
University of Southampton 

A Migratory Perspective on Genetic 

and Life-History Variation in Atlantic 

Salmon, Sa/mosa/arL. 

Nigel Massen 

Thesis submitted for the Degree of Doctor of 

Philosophy 

School of Biological Sciences 

September 2004 



UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF MEDICINE, HEALTH, AND LIFE SCIENCES 

SCHOOL OF BIOLOGICAL SCIENCES 

Doctor of Philosophy 

A MIGRATORY PERSPECTIVE ON GENETIC AND LIFE-HISTORY VARIATION fN ATLANTIC 

SALMON, L. 

By Nigel Massen 

Understanding the pattern and process maintaining diversity within populations is a key goal 
for ecologists. Such variation may be delimited spatially, temporally, or by differences in life-
history. It may lead to great variation in phenotypic traits and population genetic structure. 
Furthermore, where species are threatened or endangered, it is of prime importance in 
identifying units for management Atlantic salmon War L.) display extreme phenotypic 
and behavioural within-population diversity, and, as such, are an excellent model species for 
evolutionary studies. Understanding their population structure is of increasing importance due 
to their worldwide decline in numbers, and in some cases, local extinction. 

Salmon populations from the River Eden in Cumbria, UK, were sampled in the years 1999, 
2000, & 2002. A radio-tracking analysis and demographic data revealed gender-specific 
differences in body-size depending on how long a salmon had spent at sea i.e. their sea-winter 
tactic. These differences are likely to stem from gender-specific costs in both foraging at sea, 
and the upstream migration. In addition, gender-specific patterns were observed in the distance 
a salmon would migrate upstream to spawn, these differences were again dependent on the sea-
winter tactic employed by the individual. Females spawn, on average, at difkrent distances 
upstream depending on their time at sea, no such trend occurs in males. It is hypothesised that 
this is due to male behaviour being shaped to compete for more mating opportunities, in 
contrast to female behaviour, which is shaped to seeking out better quality breeding sites. 

A genetic analysis of adult salmon using 11 microsatellite loci revealed that river geography 
contributes to population structure. This occurs at both the between-river, and the within-river 
level (overall - 0.01). Individual assignment testing revealed gender-specific patterns of 
dispersal; furthermore, differences were found between the sexes in heterozygosity and allelic 
richness. Estimations of effective population size were all < 100, well below the level of 500 
suggested to counter the deleterious effects of genetic drift. 

A genetic analysis of juvenile salmon using 10 microsatellite loci found that in the Eden 
catchment, the within-river component of genetic variation was lOx higher than the between-
river component (AMOVA; overall fsT - 0.048). This suggests that managing salmon on a 
river-by-river basis may not always be appropriate. There is an isolation-by-distance (IBD) 
relationship between sampled populations in the Eden at distances up 60km. This relationship 
was further resolved by incorporating migratory distance into the model. Above 60km it is 
likely that genetic drift/gene flow equilibrium, a prerequisite for IBD, has not had sufficient 
time to form since disturbances in last ice age. 

Both genetic analyses highlighted differentiation of the River Caldew, a branch of the Eden 
catcfmient recently recolonised by salmon. Although more differentiated than other river 
regions, it had none of the differences in genetic diversity that would be expected of a very 
recently recolonised population. 
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a râ fOMaZ Orr waĵ  c r a ^ aW cow/(/ 6g grow»(/e6/. v4// Ae Aae/ fo (&) way ayt; aW 
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Chapter One 

1 Introduction 

Molecular markers oOer an unprecedented view of the world's biota, allowing 

researchers to study intraspeciRc diversity over a great range of geographical and 

temporal scales. More than simply describing differences Aefyyeen populations, 

molecular tools are increasingly being used to describe the distribution of genetic 

diversity them. Where individuals within a population display phenotypic or 

behavioural diversity, such as life-history variation, contrasting migratory patterns, or 

sex-biased dispersal, then it is crucial to understand what effects this has on the 

distribution of genetic variation. Investigating such biological phenomena will further 

our knowledge of general theory and, where species are at risk or endangered, provide 

practical information fbr conservation and management strategy. 

Atlantic salmon foZar L.) is an extremely useful model species for studies of 

within-species diversity. In this chapter I will summarise the biological characteristics 

of Atlantic salmon, focusing on life-history, and the factors thought to lead to its 

variability. A brief history of the use of molecular markers, particularly in fisheries, 

will put into context both recent research, and the present study. I will briefly review 

the key parameters and statistics used to quantify genetic diversity and test for genetic 

population structure. I will then assess our current knowledge of Atlantic salmon 

population genetic structure, and identify areas where we can move beyond simply 

describing genetic variation, to testing models incorporating life-history. 

1.1 Atlantic salmon biology 

7.7.7 oW 

The natural range of Atlantic salmon covers all rivers flowing into the North Atlantic 

Ocean and Baltic Sea. Within Europe salmon can be found from the Douro River of 

northern Portugal, to the Kara River in the west of Siberia, fn North America, Atlantic 

salmon are found from the Connecticut River to the Hudson Strait and Ungava Bay in 

the north (Altukhov g/ aZ., 2000; Nilsson gf a/., 2001). In the central north, Atlantic 
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salmon inhabit the rivers of northern Norway, Iceland and southern Greenland 

(Zelinsky, 1985). Within river systems, various life stages of Atlantic salmon can be 

found from estuary to small headwater streams, their range being limited by large 

natural falls and, more recently, by man made-made obstacles (e.g. dams on the River 

Pitlochry, Scotland, UK). 

Regions on both sides of the Atlantic have land-locked, non-anadromous salmon. These 

populations spawn in rivers and descend into lakes to feed until maturity; in all respects 

other than the location of their open-water life phase, they are the same as anadromous 

salmon. It has been claimed that such populations justify sub-specific status (Wilder, 

1947) though it is now clear they are more likely to arise independently &om local 

populations. 

7.7.2 fAry/oggfzy 

The family Salmonidae is comprised of three sub-families; Salmoninae, Coregoninae 

and Thymallinae (Kendall & Behnke, 1984; Norden, 1961; Stearley & Smith, 1993). 

