwater may go on tdtsama return to the burn as
anadromous males. This has been deduced from augyed returns (lain Mclaren,
personal communication). However, the prevalendaisfhas not been quantified.
Previous studies found the proportion of eggs presuto be fertilised by mature parr
to be between 50 and 52% (based on data in Taggalrt2001), and 10.8% (95% ClI
5.2-22.5%) (Jordan and Youngson 1992). The latdkrevmay not have been a true
representation of the situation throughout the sronly a small section of the burn
was studied (80mX6m); a total of six female and famadromous males were released

into this section (and prevented from moving u@strer downstream), while parr
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were able move into and out of the study area erdtdwnstream side (but not the
upstream side). In addition, the estimate was reatipe as only a single diallelic
allozyme marker was used. This allowed positivaiifieation of progeny that were
sired by mature parr in some cases (dependingeogehotype), but sire type could not
be distinguished in others and so was estimategbbas the frequency of one of the

alleles in mature male parr sampled from the stiidy

7.1.7 Objectives

Four main questions were investigated. Althougds very difficult to identify selection
signals, particularly in a complex natural envir@ant relevant data were available
from the present study and therefore exploredisalies were investigated by studying

the stock of Atlantic salmon in Girnock Burn, aglmed below:

1. Does the sex ratio of anadromous adults influeheeollective reproductive
success of mature parr?

With larger numbers of anadromous males (comparéaet number of anadromous

females) the collective reproductive success ofinegbarr may be lowered due to

fewer sneaking opportunities brought about by hidgneels of aggression from

anadromous males.

This issue was approached by comparing the reptivdusuiccess of mature parr in

years with different sex ratios of anadromous adibth new and existing data were

employed. Data were already available on the sx ehanadromous returns and

subsequent reproductive success of mature panataral spawning that occurred in

1991, 1992 and 1995. In addition new data wereinddzon the reproductive success
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of mature parr for natural spawning that occurredd00 and 2001. In these five
spawning years the sex ratio of potential anadranspawners (male:female) ranged

from 0.65-2.75.

2. Do mature parr propagate alleles that are advaotege the freshwater
environment? Specifically, is the survival of offisig of mature parr greater than
the survival of offspring of anadromous maileshe freshwater environmen®

Mature parr are able to complete their life cyadehe freshwater environment leading

to the possibility that they propagate alleles #Hratadvantageous in the freshwater

environment. Anadromous males must survive bothnmaand freshwater
environments, in addition to upstream and downsirgagrations. Thus anadromous
males may tend to propagate alleles that do ndecsnch an advantage in the
freshwater environment as those propagated by matur.

The survival of offspring of the two sire typesfiashwater was compared by sampling

cohorts at two stages in freshwater. Paternity dedisrmined (mature parr or

anadromous male) and the proportion sired by matanein the two stages (of each

cohort) compared.

3. Do mature parr propagate alleles that are disadganus in the marine
environment? Specificallyn the marine environment is the survival of offspring
of mature parr lower than the survival of offsprimiganadromous males?

Mature parr are able to reproduce without expemnthe marine environment, or

downstream and upstream migrations. This may rel#esselection pressure on
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certain alleles and lead to the propagation ofesléhat do not confer as great a level of
adaptation to the marine environment as those geipd by anadromous males.

An initial investigation into the survival of offapg of the two types of sire in the
marine environment was made by comparing the ptmpoof smolts to the proportion

of adult sea returns that were sired by mature parr

4. Over the lifespan of anadromous fish, is thereangence for differential
mortality of mature parr offspring vs. anadromoasr pffspring?

A preliminary exploration into the overall surviv@ anadromous return stage) of

mature parr offspring and anadromous male offspiag made. The proportion of

eggs sired by mature parr was compared to the gropef anadromous returns sired

by mature parr.
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7.2 Methods

7.2.1 Sampling

Details of the samples utilised are provided inl&ah2, including the year of

sampling, number and life stage sampled, and tieel@amined.

Table 7.2 Details of samples studied.

Year of sampling # samples # loci examined Lifgsta Loci examinet
1991 95 9-11 Adult return Set |
1995 116 9-11 Adult return Set |
1999 10 12 Adult return Set Il
2000 89 12 Adult return Set Il
2001 41 12 Adult return Set I
2004 117 12 Adult return Set I
1997 274 9-11 Parr Set I
2004 407 12 Smolts Set

! see Material and Methods (Chapter 2) for details
2 Set | = 2210 1605 2201 410 One9 407 202 171 1924 @08)

Set Il = 2210 1605 2201 410 One9 407 202 171 197 408 401

Adults were sampled after being caught in the epstrtrap. Parr were sampled from
the length of Girnock Burn in September 1997 bytetdishing, as detailed in Chapter
2. Smolts were sampled between February and Ma¥ 20the downstream trap,
which is designed to trap all fish moving downsine tissue sample was taken from
one in every five smolts caught. Tissue samplegftnaction of DNA consisted of
adipose fin clips (parr and smolts) and a punc$liver of tissue removed from the
adipose fin of anadromous returns. Details of DMN&aetion, genotyping and
parentage analysis, in addition to a diagram faistg the relationship between

samples are provided in Chapter 2. However, a susnofahe parentage analyses
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performed is given in Table 7.3, which shows fietsf putative parents and

offspring.

Table 7.3 Study samples relating parent and offspnig relationships.

Putative Parents Putative Progeny
Year sampled Life Stage # sampled Year sampled  Stdige # sampled

1991 Adult return 95 1995 Adult return 116

1995 Adult return 116 1997 parr 274
1999 Adult return 10

1995 Adult return 116 2000 Adult return 89
2001 Adult return 41

2000 Adult return 89 2004 Adult return 117

2000 Adult return 89

2001 Adult return 41 2004 smolt 407

Data were also included that were already availabla a previous study by Taggat

al. (2001). Samples that were involved are outlimedable 7.4

Table 7.4 Samples included from a previous study.dails of DNA extraction and genotyping were

described in Taggartet al. (2001).

Year of sampling # samples # minisatellite locirakeed Life stage
1991 94 7 Adult return
1992 72 7 Adult return
1995 109 10 Adult return
1991 574 7 Eggs
1992 469 7 Eggs
1995 1075 10 Eggs

! humber of adult returns placed above trap, as oppsed to the number initially caught in the

upstream trap
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7.2.2 Spawning success of mature parr; effects of diffemg sex ratios of
anadromous returns

The first aim was to investigate the possibilityadfnk between the sex ratio of
anadromous adults and the collective reproducticeess of mature parr. It was
hypothesized that with fewer anadromous males cosdp@ the number of
anadromous females, the higher the collective trprtive success of mature parr may
be (assuming similar numbers of mature male pagach year).

The sex ratio of potential anadromous spawnerse(fieahale) ranged from 0.65 to 2.75
in the years under study (Table 7.5). Natural spagvthat took place in 1991, 1992,

1995, 2000 and 2001 was examined.

Table 7.5 Datasets used to investigate spawning saes of mature parr under differing sex ratios of
anadromous spwaners.

. # #
Year of spawning (m:IZ)'(f(;?r?e?le)l anadromous anadromous Offspring sampled (#)
' males females
1991 0.71 39 55 Eggs (574)
1992 1.12 38 34 Eggs (469)
1995 0.65 43 66 Eggs (1075)
2000 2.75 22
Smolt (407§
2001 0.89 8

! # potential anadromous male spawners: # potenti@nadromous female spawners

2 Total number of offspring sampled, not all were te correct age to be assigned to spawners in
1995, 2000 and 2001

Ideally the spawning success of mature parr woalicelbeen estimated from the
proportion of eggs they fertilised. However, oniydt samples were available from
the (natural) spawning that occurred in 2000 ar@il20

Linear regression was used to test for a relatiprnisétween the sex ratio of

anadromous spawners and the percentage of offsgrie by mature parr.
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7.2.3 Survival of offspring from alternative sire types n freshwater

In order to compare the survival of mature parsgrfing in freshwater to the survival
of anadromous male offspring in freshwater, es&@naif the proportion of fish sired by
each type were obtained at two points in time. TWas examined for a total of three
cohorts. The first cohort examined consisted ofpny of fish that spawned in 1995,
which all spawned naturally. An estimate of thepambion of eggs produced by each
sire type was available from the study conducteddygartet al (2001), from a
sample of 1075 eggs. A subsequent estimate was afidlle proportion of parr aged
1+ (sampled in September 1997) that were sired dotyira parr and anadromous males.
Two further cohorts were examined, which were affgpof quasi-natural spawning.
The initial proportion of eggs fertilised by matyrarr and anadromous males was
known from the crosses that had been set up. 1A B00 sets of crosses were
constructed. Set A consisted of nine females. Tgs &om each female were divided
into 21 roughly equal portions and each portionediwith milt from a single male.
Fourteen portions were each mixed with milt frorfiedtent anadromous males, and 7
portions with milt from different mature parr. Stonsisted of five females, each
crossed with 18 anadromous males and three madmreGrosses were constructed in
the same manner as for set A. The final cohort @xadnconsisted of offspring of
spawners in 2001. In this year only one set ofsgesvas constructed; eggs from each
of 12 females were divided into 11 roughly equatipas and each portion mixed with
milt from a single male. Seven anadromous maled@ndmature parr were used.
Following the construction of crosses in 2000 a@d2milt from an extra ‘insurance’
male was added. In 2001 the insurance male waswenaale parr, in 2000 this was

also ‘likely’ to be the case (no written recordtioé type of male was made, although
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this information was obtained from a person preagtite time). A subsequent estimate
of the proportion of smolts that were sired by matoarr was made.

In order to compare the proportions of eggs and gasmolts sired by mature parr,
95% confidence intervals of the proportions werewdated. If the 95% confidence
intervals overlapped then proportions were consdi@ot to be significantly different.

The standard error of each proportion was calcdlate
SEP=,/(pg)/n

SEP= standard error of a proportion

p=proportion of offspring sired by mature parr

g= 1-proportion of offspring sired by mature parr

n= number of offspring

The 95% confidence interval was then calculateth@gproportiont1.96 X SEP. In
situations with low numbers of samples (where nXpXq were lower than five),
confidence intervals were calculated using the epasbabilities of the Binomial
distribution, as suggested by Bland (2000). Theseewalculated using an MSDOS

program (biconf), obtained fromww.sghms.ac.uk/depts/phs/staff/jmb/

An exact test for contingency tables implementedtiuc’ (Raymond and Rousset

1995) was employed in some cases in order to glésifotherwise) results.

7.2.4 Survival of offspring from alternative sire types n the marine environment

A preliminary investigation into the survival inethmarine environment of progeny of
mature parr compared to the survival of progengiréidromous males was conducted.
This was achieved by determining the sire typedesraous male or mature parr) of

smolts in addition to the sire type of sea retunne single cohort. The progeny of fish
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that spawned in 2000 were investigated. This ireduaffspring originating from both
quasi-natural and natural spawning. Smolts and aeliurns were sampled in 2004
(those assigned to spawners in 2000 were agedyhegs in total; either three year old
smolts or 2.1 grilse). It was therefore assumetdffapring of anadromous males and
mature parr were equally likely to spend three yéafreshwater, or to spend two
years in freshwater and one at sea (as descriltée giscussion, this may not be a
valid assumption).

Proportions of offspring sired by mature parr tvate sampled as smolts, and as adult

returns, were compared as in the previous secti@n3).

7.2.5 Overall Survival

The overall survival, from egg stage to anadronretisrn, of mature parr offspring and
anadromous male offspring was compared. The g ¢f eggs and anadromous

returns of two cohorts were examined (Table 7.6).

Table 7.6 Sample sets used to explore overall suvail. Number of returning spawners screened are
shown in parentheses.

Spawning year # Eggs sampled Year of return of anadromous offspring

sampled (#)
1991 574 1995 (116)
1995 1075 1999 (10), 2000 (89), 2001 (41)

!Numbers of anadromous offspring assigned to spawngin 1991 and 1995 are provided in results

The proportion of anadromous returns sired by negbarr was compared to the

proportion of eggs sired by mature parr as in sacfi2.3.
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7.3 Reaults

In all the following results when paternity waseatetined, anadromous males were
positively assigned. In cases where no anadromailss was assigned (but an
anadromous female was assigned), paternity walswaéd to mature parr. A summary
of the outcomes of parentage analyses performgiges in Table 7.7, which shows

the five sets of putative parents and offspring.

Table 7.7 Outcomes of parentage analyses.

Putative Parents Putative Progeny
s;(rﬁslre d Life Stage # sampled sa\l(rﬁzlre d Life Stage # assigned

1991 Adult return 95 1995 Adult return 13

1995 Adult return 116 1997 parr 269
1999 Adult return 6

1995 Adult return 116 2000 Adult return 35
2001 Adult return 10

2000 Adult return 89 2004 Adult return 13

2000 Adult return 89 2004 - 400

2001 Adult return 41

7.3.1 Spawning success of mature parr; effects of diffemg sex ratios of
anadromous returns

It was postulated that the collective reproductivecess of mature parr might depend
on the sex ratio of anadromous males to femaldh, wore anadromous males per
female resulting in a decrease in the success tfrenparr. No significant relationship
was seen between sex ratio of anadromous spawmethe percentage of offspring

sired by mature parr (Pearson’s r=-0.75, P=0.14l@ @.8, Figure 7.2).
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Table 7.8 Reproductive success of mature parr witliffering sex ratios of anadromous spawners.

#

%

# sired

Year of Sex ratio anadromous # female of_fsprmg by # sired by Offspring
; ) sired by anadromous
spawning (male:female) male spawners "o mature males sampled
spawners parr
parr
1991 0.71 39 55 511 293 281 eqggs
1992 1.12 38 34 521 243" 226" eggs
1995 0.65 43 66 50! 533" 542 eggs
2000 2.75 22 43 23 30 smolt
2001 0.89 8 9 58 46 34 smolt
! Data from J Taggart, personal communication
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Figure 7.2 The percentage of offspring sired by mate parr compared to the sex ratio of potential
anadromous spawners. Data represents different spaning years, indicated by labels.

The year in which the highest percentage of offgpwas sired by mature parr was

2001, when there was also the lowest absolute nuoftamadromous males. In 2000
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the lowest percentage of offspring were sired byuneaparr, and this was also the year
with the highest sex ratio (male:female) of anadrasspawners.

The reproductive success of mature parr rangeddegtw3% and 58%. This suggests
that the sneaking tactic of mature parr was subdesgen in the presence of large

numbers of anadromous males.