All salmonids belong to the sub-family Salmoninae, which has been the subject of 

numerous systematic studies over the last century. A wide range of approaches, 

including morphology (Behnke, 1980; Bumham-Curtis & Smith, 1994; Cavender, 

1980; Gorshkove/o/., 1979; Holcike^oZ., 1988; Kolyushev, 1971; Norden, 1961; 

Sanfbrd, 1990; Shaposhnikova, 1968; Shaposhnikova, 1971; Shaposhnikova, 1975; 

Smith & Stearley, 1989; Stearley, 1990; Stearley & Smith, 1993; Vladykov, 1962; 

Vladykov, 1963; Williams, 1987; Wilson & Li, 1999), karyology (Booke, 1968; 

Hartley, 1987; Phillips gf aZ., 1989a; Phillips ef a/., 1989b), allozymes (Allendorf & 

Seeb, 2000; Johnson, 1980; Tsuyuki & Roberts, 1966; Utter ef a/., 1973), and sequence 

data (Grewe ef a/., 1990; Partti-Pellinen e/ a/., 1991; Phillips & Pleyte, 1991; 

Skurikhina a/., 1986; Thomas gf aZ., 1986), have yet to produce a consensus on the 

status of all problem taxa within the family. This is complicated by the high levels of 

morphological plasticity seen within many of the genera e.g. (Sandlund gf 

a/., 1992), leading to a large number of synonymous species and sub-species being 

described within this genus. Hybridisation and introgression are common between 

many of the salmonids e.g. trout, & and Atlantic salmon, & W a r (Hurrell & 



Chapter One 

Price, 1991; Jansson et al, 1991; see also Utter & Allendorf, 1994). Hybridisation can 

lead to inconsistencies between uni-parentally inherited characters (i.e. mtDNA loci) 

and classic Mendelian characters (Phillips & Oakley, 1997) causing problems for 

population genetics and phylogeny reconstruction. 

Hybridisation also introduces taxonomic difficulties for Atlantic salmon as they fail to 

fiilfil the criteria required of a biological species (Mayr, 1969; Mayr, 1982); namely, 

being reproductively isolated. Under a strict biological species concept both trout and 

Atlantic salmon cannot be regarded as distinct species. 

1.1.3 Life cycle 

Atlantic salmon are anadromous fish; their reproductive and nursery phase occurring in 

freshwater, complemented with a rapid growth phase in the open ocean, before a return 

to freshwater to spawn. Anadromy is a trait recognised in 18 fish families and as many 

as 120 species, evolving independently in several groups (Myers, 1949). 

Figure 1.1 Atlantic salmon parr from the River Eden. 

The first life stage of the salmon begins when the egg hatches into an alevin ( -2cm 

long) within the gravel; this usually takes place in April or early May in the UK. The 



Chapter One 

alevin is sustained by its yolic sac, which after four to five weeks is exhausted and the 

alevin emerges from the gravel. At the time of the 'swim-up' the aievin develops skin 

pigmentation, fills its swim bladder with air, and begins to fbed; the young fish is now 

known as a fry. Fry spend some time establishing feeding territories on the 'nursery 

area', their survival depending on the availability of food and space (Kalleberg, 1958) 

such that a carrying capacity is quickly reached. This early dispersal is generally no 

more than 700m from the redd (Beall ef a/., 1994; Gustafson-Greenwood & Moring, 

1990). Allan & Ritter (1975) refer to fry which have dispersed from the redd as parr, 

however, fry are more commonly referred to as parr only at the end of their first year. 

At this time they are 6.5-7cm in length and have developed parr markings; these are 

vertical blueish bands along the body (Figure 1.1), they also have red dots along the 

lateral line. 

While in freshwater, parr undergo a number of morphological changes which prepare 

their body for life at sea (Hoar, 1976). These include a change in the length/weight 

ratio, darkening of the pectoral and caudal fins, a layer of subcutaneous guanin being 

laid down, and the parr marking disappearing. The time at which parr undergo 

smoltification is largely dependant on the location of the river; in the Hampshire Avon, 

90% of smolts are yearlings (Mills, 1989); in contrast, smolts of up to seven years of 

age have been recorded in northern Norway (Dahl, 1910). As well as undergoing 

physical changes, the smolts begin their smolt migration i.e. the descent to the sea. This 

is mostly achieved by passive downstream migration (Thorpe & Morgan, 1978), 

normally tail first, although active swimming is required through lakes. 

Maturation in salmon occurs at sea, with adults spending up to four winters feeding in 

the Atlantic Ocean and neighbouring sea areas. 

'I have never expressed a doubt that salmon return on the whole to their native rivers, 

and indeed I see evidence that such return is, in some cases at least, practically perfect'. 

This statement by Huntsman (1939) put to rest the debate over whether salmon retuned 

to their natal rivers. This return to a natal river, or 'home-stream', is the characteristic 
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dominating salmon life-history, ecology and evolution (reviewed in Banks, 1969; 

Stabell, 1984). 

The return migration is separated into two distinct phases: open ocean migration, and 

upstream migration. In open ocean, it is thought that salmon rely on the sun to orientate 

themselves, a mechanism known from other fish species (Hasler & Wisby, 1958). Use 

of celestial features has also been suggested (Neave, 1964), as has the ability to detect 

the earths magnetic current (Stasko gf aZ., 1973). Once in freshwater a number of 

mechanisms lead salmon to return to their natal areas. In his extensive review, Stabell 

(1984) summarised as follows: 1) less than 3% of salmon stray to non-native 

watersheads; 2) homing is related to the presence of reproductively isolated 

populations; 3) salmon are able to detect pheromones from fish odours as they ascend 

the river - the pheromone hypothesis; 4) olfaction plays the central role in migration, 

both upstream and in coastal waters; 5) there are population specific odours which 

salmon can detect; and 6) salmon imprint on their native river as they descend before 

going to sea, this imprinting occurs in a sequential fashion, and this series of olfactory 

cues is what guides them back upstream as adults. 

Althoug)i the case for natal philopatry is clear at the catchment/watershed scale, what 

remains less clear is the extent to which salmon migrate to natal spawning areas within 

their home catchment area. Limited direct evidence from radio-tracking suggests that 

salmon return to natal tributaries (Youngson ef aZ., 1994). However, the vast m^ority 

of evidence fbr natal homing is indirect evidence, based on fine-scale population 

difkrentiation rather than on observation of adults. There is a clear need fbr studies to 

combine both direct, and indirect, methods as many questions remain unanswered and 

cannot be approached comprehensively with either approach alone. For example, how 

accurately do salmon home to their natal rivers? How is this affected by the distance 

migrated? Does migration upriver differ between sexes? Or between life-histories? 

These questions are the key themes of this thesis. 

Once in their home-stream, spawning salmon acquire reddish blotches and black spots 

on the body. Full-grown males undergo strong modification to the shape of the head, 
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1992). However, this date classification, though popular, is somewhat unsatisfactory as 

it fails to reflect that large numbers of MSW return in the autumn. 

The factors that determine whether a salmon will return to freshwater as a ISW or 

MSW fish are far from clear. This area of investigation has received a considerable 

degree of attention for many years, yet no clear answers have been fbund (Gardner, 

1976); and, although a plethora of hypotheses exist, none can be applied to all, or even 

a m^ority of rivers/populations. Both environmental and genetic factors clearly play a 

role in the status of 1SW fish, and a number of studies exist supporting the importance 

of both factors. 

/ . / . j.y Gewefzc /Aeo/y 

There is clear evidence of ISW fish breeding with ISW fish (Piggins, 1974) in some 

populations. A long term study on the status of 1 SW fish within populations (Elson, 

1973) has shown that ISW X ISW pairings produced 61% ISW, while older salmon 

pairings only 39% ISW (from both early and late runs). However, early running MSW 

fish produced 60% 1 SW fish. So the results are far from clear. Late running MSW fish 

produced only 28% 1SW fish and 72% MSW fish. Elson suggests that early running 

MSW fish may breed with earlier running 1 SW's, thereby accounting for the high 

levels of 1 SW fish in the early run MSW fish. There is however, no apparent reason 

why MSW fish could not also breed with later rurming 1SW fish since both are 

spawning at roughly the same time. 

The general conclusions drawn from both Piggins and Bison's data are that: 1) there 

clearly is a genetic element to the time of return; 2) ISW parents will produce some 

MSW ofkpring in addition to 1SW; and 3) under some circumstances MSW fish may 

produce more 1S W than MSW offspring. 

A number of studies have fbund that the fry of MSW salmon become mostly ISW fish 

(95%) when transplanted and released in river that produces mostly 1SW fish (White & 

Huntsman, 1938). This suggests that the salmon fiy adopted the life-history strategy of 

local salmon, rather than those of their parents in their true home river. This by 
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implication is due to response to local environmental factors in the stream where the fry 

were transplanted. In addition to the mark recapture experiments described above, is the 

common observation that rivers producing MSW salmon are different (usually larger) 

to those producing mostly ISW. No studies exist which compare river environmental 

conditions to salmon production, indeed, there is no consensus on which conditions are 

critical to the production of spring salmon. 

It is clear that ISW fish are present in all components of salmon populations under 

study. What is not clear is how the proportions of ISW and MSW fish change over 

time; what migratory differences might exist between the two life-histories? How do 

they contribute to population structure? 

7. y. 6 

There is compelling evidence of a range-wide decline in salmon populations (ICES, 

2000); the total global catch of salmon in 1975 was 11,632 toimes, falling to 8,135 in 

1985 (Mills, 1989). Furthermore, in some rivers (e.g. River Eden, Cumbria) there has 

been a proportional decline in the numbers of spring salmon within the total salmon 

population (Gough 1992; Small, 1995), i.e. there is a change in the ISWiMSW 

relationship. 

The abundance of MSW fish can be viewed from two perspectives. In the first instance 

the decline of MSW salmon catches can be considered within a trend of declining 

numbers of all salmon caught: both ISW and MSW. This allows investigation of the 

absolute numbers of MSW salmon. The second viewpoint from which to assess MSW 

salmon populations is their relative abundance in the total salmon population. 

Declines of MSW fish have been documented across their European range. Long term 

reduction in catches of spring fish have been observed in Scotland (Williamson, 1988), 

the overall five-year mean spring catch dropped from 88,000 in 1952, to 28,000 in 1983 

(Shearer, 1986). This is coupled with a shift towards an increased proportion of ISW's 

in the population (Williamson, 1988). In the Loire-Allier and Adour-Gaves-Nive basins 

of France there has been an increase of 1 & 2SW fish coupled with a decline in 3 & 

4SW fish, in the Austrian in Spain spring fish have declined fi-om 36% to 3% of the 
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annual catch (Ventura, 1988). In North America, a decline in the proportion of 1S W 

salmon in the annual catch has been seen in the rivers Miramichi, Restigouche, and 

Matamek of Canada (Porter e/ a/., 1986); in the Miramichi, 90% of MSW fish are being 

selectively removed by exploitation, causing the spawning stock to be almost 

exclusively ISW Rsh (Saunders, 1969). Fisheries statistics from these rivers show the 

1 SW:MSW ratio to be 2:1, declining to just 28:1 among the population surviving to 

spawn (Saunders, 1969). 

Older, i.e. MSW Gsh, are under a greater degree of river exploitation than are IS W's 

(Gee & Milner, 1980). This seems to be largely due to exploitation by rod fishing on 

those rivers studied. On the Severn (UK), 3 & 4SW fish are exploited heavily, whilst 

ISW are under exploited (Churchward & Hickley, 1991). On the Frome (UK), the 

exploitation rate of MSW fish was calculated at 32%, whilst ISW exploitation was only 

11% (Beaumont 1991). A similar pattern has also been seen in the Elom River in 

France, where the rod exploitation rate of MSW fish was 30% compared to less than 

5% in ISW's (Prouzet, 1990). 

There is therefore, a general argument that the change in the proportion of MSW 

salmon is due to a selective pressure for fewer years at sea due to two reasons: 1) fewer 

years at sea results in a lower total risk of predation (although predation is highest in 

the first few months at sea Hansen & Quinn, 1998); and 2) exploitation of migrating 

adults from angling and netting is heavily MSW-biased. 

7.7.6 .̂ y Czgrew/ 

In 1983, the North Atlantic Salmon Conservation Organisation (NASCO) was formed 

with the objective of coordinating and cooperating the conservation, restoration, 

enhancement, and management of Atlantic Salmon stocks by all nations in the North 

Atlantic area (Windsor & Hutchinson, 1988). This international working group sets 

regulatory measures, directs scientiOc research, promotes exchange of information on 

laws, catch and conservation programmes. 

The Atlantic Salmon Trust was set up in 1967 (under the original name of the Atlantic 

Salmon Research Trust), to conserve salmon within the UK, and to contribute to 
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international efforts. Together with its North American counterpart, the Atlantic 

Salmon Federation (formerly the International Atlantic Salmon Foundation), and the 

Restoration of the Atlantic Salmon in North America, they were successful in attempts 

to control the Greenland fishery, seen as one of the main causes of overexploitation of 

salmon stocks. This was achieved through the Committee for Atlantic Salmon 

Emergency (CASE), and resulted in the 'Pelly Biir (Bill 2191), giving the US 

President the power to restrict imports of fish produce from countries 'conducting 

fishing operations in a manner or under circumstances which diminishes the 

effectiveness of an international fishery conservation programme' (Mills, 1989). This 

proposal was approved by what is now the North Atlantic Fisheries Organisation 

(NAFO). 