7.3.2 Survival of offspring from alternative sire types n freshwater

Comparison of the proportion of eggs and subsediferstages (parr or smolts) sired
by mature parr in different years and in differsets of quasi-natural spawning showed
that there was no statistically significant diffiece between the proportions (Figure
7.3). Results are only comparable within yearsfangdpawning in 2000, only within

set A and within set B. Details are shown in Tab
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Proportion of offspring sired by mature parr

Year of spawning and life stage of offspring sampled

Figure 7.3 A comparison of the proportion of offsping sired by mature parr at different
freshwater life stage; eggs compared to parr and gg compared to smolts. Offspring of
three spawning years were examined; 1995, 2000 ag€01. 95% confidence intervals are
shown.

* Two sets of crosses were constructed in quasi-natl spawning in 2000, described in
7.2.3, 2000A refers to set A, 2000B refers to set B
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Table 7.9 Initial percentage of eggs found to bersid by mature parr, and the percentage of
subsequent life stages (parr or smolts) that werered by mature parr. Eggs and offspring
from one female in 2001 were discounted as records the crosses constructed with it
were incomplete.

%age %age # #
eggs #eggs #eggs sired Subsequent subsequent subsequent subsequent
Year of  sired sired by by life stg e life stage life stage life stage
spawning by mature  anadromous sam Igd sired by sired by sired by
mature male parr males P mature mature  anadromous
parr parr parr males
1995 50 533" 542 parr 43 117 152
20005t 33 c1165¢ c.23318  smolts 35 34 64
20005€ 14 2228 13349 smols 7 3 38
2001 36 c. 19731  c. 3452¢ smolts 32 35 73

! results from Taggartet al. (2001)

? estimated from the number of eggs used in quasi-haral spawning. Eggs from each female were
counted; approximately 33% in 2000 set A, 14% in 200 set B and 36% in 2001 were fertilised with
milt from mature parr.

7.3.3 Survival of offspring from alternative sire types n the marine environment

Numbers of smolts and anadromous returns assigngahaivners in 2000 are given in

Table 7.10

Table 7.10 Outcome of parentage analysis for offsprg from quasi-natural and natural spawning
in 2000.

# anadromous returns from

Spawning yedr # smolts assigned 2004 assigned

2000A 98 6
2000B 41 1
2000N 53 6

1 2000A- set A of quasi-natural spawning in 2000
2000B- set B of quasi-natural spawning in 2000

2000N- natural spawning in 2000
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There was no significant difference between th@@rion of anadromous returns that
were sired by mature parr and the proportion ofl®ysired by mature parr in either
natural spawning, or quasi-natural spawning thatt dkccurred in 2000 (Figure 7.4). Set
B of quasi-natural spawning was not depicted giegilyi due to the very low number

of anadromous returns assigned (1).

0.7

0.6

0.5
n=53 T
0.4
n=98

0.2

0.1

n=6

Proportion of offspring sired by mature
parr

O [ — I
2000A 2000A adult 2000 N 2000 N
smolts smolts adult

Year of spawning and life stage of offspring sampled

Figure 7.4 Comparison of the proportion of offsprirg sired by mature parr prior and subsequent
to a period in the marine environment; smolts compeed to anadromous returns. 95%
confidence intervals are shown. Both female and maloffspring are included.
2000A- offspring of ‘set A’ of quasi-natural spawning that was constructed in 2000
2000N- offspring of natural spawning that occurredn 2000

Numbers of smolts and anadromous adults assigneaicto category are shown in
Table 7.11, where the data are further broken dotenmale and female anadromous

adults.
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Table 7.11 Proportion (with numbers in parenthesespf female and male sea returns (that could be agsied to previous spawners at Girnock
Burn) that were sired by mature parr. The percenta@ of earlier life stages that were sired by maturparr is also given.

Details of spawners (parents)

Details of offspisgolts and anadromous returns)

Category of spawning in 2000

Proportion of
smolts sired by
mature parr (#)

Proportion
anadromous returns
sired by mature

Proportion female
returns sired by
mature parr (#)

Proportion male
returns sired by
mature parr (#)

parr (#)
2000A 0.35(34/98) 0.17(1/6) 0.50(1/2) 0(0/4)
2000B 0.80(3/41) 1.00(1/1) 1.00(1/1) -
2000N 0.43(23/53) 0.00(0/6) 0.00(0/3) 0(0/3)

2000A- Offspring of set A of quasi-natural spawningn 2000

2000B- offspring of set B of quasi-natural spawningn 2000

2000N- offspring of natural spawning in 2000
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7.3.4 Overall survival of offspring from alternative sire types in the marine
environment

Numbers of eggs and anadromous returns that ceukssigned to spawners in 1991

and 1995 are given in Table 7.12.

Table 7.12 Outcome of parentage analysis.

Spawning year # eggs assigned Year of return afran@ous offspring assigned (#)
1991 Eggs (574) 1995 (13)
1995 Eggs (1075) 1999, 2000, 2001 (51)

There was a significant difference in the proparid eggs and anadromous returns
that were sired by mature parr in 1991, but ndtd85 (Figure 7.5, details in Table
7.13). This was clarified by an exact test for ampency tables, with a significant
difference for 1991 (P=0.01), but not for 1995 (®€). However, both point estimates
of the proportion of anadromous returns sired byumeaparr were lower than the

estimates of the proportion of eggs sired by mapare.
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Proportion of offspring sired by mature

1991 eggs 1991 adult* 1995 eggs 1995 adult*

Year of spawning and stage of offspring sampled

Figure 7.5 Proportion of eggs sired by mature parin comparison to the proportion of
anadromous adults sired by mature parr

* ‘adult’ refers to the life stage of the offspringsampled, i.e anadromous adult return. For example
the stage classified ‘1991 adult’ relates to offsprg of natural spawning that occurred in 1991 that
have survived one year in the marine environment ahreturned to Girnock Burn in 1995 as
anadromous adults.
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Table 7.13 Proportion (with numbers in parenthesespf female and male sea returns (that could be agsied to previous spawners at Girnock
Burn) that were sired by mature parr. The proportion of earlier life stages that were sired by maturg@arr is also given.

Proportion of eggs Proportion female Proportion male Proportion male and
. . Year of return of . . ;
Spawning year sired by mature parr . returns sired by mature returns sired by mature female returns sired by
anadromous offspring
# parr (#) parr (#) mature parr (#)
1991 0.51(293/574) 1995 0.00(0/1) 0.17(2/12) 0.1
1995 0.50(533/1075) 1999, 2000, 2001 0.46(11/24) 30(8/27) 0.37(19/51)
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7.4 Discussion

The current study was conducted in the settingp®icomplex natural environment. As
such only strong selection signals were likely awdnbeen detected. This was
particularly true when exploring survival in the nim&@ environment and the ‘overall’
survival, due to limited numbers of anadromousrretdhat could be assigned to the

specific year classes investigated.

7.4.1 Reproductive success of mature parr with differingsex ratios of
anadromous spawners

Jones and Hutchings (2001) found that the ovespliaductive success of mature parr
was higher when there was less competition frondieomaous males i.e. the sex ratio of
anadromous spawners (male:female) was higher. Henvthis was based on findings
from an artificial set up involving a limited numbef spawners; a single anadromous
male, between one and two anadromous femalesantbf23 mature male parr. In
addition, the relationship was not statisticallyrsgiicant when the data point
corresponding to 100% fertilisation of eggs by mafparr (when no anadromous male
was present) was omitted. Despite this, it doesgbeoretically plausible that mature
parr spawning success would be reduced by aggrefssim anadromous males, and
that such aggression may be more apparent whenanadromous males are present.
In the current study, conducted in a natural sgttio statistically significant
relationship was found between the sex ratio ofleoraous spawners and the
reproductive success of mature parr. It may bedhelh a relationship does exist but
was not identified due to the small number of ghatimts (five). Alternatively, it may

be that in the wild, the situation is more compdex the sex ratio of anadromous

spawners is perhaps not a good proxy for the iitteabanadromous male
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competition. The actual sex ratio on spawning gdsuor theoperationalsex ratio

may have differed somewhat to the sex ratio caledl&rom the total number of
anadromous spawners released above the trapsngl@ spawning year. Females
generally spawn within 7-10 days, while anadrommases may remain active on the
spawning grounds for a month or more (Fleming 198®@refore the operational sex
ratio was likely to have been biased more towardes However, it might have been
that when the number of anadromous returns wagHewperational sex ratio was
closer to that calculated from the overall numidear@adromous returns placed above
the traps. Fewer spawners would have limited theimmam number of males per
female and perhaps made it more unlikely for timgéy active reproductive period of
males to alter the operational sex ratio due tmeet density throughout the burn. In
2001 the number of anadromous spawners releaseé #imtraps to spawn naturally
was low, amounting to eight males and nine femdlbs.reproductive success of
mature parr was also highest in this year. Perlmap801 the operational and
calculated sex ratio were closer than in othersyeath larger numbers of returns. The
numbers of returns allowed to spawn naturally ia ylear were manipulated; the
remaining returns were utilised in quasi-naturaveping. However, such low numbers
of returns do occur in the wild. For example, tienber of female returns to the river
Mandeo in northwest Spain varied between two amtyttwo between 1984 and 1996
(Martinezet al 2000). It may therefore be that the sex ratiar@idromous spawners
has more influence on the collective reproductivecess of mature parr in populations

such as this, where the number of anadromous eetsifow. Thus the relationship
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reported by Jones and Hutchings (2001) is perhakysapplicable to populations with
low numbers of returns.

There is indirect evidence that the relationshiy mao be applicable to steelhead trout
(Oncorhynchus mykissArdren and Kapuscinski (2003) found that théorat

effective population size (estimated using a teraporethod) to the number of
anadromous spawners was higher in years with lawbews of returns, which they
termed ‘genetic compensation’. Seamenal (2004) suggested this might be due to
increased collective reproductive success of mgtarewhen numbers of returns were
low. Assuming this to be the case, and considdhadindings of Jones and Hutchings
et al (2001) (that increased competition from anadrosnoales results in a lower
input from mature parr), genetic compensation waulty be seen if females tended to
outnumber males. Anadromous females outhumberedt@maus males in nine of the
ten years that Ardren and Kapuscinski (2003) rebgenetic compensation. Thus it is
plausible that mature parr could be the causeisfgenetic compensation,’ although
other factors such as reduced redd superimpositiangreater representation of all
anadromous spawners in offspring could also haw&ribaited. This could have
implications in Girnock Burn if the numbers of anamious adults returning to Girnock
Burn were to fall dramatically. In years with setios skewed towards females but
with high overall numbers of anadromous returns,dperational sex ratio may remain
skewed towards males. However, in years with seasakewed towards females with
low numbers of returns the operational sex ratio nh&y lae skewed towards females
possibly resulting in an increase in the collectproductive success of mature parr in

natural spawning (above that seen with high overathbers of returns).
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Another factor that may have further complicatesl rslationship between the
operational and calculated sex ratios in the stlebcribed here was the release date of
spawners: anadromous fish were generally not retealove the traps on a single day.
In 1995 they were released between the @6tober and 16November and the sex
ratio (male:female) was not constant throughowt pleiriod. For example between the
18" October and 250ctober there were equal numbers of male and temal
anadromous spawners above the traps, although éxetive 25 October and 1%
November the sex ratio varied but was always less bne. Thus the sex ratio
calculated from the total numbers of anadromoudisdeleased above the traps was
really only applicable after the final anadromopawsner had been released above the
traps. However, in 2001 they were released onglesotay, which again may have
resulted in the operational and calculated sersdieing more similar in this year. It
may also have been more similar in 2000 as all ramaolus returns were released
above the traps within a three-day period.

In order to confirm (or refute) these predictioagarding operational sex ratios and
calculated sex ratios, additional studies on thiective reproductive success of mature
parr with high and low numbers of anadromous retammd a range of sex ratios could
be carried out. It would be beneficial in such gado release all anadromous
spawners simultaneously and to have equal numbenstore parr.

In the current study, different life stages wenmgked (eggs and smolts) in order to
estimate the collective reproductive success otiregtarr. Ideally eggs would have
been sampled, but these were not available for sipawn 2000 or 2001. Utilizing

smolts in these years could have been problematidtre proportion of smolts sired by
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mature parr not reflected the proportion of eggsdsby mature parr (i.e. the spawning
success). The proportion of eggs and smolts siyeddiure parr for quasi-natural
spawning in 2000 and 2001 was compared in sect®@./Results indicated no

significant difference in either year.

7.4.2 Survival of offspring from alternative sire types n freshwater

There was no evidence that the survival of matare @gffspring was greater than the
survival of anadromous male offspring in this p@an in the years studied. These
data suggest that, at least in the stock examthedffspring of mature parr were not
significantly better adapted to the freshwater mmmnent than the offspring of
anadromous males.

There were both advantages and disadvantages misgrparr and smolts for
respective estimates of progeny survival from 1888 2000/2001 spawners. Sampling
parr enabled a cross section of the entire cobdrétsampled, but allowed the survival
to be monitored over a shorter period of time. @wsaely only a single age class of
smolts were sampled from each year (two year ololtsifrom spawning in 2001 and
three year old smolts from spawning in 2000), thily a portion of the whole cohort
was sampled. As such, samples of two or threegldaamolts would not have included
male parr that matured at two or three years, oiisiedy. Since male parr maturity is
known to have a heritable component (Thagpal 1983; Gjerde 1984; Dustat al
2005), this could have affected the proportionmbks sampled that were sired by
mature parr. As sampling of parr occurred priomigration it may have provided a
more accurate estimate of the proportion of theeenbhort that was sired by mature

parr at this stage.
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There are a number of reasons that could explaynnehevidence was found
suggesting that mature parr offspring had a gresatesival rate than anadromous male
offspring in this population in the years studiBastly, there may not be a genetic
distinction between mature parr and anadromoussanalee heritability of the mature
parr tactic may be masked by environmental inflesnan its expression, such that
there is little difference in the proportion of malffspring of mature parr and
anadromous males that mature as parr. Secondlyyenaérr are able to smolt in
following years and return to spawn as anadromoalesn The degree to which this
occurs is unknown, but it may be to the extent finatludes detection of any genetic
differences between mature parr and anadromousmiieadly, selection pressures on
resident and anadromous fish may not be adequaditedygent to result in selection for
different characters. It may also be that therexaay genes involved with the
expression of characters that may be under setedhias reducing the degree of
selection on each. Another possibility is thatveld selection pressures are not
constant through time.

Despite there being no suggestion that maturegftspring survive better in
freshwater than anadromous male offspring in thdyspopulation, this may not be
applicable to other populations or other speciaséihibit similar life history

strategies.