In Europe, Atlantic salmon are listed in Annex II and V of the European Habitats 

Directive on the Conservation of Natural Habitats and of Wild Fauna and Flora 

(92/43/EEC), which theoretically provides them a high level of protection. Within the 

UK, Atlantic salmon were identified as a Species of Conservation Concern by the UK 

Steering Group for Biodiversity (Locke & Robinson, 2003). At a local scale within 

England and Wales, regional Environment Agency (EA) offices interact with local river 

boards to assess the need for, and implement, measures to protect and supplement 

salmon stocks. My project is in co-operation with the EA, and the results will 

contribute to their management plans. 
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1.2 Molecular markers; history and application 

7.2.7 

In a 'points of view' chapter in Carvalho & Pitchers m 

Wright & Bentzen took the 'radical' point of view ±at the future of genetic analysis in 

fisheries would be microsatellites. Nearly a decade leiter, microsatellite analysis has 

come of age, and is the principal method used to investigate the population genetics of 

a diverse range of taxa. Microsatellites have a number of key properties that currently 

make them the most suitable marker for population studies: I) highly polymorphic; 2) 

small amounts of DNA required for PCR amplification allows non-destructive 

sampling; 3) cross-species utility of some microsatellites; 4) found in large numbers 

throughout the genome; and 5) Mendelian inheritance. Fisheries management moves 

towards an increasingly fine-scale view of populations, with the characterisation of 

discrete genetic components (Allegrussi a/., 1998) being of prime importance for 

understanding evolutionary mechanisms, as well as the conservation and management 

of natural populations. 

The widespread occurrence of microsatellites was demonstrated in the 1980's (Hamada 

a/., 1982); they have since been located in the genome of every organism analysed 

(Hancock, 1999). Microsatellites full potential as Mendelian markers became accessible 

fbllowing the widespread use of PCR (Saiki ef a/., 1988), whereby oligonucleotide 

primers are used to amplify microsatellites to be quickly, and accurately, genotyped by 

gel electrophoresis (Karp ef a/., 1998). 

Complex genomes are generally regarded as having three tandemly-repeated 

components (Armour ef a/., 1999): 1) large repeat sequences (>5Mb in length) where 

the repeat may make up several percent of the entire genome; known as m^or satellites, 

these are often associated with centromeres; 2) minisatellites are repeat units (>10bp in 

length) that may be present at thousands of loci per genome; and 3) 

Microsatellites are short (<8 bp in length) DNA motifs, arranged in di-, tri- or tetra-

nucleotide tandem repeats, they are also referred to as Simple Sequence Repeats (SSR's 

Tautz, 1989), Variable Number Tandem Repeats (VNTR's) and Short Tandem Repeats 
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(STR's Edwards a/., 1991), although the term microsatellite generally now 

encapsulates all of these. Microsatellites are highly polymorphic (Tautz, 1989; Weber 

& May, 1989), and have a mutation rate estimated at 10"̂  per generation (Weber & 

Wong, 1993). 

Widespread use of microsatellites in many areas of biology has prompted increasing 

debate over the means by which they evolve (Eisen, 1999). An extensive range of 

statistics is available to analyse population structure from microsatellite data (e.g. 

population differentiation), though these measures are highly dependent on the 

theoretical model of evolution considered (Nadir a/., 1996). 

The main mechanism thought to generate microsatellites is slip-strand mis-pairing 

(SSM Fresco & Alberts, 1960). This is an error during replication when DNA 

polymerase slips, causing the template and the replicated strand to be misaligned, if 

they realign imperfectly, this will result a mutation. A second mechanism may also 

provide microsatellites: unequal crossing over (UCO), an imperfect alignment between 

recombining chromosomes leading to changes in microsatellite length. Extensive m 

and m WA-o, work suggests that SSM is the dominant force in microsatellite 

instability (Sia ef aZ., 1997). 

Two models of microsatellite evolution dominate current theory: the Stepwise Mutation 

Model (SMM Kimura & Ohta, 1978), and the Infinite Alleles Model (lAM Kimura & 

Crow, 1964). Under the SMM, microsatellite alleles mutate by loss or gain of a single 

repeat, such that different allele sizes could arise on more than one occasion 

(homoplasy). In contrast, the lAM predicts that alleles mutate in multiples of the 

tandem repeat, and that each allele is produced only once, this means that individuals 

sharing alleles are identical by descent (IBD), a prediction that cannot be made under 

the SMM. 

There is another theoretical model rarely cited in the literature, the ^-alleles model 

(KAM), a model intermediate between the lAM and SMM (Crow & Kimura, 1970). 
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The KAM predicts exactly possible allelic states, and represents an lAM where A7 is 

infinity. The KAM efkctively places an upper bound on microsatellite size. 

Microsatellites are usually regarded as having a random or almost random distribution 

across the genome (Schlotterer, 2000; Schlotterer & Wiehe, 1999), which may result 

from an unbiased single-step random-walk processes (Bell, 1996). They are generally 

thought to be functionless, and therefore completely neutral — as reflected in 

evolutionary models describing their behaviour. This property is seen as their key 

benefit to use in population genetics. However, in recent years evidence has been 

accumulating which suggests that this may not always be the case, and that 

microsatellites may be distributed in a non-random fashion (reviewed in Li a/., 

2002). This is likely to be more common in disease causing triplet microsatellites 

(Nadir a/., 1996) associated with coding regions. A number of studies indicate that 

selective pressure against the presence of microsatellites in coding-regions may be 

stronger fbr different classes (i.e. di-, tri, or tetra-), and may vary with repeat length and 

putative function (Li ĝ  a/., 2002). 

13 



Chapter One 

1.3 Definitions of some key statistical terms for molecular markers 

Almost all species exhibit some level of sub-structure in their total genetic variation. 

This is typically due to non-random mating in the way individuals are spatially 

distributed (Hartl & Clark, 1997), but may also be related to other factors such as 

sexual selection (Gross, 1991), or due to temporal isolation (Hendry ef a/., 1995). 

Knowledge of how genetic variation is partitioned among populations has important 

implications for understanding evolutionary biology and ecology. Applications include 

analysing levels of gene flow, estimations of effective population size, and the 

detection of range expansions or population bottlenecks. Furthermore, information such 

as this is rapidly becoming integral to conservation management (Nielsen, 1998). 

7. j. 7.7 

The fixation index (Wright, 1921), and the statistical measures associated with it, allow 

the quantification of genetic structuring within populations. This index is equal to the 

reduction of heterozygosity observed in one level of a population hierarchy, relative to 

a different, more inclusive level of that hierarchy. The statistic 7^T denotes the amount 

of variation due to structuring between sub-populations relative to the population as a 

whole, e.g. differences in the reduction of heterozygosity between rivers in a catchment 

where the catchment is the population overall. It is arguably the most informative single 

value about population structure, and as such, is widely compared between studies. 

T̂ST has a theoretical minimum of 0 and a maximum of 1, where 1 would be complete 

fixation of an allele in the population studied. Typically fgT values are less than 1% of 

the total genetic variation, as most genetic variation in the population is within the 

individuals making up the sub-p)opulations (Hartl & Clark, 1997). Quoted T̂ sT values 

are usually Weir & Cockerham's (Weir & Cockerham, 1984) (%?), a variance 

based method of estimating 7̂ ^̂ - Regarded as a correlation between alleles within a sub-

population, this method makes no assumptions concerning the number of samples, 

number of populations, or heterozygote frequencies. 
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A second measure of population difkrentiation TZsi, takes into account the high 

mutation rate of microsatellites and their evolution under a stepwise mutation model 

(Slatkin, 1995). However, simulations suggest that whilst niay well better describe 

population demographic parameters in large populations analysed at many loci (i.e. 

Ms=l 00, /Z|-20), fsT is less biased where these conditions are not met due to the high 

variance of based estimators (Gaggiotti gf aA, 1999). 

7. j.y.2 q/moZecw/ar var/aMcg 

Genetic structure in a population can be analysed in an analysis of variance framework 

(originally defined by Cockerham, 1969). This method is implemented in the software 

ARLEQutN 2 001 (Schneider gf a/., 2000) following the treatment of ExcofRer aZ., (1992). 

This is an analysis of variance of gene frequencies which takes into account the number 

of mutations between genotypes. AMOVA is an hierarchical analysis which separates 

and tests the significance of levels of structuring of the genetic diversity present in a 

population. AMOVA differs from ATslOVA in that it does not require the assumption 

of a normal population, as significance is determined by permutation. 
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1.4 Population Structure in Atlantic Salmon 

Salmon have long been considered to exhibit 'local peculiarities' (Belding & Kitson, 

1934; White & Huntsman, 1938), and have a well-documented propensity to form 

locally adapted populations (Taylor, 1991). Salmon have always been excellent 

candidates for the study of adaptive variation due to their high degree of population 

structure; indeed, Wright (1931) considered that natural selection would be most 

effective in species with extensive population sub-division throughout varied 

environments. There is considerable evidence for natural selection in Atlantic salmon; 

numerous morphological and physiological traits have been studied (reviewed in 

Taylor, 1991). 

This local adaptation is largely a result of their homing fidelity, and is to be expected in 

any homing species e.g. the American shad, (Waters ef a/., 2000). 

This philopatry leads to reduced gene-flow between spawning populations, and an 

increased selective pressure to adapt to an environment found consistently in generation 

after generation. The presence of locally adapted populations within drainage systems 

has given rise to the concept of a salmon 'stock': a group of salmon that spawns in a 

particular region, at a particular time of year, and does not interbreed to any extent with 

other groups (Ihssen ef a/., 1981). It fbllows that the existence of such stocks can be 

established using molecular data, since greater genetic variation would be expected 

between stocks than within them (Waples, 1998). 

When considering genetic variation in a species, it is important to determine the 

independence of the marker being analysed. This is always a factor to consider when 

analysing allozyme data (Verspoor & Jordan, 1989), where the marker may itself be 

under selection. Instead, research has increasingly made use of neutral genetic markers 

(such as microsatellites) to study population structure. 

7. y. 7 

A number of studies have indicated significant genetic variation between North 

American and European populations (e.g. King a/., 2001). Divergence at transferrin 
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loci (Tf) between populations on difkrent sides of the Atlantic have led to the 

proposition of 5". W a r L. being split into sub-species of populations S-om North 

America and Europe; & a/meMcaMzty and & respectively (Payne 

ef oZ., ] 971). This raised the question of whether variation at a single locus is sufRcient 

to re-arrange sub-specific taxonomy (Behnke, 1972). Numerous studies since have 

confirmed the divergence of North American and European populations using 

chromosome number (Hartley & Home, 1984; Moran a/., 1993), and chromosome 

arm number (reviewed in Hartley, 1987). Studies at numerous protein loci confirm 

varying degrees of continental divergence of populations (Bourke e/ aA, 1997; 

Verspoor a/., 1991; Verspoor & Jordan, 1989; Verspoor & McCarthy, 1997), as does 

RFLP variation in mtDNA (Bermingham aZ., 1991; King ef a/., 2000), and the mini-

satellite locus Ssa-A45/1 (Taggart (fZ., 1995). Genetic variation at microsatellite loci 

has further confirmed divergence of these populations (King 2001; McConnell ef 

a/., 1995); 266 alleles were found at 12 microsatellite loci from populations from 

Europe and North America, significant isolation by distance was found within, and 

between, the two populations. The North American populations were found to have less 

neutral genetic differentiation, fewer alleles, and less heterozygosity than their 

European counterparts (King g/ a/., 2001). The authors conclude that this is likely due 

to the more extensive history of glaciation in North America than in Europe. 

Some degree of differentiation has been found between salmon from the North Atlantic 

and those from the Baltic Sea (Stahl, 1987). The Baltic Sea is the largest brackish water 

environment in the world, and underwent freshwater and saltwater phases as the ice 

retreated at the end of the last ice age (-10,000 years ago). Salmon in the Baltic show 

low levels of variation compared to those in the Atlantic (Gross & Nilsson, 1999; 

Nilsson ef or/., 2001; Stahl, 1987), indicating some population bottleneck within the 

Baltic. Tracking the origin of salmon populations in the Baltic is highly problematic; 

present day populations are likely have originated from glacial refugia east of the 

Baltic, although some gene flow with Atlantic populations cannot be ruled out (Nilsson 

ef a/., 2001). Based on variation at the Tf2 allele, Payne et al. (1971) split British 

salmon into 'Boreal' populations in the extreme south east, and 'Celtic' races 

throughout the rest of the country, few comparable studies exist to support or dispute 
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this division. A study confirming this split, utilising microsatellite markers, of all UK 

salmon populations, river-by-river, seems a profitable short-term goal for molecular 

ecologists in this country. 