7.4.3 Survival of offspring from alternative sire types n the marine environment

It was postulated that the offspring of mature paight have a lower survival rate in
the marine environment, than the offspring of mafatrr, because mature parr

reproduce without having undergone selection imtlagine environment. No
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significant difference in the proportion of smalisd anadromous returns sired by
mature parr in 2000 was seen. However, in both evaipe sets of samples where
more than one anadromous fish was sampled, thé gstimate of the proportion of
adult returns sired by mature parr was lower tha fior the proportion of smolts sired
by mature parr. Considering the low numbers ofrret@xamined, this could warrant
further study.

A potential problem with the comparison made wag both smolts and anadromous
returns were sampled in 2004. Although originafiogn the same spawning year
(2000), they adopted different life history tactithe smolts sampled were aged three
years, whereas the adult returns underwent snoaltiin aged two years. It may be that
the proportion of three year old smolts sired byureparr differed to the proportion of
two year old smolts sired by mature parr- due ttunadion of male parr and
smoltification (in a particular year) being mutyadixclusive events. If this were the
case, the samples would not be strictly comparable.

An additional problem is that, had the proportidmoadromous adults sired by mature
parr been significantly lower than the proportidrsmolts sired by mature parr, it
would not have been possible to determine the cauges. As hypothesised, it could
be due to the expression of alleles, in mature @gi#spring, that conferred a
disadvantage in the marine environment. Howevequld also be attributed to male
parr maturity being a heritable character, resglimmale offspring of mature parr
tending to also become mature parr. Previous uateAtlantic salmon have
identified lower survival of male parr that matusiparr, both in freshwater (Myers

1984, from interpreting numbers of mature male,damale parr, immature parr, male
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smolts and female smolts in different years), anthé marine environment (Lundqvist
et al 1994, from tagging). In order to distinguish beén the two scenarios,
knowledge on the life histories of anadromous redwhether or not they matured as
parr) would be required.

Although no significant difference was found in therent investigation, numbers of
anadromous returns were low which reduced the poivére study. It may therefore
be worth investigating this in a different popubatiwith higher numbers of returns in
each year. It would be advantageous to obtainalathe sire type of a particular set
(or sets) of fish prior to and following a periadthe sea in order to eliminate the
problem of different life history tactics being lfmled. For example, two year old
smolts could be sampled, and subsequently, afteriad at sea the same set could be

sampled as anadromous fish.

7.4.4 Overall survival of offspring from alternative sire types in the marine
environment

A significant difference in the proportion of eggsd anadromous returns sired by
mature parr was seen in 1995, but not 1991. Howavéoth years, the point estimate
of the proportion of adult returns sired by matpaer was lower than that for the
proportion of eggs sired by mature parr.

In this comparison, as with previous comparisangas not possible to distinguish the
effect of possible mortality due to maturation asr@nd possible mortality due to
proposed selection acting on alleles propagatetidywo sire types. However, the
effect of either factor on the samples studied m@sdramatic as not every anadromous
return was sired by an anadromous male; maturedmhsuccessfully sire anadromous

returns.

231



Mature parr; their reproductive success and potental impact on adaptation  Chapter 7

7.4.5 Future directions

Knowledge of the impact of mature parr spawning sulasequent recruitment on the
success of anadromy is important in predictingcthresequences of using mature parr
in quasi-natural spawning, and the possible effete&nvisaged global warming.
However, there are also other important issuesndad to be considered in predicting
the effect of current and future changes, as agrahgcenarios can be predicted at the
present time.
One reason for the decrease in abundance of Atlaatinon is thought to be a decline
in marine survival (Hawkins 2000; Potter and Cro2i@00; Middlemagt al 2003). It
can be postulated that a reduction in marine sahaguld result in an increase in the
benefits of parr maturity. In addition, if freshwatemperature rises, the proportion of
parr that mature in a given population is likelyiriorease. Perhaps Atlantic salmon will
come to follow life history strategies similar ttat seen in some sea trout populations,
whereby males are primarily freshwater residenilexthe females are anadromous
(Klemetseret al. 2003). Other possible outcomes are that growgodpnity in
freshwater will increase to allow maturation of fdes in freshwater, resulting in
‘landlocked’ populations, or that anadromy will beme too costly and populations die
out due to a lack of anadromous females. At thegmetime these scenarios are highly
speculative. Key questions that would assist iemeining the role of mature parr in
the future of Atlantic salmon populations are:
1. Would an increase in freshwater temperature r@salh increase in the proportion
of parr maturing?
2. Has there been an increase in the proportion ofir@garr, as a result of increased

mortality in the marine environment?
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3. Does an increased proportion of mature parr tréanghdo an increase in the
collective reproductive success of mature parr?
The first question has been addressed, to a centéemt, by Baunet al (2005) in a
study on Atlantic salmon. The authors determinedgpitoportion of male parr that
matured in the wild above and below a point whesetdhrged warm water (from a
whisky distillery) resulted in an average meaneéase in temperature of 2.7°. They
found no significant increase in the proportiomatle mature parr below the discharge
point. This finding contrasted with the resultsrafreasing the temperature in a
laboratory study involving rainbow trout, whereiaarease in the proportion of early
maturing males was seen (Crandall and Gall 1993).
With regard to the second question, an increafigeiproportion of residuals (a form of
sockeye remaining in freshwater to mature) amondt adkales in populations of
sockeye salmon in two lakes in Russia (from 132% &nd from 26 to 92%) over 40
years was seen (Hendeyal 2004a). This coincided with declines in sea retuso a
decline in survival at sea (due to fishing pressaray have been the cause.
The third question has not been addressed in witdilations. Therefore there is a
requirement for more research before the effectieolining marine survival and
climate change on wild Atlantic salmon populatiomgdiated by mature parr are

predicted
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8 Genetic diversity over time and estimation of the féective population size

8.1 Introduction

8.1.1 Genetic diversity over time

Genetic analyses have been used in the contexingkecvation to detect bottlenecks
(eg. Jonesgt al 2004 in Tasmanian devi&arcophilus laniariul to estimate
effective population size, INeg. Aspiet al 2006 of Finnish wolve€anis lupu¥

and to evaluate the success of restoration effeg8rownet al 2000 in the
American ShadAlosa sapidissima Often investigations take the form of temporal
studies on genetic diversity - via one or more damtaken at two or more intervals
in time. Archived samples have proven particuladgful in such approaches,
particularly with the advent of PCR screening teghas. For example Johnsen

al. (2004) used tissue samples from greater pralriekens dating back to 1951 to
estimate the effective population size of poputaithat had undergone a drastic
reduction in census population size. In salmoradshived scale samples have been
used to determine the effects of human impacts aadtatchery breeding schemes
(e.g. Hanseewt al 2000, in brown trout, Saisd al 2003, in Atlantic salmon,
Guinandet al. 2003 in lake trouSalvelinus namaycughand changes to habitat
(e.g. Shrimpton and Heath 2003, in chinook sal@okorhynchus tshawytscha
Temporal studies have also been employed to imastihe degree of stability of
the spatial structure of populations (e.g. in Ailasalmon, Nielseet al 1999a,;
Tessier and Bernatchez 1999).

One of the main aims in conservation programsasihintenance of genetic
diversity (Consuegrat al. 2005). The loss of genetic diversity is thoughletssen
the ability of a population to adapt to new chaijes, though there is little empirical

evidence for this (Amos and Balmford 2001). Howeweione notable study

234



Genetic diversity over time and estimation of the féective population size Chapter 8

Frankhamet al (1999) showed that inbré2fosophilawere less able to adapt to
NaCl challenges than outbred lines.

One measure of genetic diversity increasingly usexnservation-based studies is
allelic richness, which can be defined as the nmeanber of alleles per locus in a
sample (Leberg 2002). Samples of different sizelmoompared by standardising
the number of alleles to the smallest sample tHrgagefaction. This is statistically
more powerful than other methods of comparing sempf unequal size such as
reducing all samples to the size of the smallasipda or eliminating small samples
(Leberg 2002). Reductions in allele richness behnastorical and contemporary
samples have been observed, for example, in a gibgulof grizzly bearslrsus
arctog that was isolated from other populations (Mikerd Waits 2003) and in
greater prairie chickens that underwent a redudtiarensus population size
(Bellingeret al 2003). In salmonids, reductions in allele rictskave also been
observed in populations subject to human impantétiantic salmon (Saisét al
2003; Lage and Kornfield 2006), and in lake trastifhandet al 2003).

In addition, comparisons of the genetic compositbtemporally spaced samples
have been conducted in order to monitor consemagftorts and to gain further
insights into the dynamics of populations. In Atlarsalmon, Saisét al (2003)
investigated the effects of captive breeding in tivers in Finland, which were
‘closed’ due to the construction of power plantse Buthors compared samples
obtained from the original wild stock to sampldeetaonce artificial breeding had
commenced, over a maximum period of seven genesa#nd using seven
microsatellite loci. The authors found that statedty significant differences in
allele frequencies among years were common, irrasito a large naturally

reproducing stock (in the river Teno, which forrhe border of northern Finland
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and Norway) where differences were generally ratisttcally significant
(Bonferroni correction for multiple testing was ragiplied, although significant
results would have remained so if it had been eygalp This was attributed partly
to the breeding program and partly to the origimiédd populations (prior to
hatchery breeding) being smaller than the conteargawild population in the
River Teno. A similar study to elucidate the effethatchery stocking in a
population of steelhead trod(chorynchus mykis# the Kitimat River, British
Columbia, was conducted by Heggereal (2006), using ten microsatellite loci
over a period of 27 years. The authors detectestatistically significant genetic
differentiation between samples obtained priorrd following the implementation
of the hatchery scheme (following sequential Bamigircorrection for multiple
testing), probably due in part to the hatchery ficas involving large numbers of
wild fish and multiple year classes (Heggeatal 2006).

In populations with overlapping generations, flattans in allele frequencies over
time are theoretically more complex than in popafet with discrete generations
(Waples 1990; Waples and Teel 1990; Ryman 199&8e®8an simulations
informed by salmonid population data, Waples anel TE990) described how
changes in allele frequencies over short time per{@-5 years) were only slightly
lower than those seen when comparing samples takey more years apart (10-25
years). Ryman (1997) found, also from models, thainges in allele frequencies
between cohorts were higher than between yearsénheohort is composed of
individuals born in the same year and a sample fquarticular year is composed
of parts of different cohorts- as in the adult etarns for a single year). Pakhal
(2003b) similarly observed this in brown trouteddl frequency heterogeneity was

greater among cohorts than among samples obtairgitferent years.
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A number of studies involving salmonids have nowarained the temporal stability
of genetic population structure. Stability of geog@iopulation structure has been
found in Atlantic salmon- among three populatioaspled over a maximum of 76
years (Nielsert al 1999a) and among four populations sampled ovesxdmum
period of 24 years (Tessier and Bernatchez 199@)imBrown trout- among five
populations sampled over a maximum period of 88s/@danseret al. 2002) and

in two populations sampled over a 20 year peri@n(fet al 2003b). However,
contrary results have also been reported. Heiasth (2002) described temporal
instability in spatial structure in a study on #tead trout Onchorynchus mykiss
among three populations sampled over a maximun® gears, while Jstergaaed
al. (2003) did not find temporal stability in popudats of brown trout that inhabited
an unstable environment, among four rivers sampledhximum of 53 years apart.
Samples obtained at a single point in time can laésosed to infer the history of a
population, namely to test for a recent bottlen€xke method is based on the rate
of loss of heterozygosity compared to the numbellefes; during a bottleneck the
rate of loss of heterozygosity is expected to beelathan the rate of reduction in
the number of alleles. This is because more logueacy alleles are expected to be
lost than high frequency alleles (Williamson-Nate2805). A test based on this is
implemented in the program BOTTLENECK (Cornuet anikart 1996; Piryet al
1999). An alternative approach is based on theeramgl number of alleles at
microsatellite loci. During a bottleneck the numbgéalleles is expected to decline
more rapidly than the range of alleles (since ahéyloss of very large or very small
alleles contribute to a reduction in size rangejtz@ and Williamson (2001)
developed the M ratio based on this theory, arntdtésical means of evaluating the

significance of M given the number of loci, numleéisamples, mutation mode and
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a value derived from the effective population sine mutation rate (for details see
section 8.2.3). Comparing these two methods faedety bottlenecks, Wiliamson-
Natesan (2005) found that under conditions wheyeteneck had lasted several
generations, initial population size was high (artation rates were high) and the
population had some time to recover, the M ratiothmé was more likely to detect a
bottleneck correctly. Under circumstances wherebtitdeneck was less severe, or
very recent, the test based on heterozygosity ésadming a two phase model of
mutation- for microsatellites) was more likely torectly detect a bottleneck
(William-Natesan 2005). Both methods have been lyidpplied, for example in
studies of the black rhinocer@sceros bicornigHarleyet al. 2005), house finch
Carpodacus mexicanyblawleyet al 2006) and damselflgoenagrion mercuriale
(Wattset al 2006), where evidence for bottlenecks was praligeone or both
approaches. However, both methods were designaeltéat dramatic and recent
changes (Williamson-Natesan 2005) - defined asmiccuapproximately in the
past 2N-4N. generations for the approach based on expectedozggosity (Piryet
al. 1999), but probably longer than this with the &fio (Garza and Williamson
2001). In order to detect more long term, gradbainges in population size an
alternative method proposed by Beaumont (1999) nesemployed (Garza and
Williamson 2001; Williamson-Natesan 2005). Beaum@@03) latterly developed
a method to allow the estimation of recent chamgg®pulation size, although at
least two temporally separated samples are requaretlit is the change in size in
the period between the two samples that is examidadseret al (2006)

simulated reductions in size of a population oftN@ea HoutingCoregonus

oxyrhynchusand found this method to be more powerful thanMhratio in
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detecting the decline, although a greater degrsamibling is required for the

procedure developed by Beaumont (2003).

8.1.2 Estimation of effective population size

Wright (1931) introduced the concept of the effexfpopulation size. The effective
population size (or effective population numberbhis size of an ideal population
(one which has for example random mating, congiaetand random variation in
reproductive success) in which the magnitude ofesgametic property is equal to
that of the actual population (Crow and Kimura 197ere are a number of
different forms of N, based on different genetic properties, althotghnost

widely used approaches are the inbreeding effestzeand variance effective size.
The former is based on the rate of decrease ofdmtgosity in a population due to
inbreeding, the latter on the degree of drift (Lgh2005; Wang 2005). Negative
effects of reduced effective population size inelloss of variability, which may
result in a reduction in fitness and / or loss\adlationary potential, inbreeding
depression (an increase in the occurrence of theesgion of deleterious recessive
alleles and loss of heterozygosity), and mutatiomelkdown (a decrease in the
purging of deleterious alleles) (Amos and Balmfaad1).