7. 7.2 PFiffAm river vonoffoM 

At fine geographic scales, levels of allozyme variation are limited (Jordan a/., 1992; 

St&hl, 1987); however, the development of mini- and later microsatellite analyses, has 

catalysed growth in the number of such studies being carried out. The use of such 

highly polymorphic molecular markers has allowed researchers an unprecedented view 

of within-catchment population structure in Atlantic salmon. These studies have 

revealed surprising amounts of fine-scale population structure (e.g. Galvin gf a/., 1996; 

McCubbing & Hartley, 1995; McElligott & Cross, 1991), including differences 

between tributaries. However, these studies typically lack the resolution to quantify the 

proportion of genetic variation distributed between rivers, to that within rivers (though 

see Garant e/ aZ., 2000). Failing to take into account within river genetic variation, may 

have led to an overestimation of the significance of between river differentiation, this is 

a serious consideration where rivers may be managed on the basis of 'river stocks'. 
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1.5 Study site: The River Eden 

The River Eden, Cumbria, drains an area of ca. 2372km^, rising to 708m above sea 

level on limestone fells above Mallerstang Common, with a source 120km from the 

Solway Firth where it joins the Irish Sea (Figure 1.2). The Eden catchment is comprised 

of five main tributaries; the rivers Caldew, Eden, Lowther, Eamont, and Irthing. The 

Lowther is heavily abstracted to provide public water supply fbr north west England. 

Three other large salmon rivers flow into the Solway Firth: the Rivers Annan, Border 

Esk, and Nith. 

Mean daily flow though the study period was 66. Im^sec' in the lower reaches of the 

Eden. The average Atlantic salmon catch in the River Eden is 3107 ± 464 fish, based on 

Environment Agency (EA) rod, net, and trap data fbr 1999 — 2003. Eden salmon 

typically spend three years in freshwater before their oceanic phase. 24% of fish will 

spend one year at sea and 76% two or more years at sea (EA catch data from 1993 -

2003), before their spawning migration, when they return to the Eden over a nine 

month period (March - November). 

7. J. 7 CoMfervaf/oM f 

The River Eden is a candidate Special Area of Conservation (cSAC Locke & Robinson, 

2003), containing species listed in the habitats directive (1.1.6.1). Proposed as an SAC 

in 1997, it was awarded cSAC status in 1998. Full confirmation of SAC status will 

make the Eden a Site of Community Importance. In 1997 it was designated a Site of 

Special Scientific Interest (SSSI), under Section 28 of the Wildlife and Countryside Act 

1981. 
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Figure 1.2 The River Eden catchment area. 
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1.6 Thesis outline 

In this thesis, I will investigate the interaction between demographic characteristics and 

population genetics Atlantic salmon. I will determine what role migration takes in 

salmon population structure, how it is determined by life-history, and the resulting 

consequences in population genetic structure. 

# In Chapter Two, the eObcts of migratory timing and sea-winter tactic on body size 

in returning adult salmon will be investigated. What is the nature of the interaction 

between behaviour and phenotype, and what is its role in shaping salmon populations? 

# In Chapter Three, I fbcus on the distance migrated. How does this vary between fish 

of differing sea-winter tactic? Between the sexes? I discuss the role of breeding site 

quality in determining the distance upstream a salmon will migrate. 

# In Chapter Four, the patterns observed in migratory distance are examined using 

microsatellite markers. What role does geography, migration, lifb-history, and sex play 

in the distribution of genetic variability in spawning adults? 

# In Chapter 5,1 use microsatellites to determine the population structure present 

among, and between, populations of juvenile salmon in the Eden catchment. How is 

genetic variation partitioned within, and between, river regions? 

# In Chapter 6,1 test for isolation by distance between populations of juvenile 

salmon. How can isolation by distance models take into account migratory distance? 

What additional information can we gain? At what scale is isolation by distance 

maintained? 

# In Chapter 7, the general discussion, I draw together information on aspects of body 

size, migration distance, adult and juvenile population genetics to assess what common 

patterns are found. In particular, what use can this information be for management? At 

what scale are management units meaningful? What is the significance of these 

findings? 
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2 Sex and life-history variation in migration timing and 

body size 

2.1 Introduction 

In indeterminately growing species, classical life-history theory predicts a correlation 

between an individuars age and body size (RoA^ 1992; Steams, 1992), though this 

might be more appropriately described as a correlation between survival and body size 

(Sibley & Calow, 1986). There is great variation in this correlation, with species 

displaying strong intra-sexual variation and sexual dimorphism (e.g. salmonids, 

Fleming, 1996; Fleming, 1998; Fleming & Reynolds, 2004). Body size is a key 

delineate of several aspects of reproductive success (Wootton, 1990), making 

understanding the lite-history choices shaping body size a consistent theme in ecology 

(Krebs & Davies, 1997). The purpose of this chapter is to investigate the body size 

outcomes of life-history choices in salmon sea-wintering behaviour. 

Taborsky (1999) identified three characteristics that lead to the widespread occurrence 

of alternative reproductive tactics (ART's) in fish species: 1) indeterminate growth; 2) 

external fertilisation - enabling multiple paternity; and 3) parental investment. Of these, 

Taborsky highlighted indeterminate growth as by far the most important due to the 

resulting intrasexual variation in body size. Individuals of a species with indeterminate 

growth are required to make decisions to allocate energy to either growth or 

reproduction; often through a choice among ART's. This creates a trade-off between 

current fecundity, and the potential to increase future fecundity by further growth 

(Katsukawa gf a/., 2002). Furthermore, costs associated with an increased period of 

growth must be considered. There is a predation risk associated with a longer period of 

fbraging/growth (Mittelbach & Chesson, 1984), and there may be the possibility of 

spawning more than once (iteroparity), as opposed to waiting for a single breeding 

opportunity (semelparity), albeit with a larger body size. 
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Under the conditional model of life history strategy, individuals maximise their lifetime 

fitness by making choices among ART's based on some aspect of their status at a given 

time, the 'switchpoint' (Gross, 1996). In salmonids, individual status decisions are 

often based on growth or a threshold body size (Jonsson, 1985; Nordeng, 1983; 

Northcote, 1992; Rochet, 2000; Thorpe a/., 1998), though this is body size relative to 

peers (Baum a/., 2004). Adult Atlantic salmon (6'a//Mo L.) display extreme 

variation in body size on their return to freshwater (Groot & Margolis, 1991; Scott & 

Grossman, 1973). One sea-winter salmon (1S W) return to freshwater in the year 

following their downstream migration as smolts, whereas multi sea-winter (MSW) 

salmon remain in the ocean over two or more winters. These two sea-winter tactics 

(SWT's) result in adult phenotypes differing in body size, with associated differences in 

reproductive behaviour (Fleming, 1998). In males, the larger MSW fish tend to 

dominate spawning grounds and compete fbr access to females, while the smaller 

ISW's behave as satellite males (Belding & Kitson, 1934; reviewed in Fleming & 

Reynolds, 2004). A third SWT, employed only by males, is precocious mating by parr 

(Jones, 1959), through delaying the migration to the sea (Letcher ef a/., 2002) and 

competing with adult males. As anadromous salmon enter freshwater, their return 

migrations are highly structured (e.g.Webb & Flawkins, 1989), with fish migrating 

from spring, through to the beginning of winter. The time of return to freshwater has 

been linked to migratory distance (Saunders, 1967), though there is evidence that fish 

may well spend significant amounts of time in the lower river before moving upstream 

(Hawkins & Smith, 1986). 