There has been great interest in estimating tlee®fe population size of
populations and different approaches to estimatingave recently been reviewed
by Leberg (2005) and Wang (2005). The first digtortin approaches is the use of
genetic or demographic data. Estimatingusing demographic data requires
detailed information on the characteristics of pogulation in question, such as
variance in reproductive success and sex ratibsegfders, in addition to the census

size (Caballero 1994). Unfortunately, these dagararely available. Using genetic
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data, N may be estimated indirectly in a variety of wagséd on, for example, the
degree of heterozygote excess or linkage disegjuitib

A method of particular use in populations with dapping generations, such as
Atlantic salmon, is the temporal method. This isdzhon measuring the change in
allele frequencies between two or more samplesitakeifferent times, and
estimating N assuming the observed changes are solely thd oégiénetic drift.
The majority of temporal methods have been develdpepopulations with
discrete generations, but if samples are takegaat lone generation apart (although
more generations are preferable) and samplingpiesentative, these methods
‘should apply approximately’ to populations witheslapping generations (Wang
2005). Two exceptions, which were developed speadlfi for overlapping
generations, are i) a method put forward by JordeRyman (1995) for species
with iteroparous life histories and ii) anotheroduced by Waples (1990) for
species with semelparous life histories. Howevean/(2005) describes
difficulties in applying the method proposed bydl®and Ryman (1995), due to
uncertainty in the optimal grouping of data. Bdikde methods are moment
estimators. Alternative techniques (to moment esiims) have been developed that
are reported to be more precise and accurate dstsna N. (Wang 2001; Berthier
et al 2002; Tallmoret al 2004). However, the performance of these estiraarto
populations with overlapping generations has nenlspecifically addressed
(although Berthieet al 2002 included a population of ottetsufra lutra) in their
comparison of likelihood and moment based estinsatbe true value of Nwvas not
known). The alternative techniques are pseudoitiked based (for example that
developed by Wang 2001 and implemented in the pragviLNE), likelihood-

based (for example that detailed by Andersbal 2000 and applied in
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MCLEEPS), or coalescent based, involving Bayesiatissics (such as that
implemented in the program TMVP, Beaumont 200adhe program CoNe,
Anderson 2005).

Unfortunately the majority of the above methodsuass an isolated population and
immigration can ‘substantially bias estimates gf(W/ang and Whitlock 2003).
However, a method developed by Wang and Whitlo@& allows the joint
estimation of immigration rate and,Mlthough samples from source populations
are required.

Aspi et al (2006), Lippéet al (2006) and Poulsest al (2006) have applied
different temporal methods to the same dataseesilnpopulations (of wolves
Canis lupusthe copper redhorgdoxostoma hubbsind codGadus morhua
respectively).

Aspi et al (2006) used four different estimators and foulhdave similar results
(Ne ranged from 38 to 43) with relatively narrow caice limits (the widest
interval of a single estimate was 19-99). The nmogtrecise estimate was from the
moment estimator of Waples (1989). The other mesterdployed were the
coalescent-based method of Beaumont (2003) implesden TMVP, the
likelihood-based method of Andersenal (2000) implemented in MCLEEPS, and
the pesudo-likelihood method of Wang and Whitlo2&Q3) implemented in MNE.
Lippé et al (2006), obtained results from three temporal méshalthough only
guoted confidence intervals for one. The pointeate of N obtained from the
moment estimator of Waples (1989) was approximdialfthat obtained from the
likelihood estimator of Andersoet al (2000), while N estimated using the
likelihood method of Wang (2001) implemented in MEM/as in between (and had

95% confidence intervals encompassing the oth@natds). Poulseat al (2006)
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concluded that the results gained from the momstimhator of Waples (1989) and
the pseudo-likelihood estimator of Wang (2001) weesonably similar, although
one was approximately double the other (1068 coetpty 2067) and confidence
limits were wide (reaching infinity in one estimpt€hey also used the method of
Berthieret al. (2002) implemented in TM3, but found the resiriten one
population to be dependent on the maximuggiMen as prior information.

In Atlantic salmon, Nhas been estimated in recent years using tempmihlods
and microsatellite data by Lage and Kornfield (200810 employed the likelihood
method of Wang (2001), by Saietial (2003) using the moment estimator of
Waples (1990) developed for populations with oygslag generations, by
Consuegrat al (2005) who also used the moment estimator of B&(1990) as
well as the pseudo-likelihood method of Wang andt\tk (2003), and by Elliot
and Reilly (2003) using the coalescent-based estinazveloped by Berthiet al

(2002).
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8.1.3 Objectives

One of the objectives of this study was to monitsing genetic methods, the stock
of Atlantic salmon in Girnock Burn. This was of panlar importance given the
introduction of quasi-natural spawning in 2000 &wl numbers of female returns
between 1997 and 2003. The samples available adstded the opportunity to
estimate Nusing temporal methods. Specifically, the aimsenter
» Compare the allele richness of samples taken i1,19995, 2000, 2001 and
2004
» Compare allele frequency distributions betweenspaiiryears and determine
whether there was evidence for differentiation lestwvtemporally spaced
samples
* Compare allele frequency distributions between ash@s far as was
possible with the current dataset) and comparddhigsults seen from
comparisons among years
» Determine whether there was any evidence for rdeeftienecks according
to the M ratio or the method implemented in BOTTLEDK
* Apply different temporal methods to the stock ofedstic salmon in Girnock
Burn, particularly the moment estimator developadpopulations with
overlapping generations by Waples (1990), and dikelihood and
coalescent based estimators developed for popugatiith discrete
generations
» Estimate N from demographic data

» Compare the results and consider the utility ohesting N..

24:



Genetic diversity over time and estimation of the féective population size Chapter 8

8.2 Methods

8.2.1 Samples

Tissue samples were obtained from adult returi@itioock Burn in 1991, 1995,
2000, 2001 and 2004. Protocols for DNA extractind genotyping are described in
Chapter 2. Samples were typed at nine to twelveasatellite loci (Table 7.2). Fish

were aged using scale reading.

Table 8.1 Details of samples studied.

# samples aged 4

Year of return # samples years # loci examined Loci examinéd
1991 95 34 9 Set A
1995 116 59 9 Set A
2000 89 37 12 Set B
2001 41 23 12 SetB
2004 117 76 12 SetB

4Set A- 2210 1605 2201 410 One9 407 202 171 197
Set B- 2210 1605 2201 410 One9 407 202 171 197408 401

8.2.2 Analysis of temporal stability of genetic diversitybetween 1991 and
2004

Allele frequencies in different years were depiageaphically for each locus
following the method employed by Tessier and Barinex (1999). Differences in
allelic frequencies between pairs of years weretessing an exact test
implemented in GENEPOP 3.4 (Raymond and Roussét)188r high precision
the tests were run with the following paramete@@ dememorization steps, 200
batches and 6000 iterations per batch. Under thexseneters the standard error of
the probability (P) value for each locus was alwa§<906. The P- value for genic
differentiation for each sample pair across alerwci (Fisher's method) was then
computed. A second, related measure of differaatiapairwise Fst values

(between pairs of years) were also computed wighiitance being tested by a
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permutation approach (20000 permutations) using BRUIN 3.01 (Excoffieret

al. 2005).

In addition, the previous tests were used to compHele frequencies between
cohorts where possible. Unfortunately complete asheere not available in the
dataset, therefore parts of cohorts were compéinede consisted of anadromous
returns of total age four years from each of theryesampled (1991, 1995, 2000,
2001 and 2004, which correspond to parts of thedslspawned in 1986, 1990,
1995, 1996, and 1999, respectively). Where appaitpsequential Bonferroni
corrections were employed to account for multiglgting (Rice 1989).

Hedrick (2005) developed a standardised genetierdifitiation measure, which
was calculated between pairs of years. FSTAT Z0didet 2001) was employed
to obtain Fst values, and subsequently RECODEDAWAiI{mans 2006) was used
to obtain the maximum value possible given theatamn present. The original
value was divided by the maximum value to obtasmgtandardised measure.
Pearson’s correlation test was used to determireghwe there was a correlation
between allele frequencies in the samples that teenporally most distant (adult
returns of 1991 and 2004), an approach taken fressi€r and Bernatchez (1999).
Allelic richness per locus in each year was esiaatith FSTAT 2.9.3 (Goudet

2001), which implements the rarefaction procedireatitet al (1998).

8.2.3 Testing for a recent bottleneck

To test for a recent bottleneck the program BOTTHEX version 1.2.02 was
employed (Cornuet and Luikart 1996; Patyal 1999). A two phase model of
mutation, with 95% stepwise mutations and 5% nsikp mutations was used, as
recommended by Pimgt al (1999) for microsatellites. Results from the Wion

test are reported, as this is considered to bentist robust and powerful when
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using fewer than 20 loci (Pimt al 1999). BOTTLENECK version 1.2.02 was also
employed to conduct a qualitative test for a retettieneck, based on the allele
frequency distribution (if this is ‘L-shaped’ it ggests a recent bottleneck has not
occurred, Luikaret al 1998). For both tests all years were investigé@edci were
examined for 1991 and 1995 while 12 loci were exmuifor 2000, 2001 and
2004).

The M ratio was also used to test for the occueaia recent bottleneck. The M
ratio was calculated as

M=k/r

Where

k=number of microsatellite alleles

r=range of microsatellite alleles (in number ofgapunits)

Critical values of M (M) were estimated using the program Critical_M (@aard
Wiliamson 2001). Values below Mndicate that that there has been a recent
reduction in population size, assuming the mutatmmdel used in estimating M
was applicable. The following parameters were eggao

Ag=3.5

ps=0.9

6=0.12,0.24, 1.2 or 12

Where
Ag=average size of non single step mutations
ps=proportion of single step mutations

0=4Nglt
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Ne=effective population size

U=mutation rate

Values ofAg and g were recommended by Garza and Williamson (20®¢puld
correspond to (for example) an®f 50, 100, 500 or 5000 ampdof 6x10* or N. of
5, 10, 50 and 500 andof 6x10°. A mutation rate of 6xIfis the average of that
obtained by O'Reillyet al. (1998) and Norrigt al (2000) for microsatellites in

Atlantic salmon.

8.2.4 Estimating the effective population size

Four temporal methods were used to estimate tleetefé population size.
Temporal methods are dependent on samples takke ar more stages in time,
and all require that the number of generations betwsamples is known. The
generation length in populations with overlappimegerations is taken to be the
average age of spawners (Hill 1979; Miller and Kagiski 1997). Two estimates
of generation length were made for this study, @a#sg;

i) Only anadromous adults contributed to spawning. aterage age of
anadromous spawners was estimated by obtainingviitage age of
returns (according to scale readings) between 28812004 (inclusive).
This gave a generation length of 4.1 years.

i) Mature parr also contributed to spawning and tladftdf all progeny
were sired by mature parr aged 2 years. This exbutta generation
length of 3.6 years.

In addition, all estimates were made with two sétsampling years. Firstly, 1991
and 2004, which were preferable because they waer&utthest apart. The

corresponding number of generations between 1982864 were therefore:
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i) 3.17 generations assuming no mature parr input 41B)

i) 3.61 generations assuming input from mature p&v @.6)
Unfortunately the sample obtained in 2004 may @othbeen representative (in
terms of age classes, see section 8.3.1), thusas8 were also repeated using
samples obtained in 1991 and 2000. The correspgmdimber of generations
between 1991 and 2000 were therefore:

i) 2.20 generations assuming no mature parr input(9)/

i) 2.50 generations assuming input from mature pat3(8)

The four methods used to estimatewére:

1. The moment-based estimator of Waples (1990);wvias specifically
developed for a semelparous life history with capgping generations. The
following equation was utilized, which is applicalibr sampling schemes whereby

adults are sampled (as in the current situation):

Np=b/[2(F-1/S +1/N)]

Where

Np=effective number breeders per year

b= an empirically derived parameter based on thmeldeuw of years between samples
and the average generation length

F=variance in allele frequency change

S=harmonic mean of number of individuals in the semples

N=number of breeders in earlier sample taken
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And from Tajima (1992)
Ne=Npy
Where

y=average generation length

F was estimated using the program NeEstimator meki3 (Peeét al 2004),

which employs equation 9 from Waples (1989). Thepeeter b was estimated with
the method described by Tajima (1992). N was ta&dre 95. 95% confidence
intervals of N were estimated by using modified values of F (\ea{dl989,

Shrimpton and Heath 2003) obtained using:

nF /%%.025mand NF k2,975 )
Where
n= sum of the number of independent alleles fohdacus (where the number of

independent alleles is the total number less one)

2. The pseudo-likelihood method of Wang (2001 naglémented in MLNE
v1.1 (Wang and Whitlock 2003) was used, with maximk set to 1000 and
10000. The number of generations between 1991 @dd was taken to be three,
not accounting for mature parr, while it was takeibe four generations when
accounting for mature parr (only integers were auoodated). The corresponding

values for 1991 and 2000 were two and three gdanasat

3. A method developed by Beaumont (2003) and implaed in the program

TMVP was used. The basis for this approach wasatesoent based method
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introduced by Berthieet al (2002) and employs a MCMC (Markov chain Monte
Carlo) method with importance sampling. A thinningerval of 10 and size of
proposal distribution of parameter updates of (a3 wsed. An importance sample
of 10000 was employed. This method allows for ntbhes two temporally spaced
samples. However, in order for a fairer comparsith other methods of
estimating N, the calculations were conducted while only usgimg samples. The
mode and 95% upper and lower highest probabilitysie (HPD) intervals were
obtained with code provided by Mark Beaumont anplé&mented in R. The
number of generations between 1991 and 2004 was takbe 3.17, not accounting
for mature parr, while it was taken to be 3.61 getiens when accounting for
mature parr. The corresponding values for 1991248 were 2.20 and 2.50

generations.

4. An alternative method also based on the coatésgmroach of Berthieat

al. (2002) was employed. This was developed by Amme(8005) and uses an
‘improved’ importance sampling distribution compéte that utilised by Beaumont
(2003). The method was implemented in the prograNe_(Anderson 2005).
90000 Monte Carlo repetitions were carried out. ibmber of generations
between 1991 and 2004 was taken to be 3.17, notiating for mature parr, while
it was taken to be 3.61 generations when accoufdingnature parr. The

corresponding values for 1991 and 2000 were 2.8®a60 generations.

In addition, estimates of the effective populatsire based on demographic factors

were made. Methods described in Chapter 4, sedtih.3 were used to take into
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account the effect of variable reproductive suceessunequal sex ratio on the
effective number of breeders per yeag{bho). The mean output and variance in
spawning success obtained for spawning that oadumré995 (estimated from parr
sampled in 1997) was applied to spawning that sedun the years from 1995-
2004. Estimates of femowere made for each year (1995-2004) assuming 10 or
800 mature parr were involved. Quasi-natural spag/as well as natural
spawning) occurred in years from 2000 to 2004. &toee another estimate of
Nbemo)in the years from 2000-2004 was made, assumingndan output and
variance in reproductive success was equal tcctdatilated for quasi-natural
spawning that occurred in 2001 (as in Chapter gfintates of lgemowere then
combined for the years from 1995 to 2004, to predarc estimate of Noer

generation; using equation 1 from Waples (2002):

Ne=gNp

Where

g =average generation length
=4.1 years (excluding input from mature parr)
=3.6 years (including input from mature parr)

N}, =harmonic mean of number of breeders per year

Although originally developed for populations widkscrete generations, in
simulations Waples (2002) found that the(Ner generation) of a semelparous
population with overlapping generations and flughpopulation size was as low

as, or lower than, this estimate.
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8.3 Results

8.3.1 Genetic diversity between 1991 and 2004
Allele frequencies in each year are depicted iufad.1 to Figure 8.12, the area of

each circle represents the frequency of a parti@allele in a specific year. Only

adult returns in 2000, 2001 and 2004 were typedbitirSsa04,Ssa08 and

Ssa01.
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Figure 8.1 Allele frequencies of adult returns atdcusSsa2210 in five spawning years (1991
n=95, 1995 n=116, 2000 n=89, 2001 n=41, 2004 n=117)
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Figure 8.2 Allele frequencies of adult returns atdcusSsal605 in five spawning years (1991
n=95, 1995 n=116, 2000 n=89, 2001 n=41, 2004 n=117)
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Figure 8.3 Allele frequencies of adult returns atdcusSsa2201 in five spawning years (1991
n=95, 1995 n=116, 2000 n=89, 2001 n=41, 2004 n=117)
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Figure 8.4 Allele frequencies of adult returns atdcusSsa407 in five spawning years (1991

n=95, 1995 n=116, 2000 n=89, 2001 n=41, 2004 n=117)
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Figure 8.5 Allele frequencies of adult returns atdcusSsa410 in five spawning years (1991

n=95, 1995 n=116, 2000 n=89, 2001 n=41, 2004 n=117)
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Figure 8.6 Allele frequencies of adult returns atdcusOne9 in five spawning years (1991 n=95,
1995 n=116, 2000 n=89, 2001 n=41, 2004 n=117).
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Figure 8.7 Allele frequencies of adult returns atdcusSsal71 in five spawning years (1991
n=95, 1995 n=116, 2000 n=89, 2001 n=41, 2004 n=117)
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Figure 8.8 Allele frequencies of adult returns atdcusSsal97 in five spawning years (1991
n=95, 1995 n=116, 2000 n=89, 2001 n=41, 2004 n=117)
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Figure 8.9 Allele frequencies of adult returns atdcusSsa202 in five spawning years (1991
n=95, 1995 n=116, 2000 n=89, 2001 n=41, 2004 n=117)

2005

25¢€



Genetic diversity over time and estimation of theféective population size Chapter 8

335
315
295
275
255
235
215
195

175
1999 2000 2001 2002 2003 2004 2005

Year of sample (adult returns)

Allele size (bp)

Figure 8.10 Allele frequencies of adult returns atocus Ssa408 in three spawning years (2000
n=89, 2001 n=41, 2004 n=117).
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Figure 8.11 Allele frequencies of adult returns atocus Ssa404 in three spawning years (2000
n=89, 2001 n=41, 2004 n=117).
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Figure 8.12 Allele frequencies of adult returns atocusSsa401 in three spawning years (2000
n=89, 2001 n=41, 2004 n=117).
Visually the allele frequencies appeared to bediyosimilar among years (Figure
8.1 to Figure 8.12). However, exact tests of alldlfferentiation showed there were
significant differences between six sets of yeaduced to three following
sequential Bonferroni correction; 2004 and 199D48nd 1995, 2004 and 2000

(Table 8.2). Results are shown over all (nine).loci

Table 8.2 P-values of exact tests for allelic diffentiation: pairwise comparison of all returns in
different years. Values in bold are significant aD.05 level prior to Bonferroni

correction.
1991 1995 2000 2001 2004
1991 -
1995 0.286 -
2000 0.015 0.456 -
2001 0.096 0.149 0.045 -
2004 0.006 <0.00%* <0.00%* 0.041 -

*significant following sequential Bonferroni correction, initial a=0.05/10

** significant following sequential Bonferroni correction, initial a=0.01/10
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Fst values were low and no comparison was sigmfieéier sequential Bonferroni
correction, although four comparisons were sigatiiicprior to sequential

Bonferroni correction (Table 8.3).

Table 8.3 Estimates of multilocus pairwise Fst vaks between year classes (below diagonal).
Above diagonal: P value computed by permutation (usg Arlequin). Values in bold
are significant at 0.05 level prior to Bonferroni orrection. No comparison was
significant after sequential Bonferroni correction(initial a=0.05/10)

1991 1995 2000 2001 2004
1991 - 0.234 0.005 0.151 0.016
1995 0.0006 - 0.210 0.062 0.007
2000 0.0032 0.0007 - 0.061 0.020
2001 0.0018 0.0026 0.0029 - 0.081
2004 0.0023 0.0024 0.0023 0.0025 -

The standardised measure of genetic differentigfiable 8.4) developed by

Hedrick (2005) was higher than the non-standardisedsure.

Table 8.4 Standardised measure of genetic differeiation among years, calculated using
FSTAT and RECODEDATA.

1991 1995 2000 2001 2004
1991 -
1995 0.0042 -
2000 0.0217 0.0049 -
2001 0.0114 0.0185 0.0198 -
2004 0.0155 0.0162 0.0154 0.0157 -

When comparing cohorts (as opposed to years),aegraumber of comparisons

were significant (Table 8.5, Table 8.6).
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Table 8.5 P-values of exact tests for allelic diffentiation: comparison of cohorts (anadromous
returns aged 4 years.) Values in bold are significd at 0.05 level prior to Bonferroni

correction.
1991c 1995c¢ 2000c 2001c 2004c
1991c -
1995c¢ <0.00%* -
2000c <0.00%* 0.664 -
2001c 0.004 0.447 0.066 -
2004c <0.00%* <0.00#* <0.00#* 0.015 -

*significant following sequential Bonferroni correction, initial a=0.05/10
** significant following sequential Bonferroni correction, initial a=0.01/10

c- only anadromous fish aged 4 years were comparéthe largest component year class in all
samples analysed). Thus 1991c relates to the anadrous fish that returned in 1991 aged 4
years i.e. part of the cohort that were spawned i6986.

Table 8.6 Estimates of multilocus pairwise Fst vaks between cohorts (anadromous returns
aged 4 years), below diagonal. Above diagonal: P lue computed by permutation
(using Arlequin). Values in bold are significant at0.05 level prior to Bonferroni

correction.

1991c 1995¢c 2000c 2001c 2004c
1991c - <0.00#* <0.00F* 0.015 <0.002*
1995¢c 0.00976 - 0.571 0.176 0.003
2000c 0.01619 -0.00070 - 0.045 0.009
2001c 0.00950 0.00246 0.00649 - 0.026
2004c 0.01117 0.00476 0.00513 0.00610 -

*significant following sequential Bonferroni correction, initial a=0.05/10
** significant following sequential Bonferroni correction, initial a=0.01/10

c- only anadromous fish aged 4 years were comparethus 1991c relates to the anadromous
fish that returned in 1991 aged 4 years i.e. partfadhe cohort that were spawned in 1986.

It is of note that the majority of statisticallygsificant comparisons (either prior to
or following sequential Bonferroni correction) imfle 8.2 and Table 8.3 involved
returns in 2004. Due to the complex nature of fiations in allele frequencies in

populations with overlapping generations, this olsgon was further investigated.

Sea returns in 2004 included the highest perceribgesingle cohort in comparison
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with other years (Figure 8.13). Thus returns is flear may have been more

representative of a particular cohort, than ofgtoek as a whole.

7 Total age 6 years
M Total age 5 years
B Total age 3 years
OTotal age 4 years

Composition of sample

1991 1995 2000 2001 2004

Year of sample (adult returns)

Figure 8.13 Cohorts represented in each year of attueturns.

This was investigated further by evening the regmestion of cohorts in the 2004
year class (by removing half of the returns aggeéats, chosen at random). The
composition of the manipulated year class is shinwigure 8.14, identified as

2004i," which included 79 individuals).
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Figure 8.14 Cohorts represented in each year of attueturns, illustrating the manipulated

composition of returns in 2004, labelled as 2004i.

Evening the representation of cohorts resultedisignificant difference in allele

frequencies between any comparison involving 2@liéwing sequential

Bonferroni correction, and fewer and less signiitadifferences prior to Bonferroni

correction (Table 8.7, Table 8.8).

Table 8.7 P-values of exact tests for allelic diffentiation: pairwise comparison of returns in
different years when the 2004 year class was manilaed by evening cohorts (2004i).
Values in bold are significant at 0.05 level prioto Bonferroni correction.

1991 1995 2000 2001 2004i
1991 -
1995 0.294 -
2000 0.016 0.452 -
2001 0.092 0.142 0.046 -
2004i 0.033 0.014 0.027 0.141 -

*significant following sequential Bonferroni correction, initial a=0.05/10

** significant following sequential Bonferroni correction, initial a=0.01/10
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Table 8.8 Estimates of multilocus pairwise Fst vaks (below diagonal) between year classes
when the 2004 year class was manipulated by evenioghorts (2004i). Above diagonal:
P-value computed by permutation (using Arlequin). \Alues in bold are significant at

0.05 level prior to Bonferroni correction.

1991 1995 2000 2001 2004i
1991 - 0.232 0.005 0.147 0.021
1995 0.00059 - 0.203 0.059 0.018
2000 0.00316 0.00071 - 0.064 0.176
2001 0.0018 0.00258 0.00293 - 0.215
2004i 0.00273 0.00249 0.00123 0.0017 -

*significant following sequential Bonferroni correction, initial a=0.05/10

** significant following sequential Bonferroni corr ection, initial a=0.01/10

There was a significant correlation (P<0.001) betwallele frequencies in 1991

and 2004 (Figure 8.15).
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Figure 8.15 Correlation between allele frequencieis adult returns sampled in 1991 and 2004.
Alleles from all nine loci are represented.

There was no consistent change in allelic richbesseen 1991 and 2004 (Table

8.9).
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Table 8.9 Allelic richness per locus for each yeagnd combined over loci for each year.
Standardised to a minimum sample size of 41 (in ye2001) using rarefaction.

Year
1991 1995 2000 2001 2004

2210 11.3 10.1 9.3 10.0 11.4
1605 8.3 7.5 8.1 7.0 6.7
2201 19.1 18.2 19.9 18.0 20.0
410 20.7 21.7 23.8 21.0 22.4

Locus One9 3.0 3.0 3.5 3.0 3.4
407 20.7 20.9 20.5 20.0 18.2
202 10.6 9.7 9.9 9.0 9.9

171 10.3 10.5 10.6 11.0 10.3
197 20.1 20.5 18.0 19.0 23.9
Total over all loci  124.1 122.1 123.7 118.0 126.1

8.3.2 Testing for a recent bottleneck

There was no evidence for a recent bottleneck doupto tests implemented in
BOTTLENECK (Cornuet and Luikart 1996; Piey al. 1999), results of the
gquantitative test are shown in Table 8.10. Thdaafiequency distribution curves

were all approximately ‘L-shaped’, suggesting ncerd bottleneck had occurred.

Table 8.10 Results of test for bottleneck implemead in BOTTLENECK, assuming a two
phase mutation model.

1991 1995 2000 2001 2004
# loci used 9 9 12 12 12
Probability 0.65 0.13 0.52 0.30 0.47

The indication of a bottleneck using the M ratiosvegependent on the value of M
used (Table 8.11). In 2000, 2001 and 2004 the fatgmice of the M ratio was
dependent on the value ®lsed to estimate M is based on the effective
population size and mutation rate. Neither the thutaate nor Nwere known,
although values dd equal to 0.12 or 0.24 do not seem unreasonabtbegscould

correspond to a mutation rate of 6X¢1the average of that obtained by O’Redly
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al. (1998) and Norrigt al (2000) for microsatellites in Atlantic salmon aaud N:
of 50 or 100. Garza and Williamson (2001) sugdest M ratios below 0.68 should
be taken as evidence of a recent bottleneck; akved M ratios were higher than
this. The M ratios in the more recent years (2@0@1 and 2004) were lower than
those in 1991 and 1995. This was still the casenvthe M ratio was calculated

using the same 9 loci for all years (Table 8.11).

Table 8.11 M ratios for samples of anadromous fishbtained between 1991 and 2004, and
corresponding estimates of Mwith varying values of@. M ratios lower than M,
indicate a recent bottleneck- such values are shown bold.

Year of Number of Numberof  Average M

sample loci individuals® mP 0=012 0-024 6-12 0-12
1991 9 95 0.91 0.84 0.83 0.77 0.72
1995 9 116 0.93 0.84 0.83 0.77 0.73
2000 12 89 0.79 0.85 0.84 0.78 0.74
2000 9 89 0.82 0.84 083 0.77 0.72
2001 12 41 0.80 0.85 0.84 0.78 0.73
2001 9 41 0.85 0.84 0.82 0.76 0.68
2004 12 117 0.82 0.85 0.84 0.78 0.74
2004 9 117 0.85 0.84 083 0.77 0.73

# Number of diploid individuals (Critical_M treats each individual as two ‘samples’)

P Average over loci

8.3.3 Estimate of effective population size

Effective population sizes estimated using temporethods and samples obtained
in 1991 and 2004, for different generation leng#re, shown in Table 8.12. The
number of generations between 1991 and 2004 wgheh(3.61 or 4 generations)
when mature parr were included and lower (corredpmnto 3.17 or 3 generations)

when mature parr were excluded from the estimaifageneration length.
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Table 8.12 Estimates of Nper generation using different methods, based oratia from 1991

and 2004. Name of programs utilised are given in pantheses.