Adult body size is a key determinant of reproductive success in salmonids, giving 

females increased fecundity (Blair gf a/., 1993; Einum ef a/., 2004) and the potential to 

dig more nests (Fleming et al, 1996), as well as a number of other benefits relevant to 

breeding competition, such as nest guarding ability, deeper nest depths, and aggressive 

advantage (reviewed in Fleming & Reynolds, 2004). Increased body size in males is 

positively correlated with access to mates, allowing larger fish not only increased 

access to spawning, but the capacity to monopolise the spawning ground (Fleming, 

1996; Fleming, 1998; Fleming ef a/., 1996). This is in part due to the development of 
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larger secondary sexual characters such as the kype (Fleming & Gross, 1994; 

Tchemavin, 1944), thereby increasing competitive ability. 

The objectives of this chapter are to investigate how adult body size varies with SWT. 

In particular, are MSW fish always bigger than 1SW fish? Therefore, is it usefiil to 

describe fish as either ISW or MSW? Alternatively, is size simply a function of months 

spent at sea, with no distinction between sea-winter tactics? Are earlier returning Hsh 

within each of these SWT's smaller than late returning ones? What effect does sex have 

on these relationships? I tested these questions using catch data &om Atlantic salmon 

returning to the River Eden to spawn in 1999, 2000, and 2002. 
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2.2 ^/laterials and IVIethods 

2.2.7 

Sampling of adult Atlantic salmon took place on their return migration to the River 

Eden in 1999, 2000 & 2002. Fish were rod, trap, and net (68%, 28% & 6% of total 

sample size respectively) caught by anglers in the lower reaches of the catchment 

before examination by Environment Agency (EA) staff. Whilst emphasis was placed on 

the unbiased sampling of both IS W and MSW fish, there remains a possibility of bias 

towards MSW fish in the catch effort due to the nature of angling. Weight and fork 

length (measured from the snout to the fork of the tail) were measured (to the nearest g 

and /M/M respectively). Sex was identified where possible (in some cases sexual 

characteristics were not sufficiently developed to confidently assign sex; these 

individuals were excluded from the analysis). To investigate age structure, scale 

samples were taken at time of capture such that fish age could be calculated fmm scale 

readings conducted by the EA. 

I used an analysis of variance (ANOVA) approach to test fbr biological factors 

affecting adult fork length on salmon return to freshwater. Specifically, a three-way 

factorial ANOVA was used to test the effects of sex, sea-winter tactic, and date of 

return (and interactions among them) on fork length using a general linear model 

(GLM). These analyses were performed using the software MiNiTAB M (2000). Due to 

loss of orthogonality in the model, two procedures were carried out to avoid 

interpretive bias that might result from higher order interactions (Grafen & Hails, 

2002): 1) ANOVA tables were constructed with the factors correctly adjusted fbr equal 

or higher order terms; and 2) to avoid the possibility that the order of the factors in the 

analysis was affecting the interpretation, the model was fitted with these explanatory 

variables in difFerent orders (RESPONSE = DATE|SEX|SWT, RESPONSE = 

SEX|SWT|DATE, RESPONSE = SWT|DATE|SEX). Tukey's test was implemented in 

Minitab fbr the Aoc analysis of significant effects with adjustment fbr multiple 

comparisons. 
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2.3 Results 

2.3.7 Dofe refw/?; migraffoM 

190 adult Atlantic salmon were caught, tagged, sexed, and aged on their return to the 

Eden during 1999, 2000, and 2002 (» = 43, 77, & 70 respectively). Salmon returned to 

freshwater Aom March to November (Figure 2.1). Until the end of June in each year 

they were almost exclusively MSW Rsh (Figure 2.2). Through July and August the 

proportion of MSW fish decreased in both males (f^= 90.0, g = 62.83, f < 0.001) 

and females (r^= 75.0, F, g = 20.97, f = 0.003). Males, and to a far greater extent 

fbmales, experienced a second run of MSW fish in September and October. 

Table 2.1 Mean, minimum, and maximum fbrk lengths; standard deviation (SD), and number of one sea-

winter (1 SW) and multi sea-winter (MSW) Atlantic salmon returning to the River Eden in 1999,2000 & 

2002. 

Fork length 
Average 

(mm) 
SD min max 

All fish 190 747.82 81.89 540 1000 

Male overall 109 740.55 82.22 540 1000 

ISW 55 690.36 63.33 540 820 

MSW 54 791.67 66.44 680 1000 

Female overall 81 757.59 80.92 590 980 

ISW 22 674.09 53.15 590 820 

MSW 59 788.73 66.17 650 980 
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Figure 2.1 Body size (fork length, mm) of adult Atlantic salmon fmm the River Eden by their monthly return to freshwater (March - November). Individuals 

are grouped by their gender and sea-winter tactic 
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Figure 2.2 Proportion of multi sea-winter (MSW) Atlantic salmon fmm the total River Eden return each 

month for males and females. 

Table 2.2 Analysis of variance for fbdc length using correctly adjusted mean squares. Date is a covariate; 

fi^tors are: sex (2 levels: male & female), and sea-winter tactic (SWT, 2 levels: ISW & MSW). 

Significant main effects and interactions at f < 0.05 are maited in bold. 

Source of variation Sum of 

squares 

d.f. Mean squares F-ratio 

Date 78742 1 65659 18.61 <0.001 

Sex 43513 1 1176 0.33 0.564 

SWT 117926 1 552462 156.59 <0.001 

Sex X date 51099 1 42265 11.98 <0.001 

SWT X date 3544 1 1762 0.50 0.481 

Sex X SWT 21183 1 18987 5.38 0.021 

Sex X SWT X date 9842 1 9842 2.79 0.097 

Error 182 3528 
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Figure 2 3 The interaction between gender and return to freshwater on body size (tbik length, mm) of 

adult Atlantic salmon from the River Eden. Return to freshwater is classified by month of return (March 

- November). With standard error bars. 
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Figure 2.4 The interaction between gender and return to &eshwater on body size (fork length, mm) of 

adult Atlantic salmon from the River Eden. Return to freshwater is classified by the early/late 

classification (separated by I'' June). With standard error bars. 
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An ANOVA showed that significant differences in fork lengths of returning adult 

salmon were partly attributable to the SWT adopted by the individual fish, and the 

month in which they returned to freshwater (Table 2.2). Salmon sampled from the 

River Eden ranged in length from 54cm, to almost Im (Figure 2.1). Mean fork length 

was 75cm (^ 8.18cm; Table 2.1). Among SWT's, female 1SW fish exhibited noticeably 

lower variability in fork length (mean 67.40cm, d: 5.32; Table 2.2). 