Mature # generations N N 9_5%
Method (program) parr input between 1991 mae>P estiniaté c_onﬂdence
included?® and 2004 interval®
Waples 1990, Tajima 1992 N 3.17 n/a 1410 1194-1666
Waples 1990, Tajima 1992 Y 3.61 n/a 1238 1048-1463
Wang 2001 (MLNE V1.12) N 3 1000 916 373-1000
Wang 2001 (MLNE V1.12) N 3 10000 916 373-10000
Wang 2001 (MLNE V1.12) Y 4 1000 1000 477-1000
Wang 2001 (MLNE V1.12) Y 4 10000 1173 480-10000
Anderson 2005 (CoNe) N 3.17 n/a - -
Anderson 2005 (CoNe) Y 3.61 n/a - -
Beaumont 2003 (TMVP) N 3.17 1000 - -
Beaumont 2003 (TMVP) N 3.17 10000 1777 508-9%%2
Beaumont 2003 (TMVP) Y 3.61 1000 - -
Beaumont 2003 (TMVP) Y 3.61 10000 1992 666-9%65

2 (in estimate of generation length) Y = yes, N = no

® n/a = not required/ unable to manipulate in some ®thods

¢ - = none calculated, possibly due to too little fferentiation between samples

HPD = 95% highest posterior density limits are quoteddr the method of Beaumont (2003).

Estimates of effective population sizes using saspbtained in 1991 and 2000,

for different generation lengths, are shown in €hil3. The number of

generations between 1991 and 2000 were higheo(ZB35enerations) when mature

parr were included and lower (corresponding tod2.2 generations) when mature

parr were excluded from the estimation of genernaemgth.
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Table 8.13 Estimates of Nper generation using different methods, based oratia from 1991
and 2000. Name of programs utilised are given in pantheses.

Mature # generations N N 9_5%
Method parr input between 1991 mae>P estin?até c_onﬂdence
included?® and 2004 interval®
Waples 1990, Tajima 1992 N 2.20 n/a 1876 1453-2444
Waples 1990, Tajima 1992 Y 2.50 n/a 1648 1276-2146
Wang 2001 (MLNE V1.12) N 2 1000 595 237-1000
Wang 2001 (MLNE V1.12) N 2 10000 595 237-10000
Wang 2001 (MLNE V1.12) Y 3 1000 791 321-1000
Wang 2001 (MLNE V1.12) Y 3 10000 791 321-10000
Anderson 2005 (CoNe) N 2.20 n/a - -
Anderson 2005 (CoNe) Y 2.50 n/a - -
Beaumont 2003 (TMVP) N 2.20 1000 852 339-485
Beaumont 2003 (TMVP) N 2.20 10000 1267 15Z1_p%293
Beaumont 2003 (TMVP) Y 2.50 1000 868 369-99%
Beaumont 2003 (TMVP) Y 2.50 10000 1672 262}%443

2 (in estimate of generation length) Y = yes, N = no
® n/a = not required/ unable to manipulate in some ®thods
¢ - = none calculated, possibly due to too little fferentiation between samples

HPD = 959 highest posterior density limits are quoteddr the method of Beaumont (2003).

For all estimates, confidence limits were wide goaht estimates were high,
ranging from 595-1992. Estimates based on sampiesn@d in 1991 and 2004

were generally higher than those based on samptaged in 1991 and 2000.

Demographic estimates of.ldre shown in Table 8.14. Estimates ranged froro95
144, depending on the assumptions made. All waveridhan any point estimates

obtained using temporal methods.
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Table 8.14 Demographic estimates of Nfor the years 1995-2004.

Modelledon o 0y generation # mature parr  # mature parr =
QN/Nat spawning time (years) =10° 800°
in 2000-2004 y
Nat 3.6 95 118
Nat 4.1 108 135
QN 3.6 121 127
QN 4.1 137 144

2 for years 2000-2004 both natural (Nat) and quasiatural (QN) spawning occurred. In these
years Nygemo) €Stimates were made based on mean output and vanize in reproductive success
assuming natural spawning (Nat), or quasi-naturakpawning (QN).

®in natural spawning.
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8.4 Discussion

8.4.1 Genetic diversity through time

Over the 13 year period studied (between 1991 80d)2here was no consistent
change in allele richness and, in general, no eabér change in genetic
composition of the stock of Atlantic salmon in Giok Burn. This suggests that low
numbers of female returns between 1997 and 2008 hetvdrastically affected the
observed genetic diversity, at least by the indicatised in this study. Further
analysis of the genetic diversity in years subsefjtee2004 would be required to
determine the effect of persistence of low numbérgturns in 2001-2003. Other
temporal studies on the genetic composition of ititasalmon populations have
also found generally non-significant changes inegierdiversity or non-significant
genetic differentiation between samples of adiNisisenet al (1999a) in samples
taken 37 years apart, Tessier and Bernatchez (19%9@mples taken 13-24 years
apart (approximately 3-5 generations), Séisal (2003) in samples taken 31 years
apart (approximately 6 generations). Significaffiedences were found by Sais&

al. (2003) within populations affected by stockinggedures.

Palmet al (2003b) point out that significant differencesalfele frequencies are
more likely to be detected over longer time perjdug that due to overlapping
generations significant differences may be seewdst cohorts, or when samples
do not consist of even representation of a colhothis study where significant
differentiation (according to Fst values or comgpauni of allele frequencies) among
years was found, it was generally between the sawipiined in 2004 and samples
taken in previous years, which was likely due ® timeven representation of
cohorts (specifically, the over-representation phaicular cohort in 2004). Palet

al. (2003b) found that the magnitude of differencaliele frequencies was higher
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among cohorts than among years, in two populatbfisown trout. In the study
described here, significant differences in alleégiencies were more common in
comparisons of cohorts (although data were limjtdd)n in comparisons of years.
This could have implications in other studies corimgatemporal variation in allele
frequencies in species with overlapping generatitimeay be advantageous to
determine the composition (in terms of cohorts3arhples being compared prior to
drawing conclusions about the stability of alleleguencies in the population under
study, although in many cases this may not be igedctn addition, when
estimating the effective population size of popolad with overlapping generations
using the temporal method, it would be advantageoesnsure that different
cohorts are represented in the samples being cemhpidithis were not the case,
there could be a downwards bias in the effectiyeufation size estimated, as
observed fluctuations in allele frequencies magteater than that in the population
as a whole. Due to this potential problem the e¢iffegopulation size in this study
was estimated over two different time periods, carmg returns in 2004 and 1991
in addition to returns in 2000 with 1991, since @dk were represented more
evenly in 2000 than in 2004.

The degree of correlation between allele frequeniciet 991 and 2004 was similar
to that seen by Tessier and Bernatchez (1999)atitiers obtained correlation
coefficients of 0.93-0.98 for Atlantic salmon witHoci and 3-5 generations
between samples while that observed in this stuaty @v90.

There was no evidence for a bottleneck accordirtg/¢oof the three tests used, and
the results from the other test were dependerti@wtitical value of M employed.
This suggests that the low numbers of returns Et®©97 and 2000 did not

significantly reduce the effective population sie@wever, the tests relied on
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knowledge of the mutation mode of the loci usece Thratio test had reduced
power due to imprecision in the critical value of Rbsitive aspects of these tests
are the requirement for only a single sample amgl #re not computationally
intensive (in contrast to the method of Beaumo@0®) for detecting changes in

effective population size).

8.4.2 Estimating the effective population size

The point estimates of Nrom the temporal methods appeared to be higlengiv
that the highest number of adult returns in theyeaamined was 117, the unequal
sex ratio of spawners, and the observed unequalnspg success of anadromous
returns (Chapter 4). Such apparently high estimatgs have been obtained
because:

1. Neisindeed large

2. assumptions made in estimating\WWere not valid

3. the methods themselves were problematic
In the first instance, Ncould be larger than that initially presumed & #dults
passing upstream through the traps are only a sadllof the entire population i.e.
the traps represent an artificial rather than rdtooundary. In the second instance,
assumptions that may not have been met were sadawiutrality of markers,
random sampling of the population, absence of nartand absence of
immigration (Leberg 2005). Since the markers usedcewmicrosatellites the
majority (at least) were likely to have been efifiegy neutral (Jarne and Lagoda
1996). As the lower boundary of the populationnknown, it is difficult to
determine whether sampling was random, althougtiarmnsampling would have
been more improbable had juveniles rather thameteans been sampled. The

degree of mutation over the time period examinedishbe negligible (Leberg
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2005). Possibly the most important assumptionrieat not have been met was that
of no immigration. By the nature of their life hosies, Atlantic salmon returning
from the sea may stray to sites other than the&l maigin and possibly then breed
there. Indeed, three male grilse caught at thestirairnock Burn in 2000 and
2004 were likely to have originated in a differgopulation, based on their
genotypes (Chapter 6). In addition, a proportionetdirning adults are of unknown
origin (approximately 25% from one estimate in Cieaf®, as indicated by the
absence of fin clips and inability to assign pamgetto previous spawners at
Girnock Burn). Immigration can drastically affebetchange in allele frequencies,
causing an upwards or downwards bias in the esimfatl (Wang and Whitlock
2003). An assumption specific to the moment esomat Waples (1990) is that of
semelparity. The extent to which mature parr ah@k Burn re-mature as
anadromous fish is unknown. However, Heettlal (2002) applied this method
(Waples’ 1990 moment estimator) to steelhead tnotlt a low degree of repeat
spawning (<10%).

The third possibility was that the methods employede flawed. The moment
estimator can be biased when allele frequencieslase to 1 or 0 (Waples 1990;
Turneret al 2001), as was the case for the loci employedetivere many low
frequency alleles. However, Turnetral (2001) found that ‘binning’ low frequency
alleles was ‘not warranted’ as it decreased pracisf the estimate. In addition,
Shrimpton and Heath (2003) found that binning drbnipning alleles made little
difference to their estimates, despite the occeeeari a number of alleles of low
frequency. Tallmoret al (2004) tested the accuracy of a range of temporal
methods, including that by Wang (2001) and Beaun@®®3) used in this study.

The authors found that, when applied to an experiaigopulation of mosquito
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fish, the 95% confidence (or credible intervalsjhe two afore-mentioned methods
did not include the true value of.NAnother cause for concern is that temporal
methods are more reliable for populations with $welles of N (Séiséet al. 2003;
Leberg 2005). This is possibly why Asgtial (2006) found a range of methods
gave very similar estimates for. \h a population of wolves, with relatively narrow
confidence intervals.

It is difficult to determine whether the sampledakn 2004, due to its uneven
composition in terms of cohorts, affected the rssi8amples obtained in
1991/2004 were attractive because they spanneatjaidime period, although the
samples obtained in 1991/2000 were more represantatdifferent cohorts. They
estimated Nover a different time periods, so will not neceggaroduce the same
results, as highlighted by Waples (2005). The ¢fbédifferent generation times
(due to the inclusion or exclusion of mature pdiffered depending on the method,
with the moment estimator predicting a lowerWith decreased generation time
(corresponding to the inclusion of mature parr)evaas in all other estimateg N
increased with decreased generation time (thesrariuof mature parr). The
maximum value of daffected the confidence intervals, but not theapestimate of
Ne in Wang's (2001) method, whereas altering the maxn value of Nalso
affected the point estimate of Nbtained using Beaumont’s (2003) method.
Unfortunately it was not possible to compare resalitained with the method of
Beaumont (2003) to those from Anderson (2005),tdube absence of results with
the latter method- possibly because differentiatias too low between samples.
An important consideration when applying these més$hs computational time.
The lower this is, the more likely the method idb#&thoroughly tested. The method

of Anderson (2005) was considerably quicker tha ¢f Beaumont (2003) (even
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when values were obtained from Anderson’s metheslLlts not shown). Applied to
data in the current study, the method of Beaum20@3) took around 24 hours to
compute, whereas that of Anderson (2005) took orted hours. In addition, the
method of Anderson (2005) provides a point estimaatd confidence limits directly,
whereas further analysis of the output is requimneithe method of Beaumont

(2003).

Temporal methods are more reliable for populatiwitk a small N. Therefore
populations that do have a largewWbuld require samples that were widely spaced
in time, in order for adequate genetic differemiatoetween samples and hence for
more reliable estimates to be made. Obtaining saafples may not always be
feasible. Clearly, the accuracy of the estimatéalslo be dependent on meeting the
assumptions made in the process, namely that ohmogration. A low degree of
genetic differentiation may also be the resultnomigration (as opposed to high)N
and accounting for this would presumably give nret@ble estimates. However,
for methods that do not take into account the lef@nmigration, it would be

useful to know the level of genetic differentiatitrat is required to obtain
meaningful estimates ofdNHowever, it could be argued that the estimatibNgn

a conservation context may be of more interespégulations with small N

The demographic estimates of Were nearly an order of magnitude lower than any
of the point estimates given by the geneticallyeldagemporal methods. One of the
drawbacks of the demographic estimate is thathased on the initial number of
potential spawners, which was unknown; spawnembéle traps that were part of
the population unit were not included.

Temporal methods gave point estimates of aroune2800 whereas the

demographic estimates were in the region of 100-Gbéen that Nis on average
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only 11% of the census size (Frankhatal 2002), and that 33% of returns to
Girnock Burn between 1990 and 2004 were identifisthaving originating above
the traps (from adipose fin clips), the lower esties may seem more likely.
However, the rate of loss of genetic diversitylsbalependent on immigration. If
immigration occurs constantly over a long perid, tate of change of allele
frequencies approaches that predicted by the eféesize of the whole
metapopulation, thus s overestimated using temporal methods if imnigrais
not accounted for (Wang and Whitlock 2003). The dgraphic method is not
affected by immigration, but also reveals nothibgw how immigration may or
may not be affecting the rate of loss of genetiesity. Therefore in order to
understand how genetic diversity in the stock daAtic salmon in Girnock Burn
may be affected in the future, it would be usedukmow both the level of
immigrationand Ne.

Other studies that have estimategitNAtlantic salmon populations have also used
the methods employed in the current study. Lagekanrdfield (2006) used the
method developed by Wang (2001) to estimatefhn endangered population of
wild Atlantic salmon, with one to nine generati@eparating samples and seven
microsatellite markers. Their point estimates weve (48-202) by comparison with
estimates using this method for Girnock Burn. Caerfice intervals were wide (the
widest from 40-1000, and 1000 was the maximuwspécified) if three or fewer
generations separated samples, but narrower wleggexr number of generations
separated samples (for example 81-213 when sampticigrred nine generations
apart). This suggests that if more generationssepadrated the samples from
Girnock Burn, narrower confidence intervals mayéaeen obtained. It may be

that more differentiation would be seen over a &rgeriod, resulting in more
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precise estimates. Séisfial (2003) used the moment estimator of Waples (1990)
(which accounts for overlapping generations) toneste N in a large wild
population of Atlantic salmon. Over the longestdiperiod examined (56 years) the
point estimate of Nwas 1412, with a 95% confidence interval of 475Fhis may

be a reflection of the lower reliability of the tporal method for large populations
and /or the occurrence of low frequency allelesi¢ivlvere not pooled). It would

be interesting to apply other temporal method$i®dataset. The authors used a
different sampling scheme (using juveniles) to thahe current study, which
required the use of a different equation from Wagl990), obviating the need for
the inclusion of ‘N’ (the number of breeders). Thiay be advantageous as
estimating N undoubtedly introduces an additiooalrse of error. Consueged al
(2005) estimated Nor four small populations of Atlantic salmon, ngiWaples’
(21990) moment estimator, as well as the method ahi§\and Whitlock (2003). For
the latter separate estimates were calculatedewdiking into account and ignoring
immigration. Low estimates were obtained with htee methods, with confidence
intervals that were narrower by comparison withsthobtained in the current study.
Estimates that were obtained while allowing for ilgration were lower than all
other estimates, although these did not take iotount overlapping generations
and were based on samples taken only 4 years &last.and Reilly (2003)
estimated Nfor a hatchery population of Atlantic salmon insif@nia, using the
method of Berthieet al (2002) implemented in TM3.

The most accurate means of determinidadX Atlantic salmon that exhibit a
semelparous life history with overlapping generadics still unclear. Simulations or
studies on experimental populations with knownaéuld be required to compare

the accuracy and precision of Waples’ moment estimspecifically developed for
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such a scenario, to that of other temporal metfidddihood and coalescent based)
developed for populations with discrete generati@us which should approximate
Ne values for populations with overlapping generatidra long interval occurs
between samples). It would be useful for such stuth include loci with a range of
numbers of alleles, and to be conducted for highlaw values of N

In order to obtain more accurate estimates gioNGirnock Burn it may be
necessary to sample over longer time periods,¥amgle utilising scale samples,
and / or to sample from populations that are péssiburces of migrants. The latter
would enable the estimation of immigration rate algointly, using the method
put forward by Wang and Whitlock (2003).

Wang (2005) drew attention to the limitations ofccgating N: using genetic
methods, given difficulties in its calculation athe lack of information it provides
about the basis of its value. In contrast, Wapgk@94) was optimistic, claiming it
was now possible to obtain the ‘detailed demogmptiormation necessary to
directly estimate N(and N/N) with high precision’. This may be the case unde
some circumstances, but estimatingusing the demographic method proved
problematic in Girnock Burn, despite detailed demapyic information. The
writer’s view is that the limitations described Wang (2005) cannot be stressed
too greatly, although for small isolated populasidinmay be possible to calculate
Ne with a greater degree of accuracy. In a conseamwatontext the interpretation of
N is also dependent on the level of immigration. &mample Consueget al

(2005) found the effective population sizes of fpopulations of Atlantic salmon
were very low, although they maintained geneticataon at levels similar to that
seen in larger populations. The authors suggektednight be due to asymmetric

gene flow. In addition, Fraset al (2004) postulated that sex-biased dispersal could
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reduce the rate of loss of genetic diversity ingapons with low N. In the long
term, immigration can result in the overestimatdie, as it can produce a
reduction in the rate of change of allele freques¢heoretically reaching that of the
effective size of the whole metapopulation (Wand ®hitlock 2003). Thus
estimates of Nshould be interpreted with great care, due tqitijaccuracy of the

estimate and possible implications of immigration.
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9 Concluding Remarks

The application of highly polymorphic molecular rkars to archived samples and
samples recently obtained from Atlantic salmon imGck Burn has allowed a greater
insight into a range of aspects of this stock. €haslude:

* mating system

» reliability of molecular methodology

» spatial distribution of juvenile kin

* extent of homing

» the reproductive success of mature parr and patantpact on adaptation

* an evaluation of genetic diversity over time

» estimation of the effective population size

» effectiveness of a management strategy

The stock of Atlantic salmon in Girnock Burn consisf wild fish that have been
subject to almost entirely natural conditions, jeatarly before 2000 when a form of
spawning intervention was instigated. This hasnaid a study of Atlantic salmon in
close to ‘real world’ conditions. An ever—preseancern with tank or experimental
studies is the applicability of results to condigdn the field. However, studies
undertaken in the wild face other, possibly morendimg challenges. Distinguishing

the effect of ‘signal’ from the ‘noise’ of the na&li environment is much more difficult
to achieve, since the level of control that carkercised over both study organism and
environment is greatly restricted. In the currdadyg, for example, the number of sea

returns that entered the upstream trap limitecs#maple of sea returns available for
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analysis in a particular year, a factor not untierdontrol of the researcher. This was
also largely a retrospective study, which was athgeous in allowing a greater time
span to be investigated than would otherwise haes lallowed by the duration of the
study. However, this also resulted in a lack ofifddity in sample collection. For
example samples of mature male parr used in qu@dsral spawning would have been
a valuable resource to characterise, but unfortipn#itese had not been retained. The
current study was undertaken in a single, relatigatall, spate tributary of one river
system and has revealed novel insights into thependynamics of Atlantic salmon
population genetics. Just how representative tidirfgs of this study are in relation to
other Atlantic salmon populations remains to batdshed. Similar types of study
should certainly be conducted elsewhere.

An important finding of the study with regards he tstock management was that quasi-
natural spawning was successful in giving a moreaiete and even representation
(according to the standardised variance) of spasuiamn natural spawning (Chapter 4).
However, this manipulation apparently also affectexloutput of natural spawning.
The reproductive success of fish involved in ndtspawning in 2000 and 2001 (i.e.
when quasi-natural spawning was also practised)sigasficantly more skewed than
that of natural spawning in 1995, when no quasiHispawning took place. This
suggests that the current strategy, to use allranazlis returns in quasi-natural
spawning with no natural spawning above the trapsuld result in a better overall
representation of (anadromous) spawners. Howehvisrapproach also introduces the
risk of losing substantial numbers of eggs durimgubation, which in turn may

inadvertently impose selection for characters beiafn the incubator, but not
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necessarily so in the natural environment. Othetersabtle, but potentially
evolutionary significant, consequences may folloant assisted spawning. The
practise eliminates potential sexual selectiondsré&urthermore, planting out progeny
in mixed family units may alter the distributionjaizenile kin in the burn. The
consequences of doing this are unknown, althougbatrthat were spawned naturally
in Girnock Burn were found to be clustered in fangtoups (Chapter 5). In addition
the occurrence of kin-biased behaviour in Atlasatmon juveniles has been suggested
by studies conducted under experimental conditiBnswn and Brown 1996; Griffiths
and Armstrong 2002). For such interactions to ocequires that juveniles are able to
recognise kin. Recently Rajakarueizal (2006) reported that juvenile Atlantic salmon
were able to discriminate between kin and non-&urch recognition being partially
influenced by a major histocompatibility complex@) class Il gene haplotype.

The over-winter mortality of incubated eggs is gaiig low (averaging 4% from 2000-
2002), although more recently, in the winter of 200006 approximately 30% of eggs
were lost, the reasons for which are still not appta Therefore the first potential
disadvantage described above could pose a redeproDomestication selection is
probably not a great issue in Girnock Burn, asiélbation time is relatively short, 2)
the incubator is situated within the burn, and 8)tality is generally low. The higher
mortality in 2005 may have been due to factors wwaild have also been encountered
in the natural environment. It could present a f@at) however, if mortality were
specific to the conditions in the incubator. A citaphic loss of progeny, due to
incubator malfunction is always a risk, but couddrbanaged by splitting resources

among incubators or sites. Overall, the potenhattsomings of quasi-natural
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spawning do not appear to have had drastic coneegadas far as could be
monitored); anadromous returns in 2004 includedprfihg of quasi-natural spawning
from 2000.

An aspect of quasi-natural spawning that was likelgiffer substantially from natural
spawning in Girnock Burn was the number of matue pontributing to offspring.
Although the number of mature parr that contritatiecessfully to natural spawning
has not been quantified, it is apparent, from olzg@mns and a previous genetic
investigation (Taggart al 2001) that large numbers, probably hundreds,esstally
spawn. It is likely to be orders of magnitude geedlhan the number currently used in
quasi-natural spawning. A future line of researatld be to estimate the number of
mature parr involved in natural spawning more aataly. It would probably only be
feasible to conduct such a study under semi-nataraditions, perhaps a cordoned-off
section of a spawning region, to allow for the edlion of tissue samples from all
putative spawners. Such a set-up would also allothhér investigation into the success
of mature parr with differing sex ratios of anadomara spawners. Although the
spawning success of individual mature parr wasstigated by Thomaet al (1997)
and Jones and Hutchings (2001), limited numbermaitire parr (a maximum of 23)
and anadromous spawners (a maximum of one anadsomale and two anadromous
females) were used and the experiments were cogdiuttelatively small areas (the
largest section measured 10m x 3m). Quasi-natpealising allows the proportion of
eggs fertilised by mature parr to be manipulated.ould be useful to know what the
optimum level would be, in terms of the long-teramsval of the stock, although this

is perhaps an unattainable objective. It was pattdithat mature parr have the
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potential to propagate alleles that may confersadirantage in the marine
environment, although an exploration of this did reveal definitive evidence for such
a scenario. Any disadvantage cannot be strongfsysriofg of mature parr were found
to return to the burn as anadromous adults (Ch@ptér may be of interest to examine
this in other populations, perhaps where therdaaiger numbers of anadromous returns
in each year and a low percentage of males thatreat parr.

An important consideration in the conservationpe@es is climate change. It was
postulated that the predicted increase in temperabay result in a greater incidence of
male parr maturation. As a result there may becéraein the survival of anadromous
males, since Lundqvigt al (1994) reported a lower marine survival of makes had
previously matured as parr. Leading from this, dynbe speculated that the proportion
of eggs fertilised by mature parr in the wild coirldrease. Under such circumstances
the best course of action for quasi-natural spagvreémains unclear. The level of
reproductive success of mature parr in the wildtaded by (changing) environmental
conditions, may differ to that artificially imposég quasi-natural spawning. An
increase in the proportion of eggs fertilised bytura parr would be likely to result in a
greater degree of isolation of the stock (as tlpador straying of anadromous males
is higher than for parr) and a decrease in thea@eegeneration length. Generation
length is one of the many factors affecting theif’e population size. Theory
predicts that the effect of juveniles reproducisngo decrease the generation length,
which in turn acts to lower e.g. Nunney 1993).

An attempt was made in the current study to esértiag effective population size

using temporal methods based on allelic data andthod based on demographic data.
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The estimate based on demographic data was loaeralhpoint estimates obtained
using temporal methods (based on genetic data) pOssble reason for this disparity
is the influence of immigration, which was not taketo account in the temporal
methods explored. A future line of research codddestimate the effective
population size and effective number of migrantsusianeously using the method
developed by Wang and Whitlock (2003). Howevers #ipproach requires samples to
be obtained from populations that are the sourteasgrants. As most migrants are
likely to come from within the Dee catchment thi®sld be feasible (though
demanding on resources, time and finance), by sxterlectrofishing of other
tributaries supplemented with samples from angdeigbt fish. More precise estimates
of Ne might have been gained if the samples utiliseddssh obtained further apart in
time. A potential resource that could be exploitegcale samples taken from
anadromous returns to Girnock Burn dating backd@6l However, although
microsatellite loci have been successfully amplifile the past from old scale samples
of Atlantic salmon (eg Nielseet al 1997; Ayllonet al 2006b; Lage and Kornfield
2006), there are technical problems associatedthighapproach, e.g. poor quality and
small amounts of DNA (Nielsegt al 1999b). If it proved possible to exploit these
samples (and thereby generate reliable genetig ttetanformation collected would
also allow the comparison of allelic richness cwgreater number of years than was
explored in the current study.

One aspect of this investigation focussed on thengxf trap leakage. An estimate of a
mean level of ¢.34% was made (measured as therpageeof returns assigned to

spawners at Girnock Burn, that were unclipped)inkegion of the extent of trap

284



Concluding remarks Chapter 9

leakage was hampered by the possibility that fesnadel spawned below the traps
prior to being placed above them (although measuegs taken to exclude the
offspring of such females from the analyses). Wiitlrent management practices all
Atlantic salmon originating above the traps are fimwn known crosses (as they are
solely the product of quasi-natural spawning). Thutire sample datasets should
provide a means to improve the estimate of thenéxtietrap leakage, as offspring of
pairings between anadromous spawners that wereonstructed in quasi-natural
spawning could be positively identified as havimgiomated below the traps. Despite
the demonstration that trap leakage is occurring,unlikely that the level will be
reduced. Most escapement is likely to occur dup@gods of high water flow (flood
conditions) with fish passing over the trap. Evienéreased manpower were available
to monitor and clear the downstream trap more &atjy than at present (particularly
through the night), during spate conditions thiymat be a safe option and in some
conditions it clogs more rapidly than it can beacéal.

The identification of returns to Girnock Burn thegre philopatric, but unclipped
(presumably due to trap leakage) allowed a moieadfestimate of the level of
homing to the burn than was otherwise possibledaskely on the ‘clipping’ status of
adult returns. Olfaction is known to be essenballhe accurate homing of anadromous
salmonid species (Dukes al 2006). It is thought that imprinting on odourdine

natal stream occurs during the parr-smolt transédion (PST) period, and that such
odours are then used as ‘orientation cues’ durongihg. Recent findings suggest that
both environmental and pheromonal cues are involRedteset al 2004). At Girnock

Burn, migratory fish leave as parr during the autwonas smolts the following spring.
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It would be of interest to determine whether fisattpass through the traps in autumn
are more likely to stray than those passing thraggbmolts in spring, since autumn
parr might have a lower degree of imprinting to luen. McCormicket al (1998)
speculated that pollutants might interfere with deeelopment of olfactory imprinting
and the subsequent homing of adults. In salmofidscieret al (1991) reported that
exposure of rainbow trout to a low level of copfmmparable to levels encountered in
the ‘natural environment’ as a result of industaelivity) resulted in the impairment of
olfactory discrimination, while Schok al (2000) described how exposure to nominal
levels of diazinon (an insecticide) disrupted thening ability of chinook salmon.

Other studies have investigated the physiologitfatts of pollutants, particularly
metals, on the olfactory system of fishes (reviewe8cott and Sloman 2004). It can be
postulated that homing, perhaps in a range ofdjEties, has been (and will continue
to be) affected by the influx of pollutants inteet systems and the marine
environment as a result of anthropogenic influences

Based on the current study (Chapters 5 and 8)irbauof recommendations can be
made for future genetic sampling strategies. Fpufaiion genetic analyses, it was
found that when sampling juvenile kin, large regiaf Girnock Burn needed to be
electrofished to provide an apparently unbiasedpsanfPreferably, more than one age
class should be included when sampling. The agdplitaof this to other regions could
be determined by future research. It was also fabhatiwhen a cohort was over-
represented in a year class of anadromous retaliale frequencies were significantly

affected. It may therefore be useful to obtain infation on the age of anadromous fish
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when sampled for population genetic analyses,dermto determine whether the
representation of cohorts is heavily skewed.

The current study was dependent on accurately gypighly polymorphic

microsatellite markers, using methodologies thiawadd a relatively high throughput
(multiplexing of multiple loci within single PCRsd capillary-based electrophoresis).
This presented a greater degree of resolutionwlzanpreviously attainable with the
application of minisatellites, which are laboureinsive to screen and require relatively
large amounts of isolated DNA. However, despitepfugress in methodologies, errors
in scoring microsatellite alleles were identifidoh effort should be made to identify
possible errors in all allele-based data, irrespedf the application. Although errors
may be apparent in parentage analyses (using assigrrather than maximum
likelihood methods), whereby putative instancem-typing can be flagged and re-
analysed, in population studies this is not the cakerefore re-analysis of a sub-
sample of individuals should be carried out in otdedetermine the reliability of data.
A problem that has been identified with microsdl is the inability to easily
standardise data across laboratories; Setitil (2003) reported that this was time-
consuming and expensive. The marker of the futtréntensely studied organisms
may be the SNP. Smittt al (2003) described how these were relatively inespe

and rapid to assay in comparison to other markeais as microsatellites and
allozymes. Although generally only bi-allelic (Sétierer 2004), such that large
numbers of loci must be examined to provide a lef@formation content comparable
to that provided by more polymorphic markers, tgpmethodologies that negate the

need for electrophoresis and have a high levelitifraation mean that assays are
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relatively rapid and easily standardised acrossritbries (Smitlet al 2003).
However, even with such sophisticated proceduhesetis still the potential for error,

the occurrence of which should be analysed as genaftcourse.
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Al Appendix

1.1 DNA extraction- modified chelex protocol

Based on a method by Estoeipal (1996), modified by J Taggart and P Prodohl.

Chelex solution: 10% chelex (Sigma) in autoclavé&d(TOmM Tris, 1 mM EDTA,

pH8.0), 0.1% SDS

1. Heat chelex mixture on a magnetic stirrer with Iséir to 60°C.

2. Remove a punch from the fin clip 2mm in diameténg®& biopsy punch.
Squeeze this dry with a tissue and place in a ofel 96-well plate.

3. Repeat for remainder of samples in the set to begssed

4. Add 3l of proteinase K (10mg/ml) to each well.

5. Add 100ul of chelex solution to each well usingette tip with the end
removed (to allow the chelex to be included)

6. Heat at 55°C deg in an oven for 3hours.

7. Spin the plate at 1000g for 1min.

8. Heat plate at 95°C for 10 min.

9. Spin plate at 1000g for 1min.

10. Store at -25°C.

11.Prior to use mix (shake while ensuring plastic cagdirmly attached) and spin

at 1000g for 1min.
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1.2 DNA extraction using Wizard® SV Genomic DNA Puaiiien System

(Promega, Cat. No. A2360)

Digestion Solution Master Mix

(total 275ul per sample, only 260ul used to allowdippetting errors)

Solution Volume per sample

Nuclei Lysis Solution 200ul
0.5M EDTA (pH8.0) 50ul
Proteinase K 20mg/ml  20ul

RNase A Solution 4mg/ml  5pl

1. Remove punch 3mm in diameter from sample usin@pdyi needle. Squeeze
dry with tissue and place in microtube.

2. Repeat with remainder of set of samples to be @k

3. Add 260ul Digestion Solution Master Mix to each gdan

4. Shake until all samples are immersed in digestbuti®n.

5. Incubate at 55°C for 16 hours if adult tissue, avidimum of 3 hours if smolt
tissue. Shake tubes half way through incubation.

6. Add 240ul of Wizard®SV Lysis Buffer to each micrb&i Vortex.

7. Tip contents of each microtube into a Wizard® S\hidolumn Assembly (one
for each sample).

8. Spin at 130009 for 3 minutes.

9. Discard contents of lower part of Wizard® SV Miniemn Assembly (the

collection tube).
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10.Add 640ul Wizard®SV Wash Solution (with 95% ethaadtled).

11.Spin at 130009 for 1min.

12.Remove contents of collection tube.

13.Repeat 3 times (a total of 4 washes).

14.Spin at 130009 for 3 min.

15. Transfer top of Wizard® SV Minicolumn Assembly tardcrotube.

16.Add 100ul nuclease free water.

17.Leave for 2min at room temperature.

18. Spin at 13000g for 1min.

19. Add 50ul nuclease free water if adult sample, 3ydlease free water if smolt
sample. Ensure all drops are in contact with bott@tier than side, of the tube.

20.Leave for 2 min at room temperature.

21.Spin at 130009 for 3min.

22.Keep only the microtube with eluted DNA. Store25°C.
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1.3 PCR components and thermocycling conditions

Throughout the course of the study, PCR conditiwase modified to take into
account the changing semi-automated detection apafi.e. ABl and Beckman
fragment analyzers), different DNA extraction metblogies used and additions to
the locus panel employed.

Non-fluorescent primers and ‘ABI’ fluorescent prirmavere ordered from MWG
Biotech while Beckman fluorescent dyes were supghg Proligo France SAS.
Other PCR components were supplied by ABGENE

i.e. Tag DNA Polymerase (5U / uL ) Cat No. AB-0192

inc 10x Buffer Il solution (100 mM Tris-HCI, pH8.300 mM KCI) and
separate 25 mM Mgghkolution

dNTP set (high concentration 100 mM each) CatA®-.0315

The varying protocols are detailed below in Table-AA10. The products of PCRs
described in Table Al- Table A4 were run on ABlgiteent analyzers, products of
PCRs described in Table A5-Table A10 were run ockB®n Coulter fragment
analyzers. Template DNA for PCR conditions desdfiipeTable A1-A4 was
extracted using either the phenol chloroform odekerotocol. Template DNA for
PCR conditions described in Table A5- Table A10 etsacted using a
commercially available kit (the Wizard® SV GenoniblA Purification System).
Unless otherwise stated, the concentration isdaheesor forward and reverse

primers. Sequences of primers are detailed in TaRend 2.3.
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Table A1 PCR conditions for multiplex 1. Final reation volume was 10uL. Steps 2-4 were
repeated 24 times (25 cycles in total).

Component con('::(i;?rlation Thermocycling conditions

buffer 1x Step Temperature °C Duration
each dNTP 0.2mM 1 95 2min

MgCl, 2.5mM 2 95 30s
2201 (F&R) 0.38uM 3 58 30s
1605 (F&R) 0.08uM 4 72 50s
2210 (F&R) 0.1uM

Taq 0.025U/puL

Table A2 PCR conditions for multiplex 2. Final reaction volune was 10pL. Steps 2-4 were
repeated 24 times (a total of 25 cycles). TemplaBENA was extracted using either the
phenol chloroform or chelex protocol.

Component con:::eizg?rlation Thermocycling conditions

buffer 1x Step Temperature °C Duration
each dNTP 0.2mM 1 95 2min

MgCl, 1.5mM 2 95 30s
410 (F&R) 0.35uM 3 58 30s
407 (F&R) 1.2uM 4 72 2min
Oone (F&R) 0.25uM

Taq 0.025U/uL
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Table A3 PCR conditions for multiplex 3. Final reation volume was 10uL. Steps 1-3 were
repeated 7 times (total of 8 cycles). Steps 4-6 weethen repeated 19 times (a total of 20
cycles). Template DNA was extracted using either éhphenol chloroform or chelex

protocol.
Component Final . Thermocycling conditions
concentration
buffer 1x Step Temperature °C Duration
each dNTP 0.2mM 1 94 20s
MgCl, 1.5mM 2 53 20s
197 (F&R) 0.15uM 3 72 40s
202 (F&R) 0.2uM 4 90 20s
171 (F&R) 0.25uM 5 53 20s
Taq 0.025U/pL 6 72 40s
7 72 7min

Table A4 PCR conditions for multiplex 4. Final reation volume was 1QuL. Steps 2-4 were
repeated 24 times (a total of 25 cycles). TemplaBENA was extracted using either the

phenol chloroform or chelex protocol.

Component con('::(i;?rlation Thermocycling conditions
buffer 1x Step  TemperaturéC  Duration
each dNTP 0.2mM 1 95 2min
MgCl, 1.5mM 2 95 30s
404 (F&R) 0.351M 3 54 30s
408 (F&R) 0.6uM 4 72 2min
Taq 0.025UfL 5 72 9min
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Table A5 PCR conditions for multiplex 5, used for INA from adults that returned in 2000 and
2001. Final reaction volume was 20puL. Steps 2 towrkre repeated 29 times (total of 30
cycles) before steps 5 and 6 were carried outdR of undiluted DNA was used.

Component con('::(i;?rlation Thermocycling conditions

buffer 1x Step Temperature°C Duration
each dNTP 0.2mM 1 95 2 min

MgCl, 1.5mM 2 95 30s
2201 (F&R) 0.38uM 3 58 30s
1605 (F&R) 0.2uM 4 72 1min
2210 (F&R) 0.12uM 5 72 7min
410 (F&R) 1uM 6 5 1min
407 (F&R) 1.2uM

Taq 0.025U/puL

Table A6 PCR conditions for multiplex 5, used for INA from adults that returned in 2004 and
for smolts that were collected in spring 2004. Firlaeaction volume was 20uL. Steps 2
to 4 were repeated 34 times (total of 35 cycles)fbee steps 5 and 6 were carried out.
2uL of undiluted DNA was used.

Component concl::(ieg?rlation Thermocycling conditions

buffer 1x Step Temperature °C Duration
each dNTP 0.2mM 1 95 2 min

MgCl, 1.5mM 2 95 30s
2201 (F&R) 0.38uM 3 58 30s
1605 (F&R) 0.2uM 4 72 1min
2210 (F&R) 0.145uM 5 72 7min

410 (F 1uM

410 ((R; 1.;uM ° > Lmin
407 (F&R) 1.2uM

Taq 0.045U/uL
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Table A7 PCR conditions for multiplex 6 used for DM from adults that returned in 2000 2001
and 2004. Final reaction volume was 20puL. Steps 8 # were repeated 29 times (total
of 30 cycles) before steps 5 and 6 were carried o@uL of undiluted DNA was used.

Component con:::eizz?rlation Thermocycling conditions
buffer 1x Step  TemperaturéC  Duration

each dNTP 0.2mM 1 95 2min
MgCl, 1.5mM 2 95 30s

404 (F&R) 1uM 3 54 30s

408 (F&R) 0.6uM 4 72 2min

171 (F&R) 0.3uM 5 72 60min

One (F&R) 0.15uM 6 5 1min

Taq 0.025U/uL

Table A8 PCR conditions for multiplex 6 used for DM extracted from smolts sampled in
spring 2004. Final reaction volume was 20pL. Stefisto 4 were repeated 34 times
(total of 35 cycles) before steps 5 and 6 were cad out. 3uL of undiluted DNA was

used.
Component Final . Thermocycling conditions
concentration
buffer 1x Step  TemperaturéC Duration
each dNTP 0.2mM 1 95 2min
MgCl, 1.5mM 2 95 30s
404 (F&R) 1uM 3 54 30s
408 (F&R) 0.5uM 4 72 2min
171 (F&R) 0.35uM 5 72 60min
One (F&R) 0.18uM 6 5 1min
Taq 0.035U/ul
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Table A9 PCR conditions for multiplex 7 used for DM\ extracted from adults sampled in 2000,
2001 and 2004. Final reaction volume was 20uL. Stefi to 3 were repeated 7 times
(total of 8 cycles), then steps 4 to 6 were repedt&9 times (total of 20 cycles) before
step 7 was carried out. AL of undiluted DNA was used.

Component con:::eizg?rlation Thermocycling conditions
buffer %0.9 Step  TemperaturéC  Duration
each dNTP 0.2mM 1 94 20s
MgCl, 1.5mM 2 53 20s
197 (F&R) 0.15uM 72 30s
202 (F&R) 0.36uM 4 90 20s
401 (F) 0.45uM
401 (R) 0.5uM > > 208
Taq 0.025U/ul 72 30s
7 72 60min

Table A10 PCR conditions for multiplex 7 used for INA extracted from smolts sampled in

2004. Final reaction volume was 20uL. Steps 2 towkre repeated 7 times (total of 8
cycles) then steps 5 to 7 were repeated 24 timestétl of 25 cycles) before step 8 was

carried out. 3uL of undiluted DNA was used.

Component con:::eizg?rlation Thermocycling conditions
buffer 1x Step Temperature °C Duration
each dNTP 0.23mM 1 94 2min
MgCl, 1.7mM 2 94 20s
197 (F&R) 0.17uM 3 53 20s
202 (F&R) 0.44uM 4 72 30s
401 (F&R) 0.51uM 5 90 20s
Taq 0.03uU/ul 6 55 20s
72 30s
72 60min
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1.4 Example traces of multiplexed loci.

Example traces obtained for each multiplex areaegiin Figure Al to Figure

Al13.

200
00
400
200

Figure A1 Example trace of multiplex 1. From left b right, are loci Ssa2210,Ssa1605 and
Ssa2201.
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Figure A2 Example trace of multiplex 2, showing alfluors combined.
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Figure A3 Example traces of multiplex 2, showing ezh fluor separately. Loci included are
Onev, Ssa410 andSsa407 (from top to bottom).
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Figure A4 Example trace of multiplex 3, showing alfluors combined.
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Figure A5 Example traces of multiplex 3, showing ezh fluor separately. Loci included are
Ssal71,Ssa202 andSsal97 (from top to bottom).
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Figure A6 Example trace of multiplex 4, showing bdt fluors combined.

700
100

200
A 150

241,25 29233

Figure A7 Example traces of multiplex 4, showing ezh fluor separately. Loci included are
Ssa408 andSsa404 (from top to bottom).
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Figure A8 Example trace of multiplex 5, showing alfluors combined.
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Figure A9 Example traces of multiplex 5, showing ezh fluor separately. Loci included are, in
top trace from left to right Ssa2210,Ssal1605,Ssa2201, middle traceSsa407, lower

trace Ssa410.
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Figure A10 Example trace of multiplex 6, showing &ffluors combined.
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Figure A11 Example traces of multiplex 6, showingaeh fluor separately. Loci included are, in
top trace from left to right One9 and Ssal71, middle traceSsa404, lower traceSsa408.
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Figure A12 Example trace of multiplex 7, showing &lfluors combined.
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Figure A13 Example traces of multiplex 7, showingach fluor separately. Loci included are

Ssa401,Ssal197, andSsa202 (from top to bottom).
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