Table 2_3 Pairwise analysis of means irom the significant main effect and interaction using Tukey's test 

for multiple comparisons, t values above diagonal, f values below. 

Male Female 

Male 

Female 

ISW 

MSW 

ISW 

MSW 

ISW 

* 

<0.001 

0.009 

<0.001 

MSW 

5.381 
* 

0.012 

NS 

ISW 

-3.181 

3.098 
* 

<0.001 

MSW 

-5.865 

-1.161 

3.887 

The observed variation in fork length over time is gender dependent (Fi igi- 11 98, f < 

0.001; Table 2.2). Overall, returning female salmon were larger than males (t = -3.386, 

f < 0.001); this reflects the fact that a greater proportion of fish in the female catch 

were MSW's. Returning males were larger than females early in the year, but the 

situation reverses in July when the sexes diverge, with males much smaller than 

females in July and August (Figure 2.3). This difference is reduced by September, and 

by October the sexes are similar in fork length. Exaggerating this interaction by 

categorising fish as either early or late running clarifies and highlights the differing 

tr^ectories of male and female body size over the course of the year. However it masks 

the fact that the greatest level of divergence between males and females was in high 

summer (July/August; Figure 2.4). 

The factors of sex and SWT interact to account for a significant amount of variation in 

fork length ( f i g i = 5.38, f = 0.021; Table 2.3; Figure 2.5). SWT is also significant as 
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amain eObct (Fi, ]g2= 156.59, f < 0.001), with MSW salmon bigger than ISW's 

overall (t = 6.619, /" < 0.001). Pairwise comparisons indicate that the difference in fork 

lengths between male and female 1 SW fish are not apparent in MSW fish (Table 2.3). 
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o Female 

1 SW IVISW 

Sea-winter tactic 

Figure 2.5 Effect of the interaction between sea-winter tactic (SWT: 1 SW or MSW) and gender, on body 

size (fork length, mm) of adult Atlantic salmon from the River Eden. With standard error bars. 
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2.4 Discussion 

These data reveal the complex effects of life-history strategy on body size. 1 

demonstrate that alternative sea-winter tactics, and the date at which a salmon returns to 

fresh water, are key determinates of body size in Atlantic salmon. Crucially, the efkct 

of both these factors is dependent on gender. Thus, variation in adult salmon body size 

is the result of a complex interaction between gender and lifb-history. 

Consistent with previous findings (Jonsson ef a/., 1991b; Power, 1981), there was a 

large degree of variation in body size of salmon on their return to ^eshwater. A general 

characterisation of the salmon return over time would be that MS W fish return early, 

and that 1SW fish return from June onwards, along with a small number of MSW fish 

returning at the very end of the year. However, in addition, I found that differences in 

body size over time are gender dependent. As the proportion of MSW returnees 

declines in July - September, so the body size of males sharply declines; in contrast, 

females are bigger than males in each of these three months. Explaining the divergence 

of males and fbmales in body size across this period is difficult due to the low returns in 

August (male: M = 1 MSW & 6 1 SW; female: m = 0 MSW & 2 MSW), which skew the 

average fork lengths. Previous woHc has linked the timing of return to freshwater with 

sufficient water flows for upstream migration (e.g. Jonsson ef aA, 1991b; Jonsson ef a/., 

1990), though it may vaiy in its effect (Erkinaro gf aZ., 1999; Lilja & Romakkaniemi, 

2003). Water flow potentially acts as a measure of whether migration is physically 

possible and, as Banks (1969) suggests, a stimulus to enter freshwater whilst in the 

ocean. 

Both the total number of fish sampled, and the proportion of MSW fish, was lower in 

July, August, and September, when water flows in the Eden are at their lowest; 9.31, 

8.59, & 8.678 m^s ' respectively (hydrometric flow data based on mean daily flows 

from 1999 - 2002; Environment Agency, unpublished data). However, this seems only 

to affect MSW fish as large numbers of 1 SW fish return in September when water-flow 

is very low and has been low for some months. Salmon return timing is clearly 

determined by more than just environmental conditions (e.g. water flow, though 
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temperature (Jensen et al., 1986); tide (Erkinaro aZ., 1999); and light (Hellawell gf 

aZ., 1974) have also been implicated) as these alone do not provide a satisfactory 

explanation for the broader question of why aMry salmon return to freshwater early in 

the year. Whilst there is evidence that those returning earliest migrate furthest upstream 

(e.g. Webb, 1992) to spawn in the most productive juvenile habitats (Baum gf oZ., 2004; 

Garant aZ., 2003), there is evidence of some salmon spending several months 

(Hawkins & Smith, 1986), and sometimes more than a year (Robitaille ef aZ., 1986; 

Shearer, 1992) in freshwater before completing their upstream migrations; during such 

time they would encounter huge variation in water flow. The expected cost in lost 

feeding opportunity at sea, and therefore greater body size, must be offset by some 

advantage of returning to freshwater earlier than physically necessary to spawn. The 

m^ority of MS W fish return before water flows drop in July-September, suggesting 

that while it may be possible to return at the end of the year, as a proportion did in the 

Eden, there must be high costs associated in doing so. 

One potential pressure on an early return to freshwater is to locate and secure suitable 

spawning grounds and/or mates. It is likely that fish returning earlier in the year trade-

off the potential increase in body size from remaining at sea, to gain access to higher 

spawning areas (e.g. Laughton & Smith, 1992; Webb, 1992), where they can secure 

better territories and breed earlier in the spawning season. Where there is competition 

among females for nest sites, prior residency is a key factor in the outcome of physical 

encounters (Foote, 1990). Furthermore, it is known from other salmonids that there is 

substantial nest destruction by later spawning females (e.g. McPhee & Quinn, 1998). 

This situation has more recently been recognised in Atlantic salmon (Fleming, 1996), 

though the effect of this is likely to decrease with body size, as larger females are able 

to dig deeper redds (Crisp & Carling, 1989; Gross, 1985). The potential cost of nest 

destruction may be further ofket by the greater juvenile growth achieved by the earliest 

emerging fry, who, although suffering greater predation, out-compete con-specifics due 

to their greater body size (Brannas, 1985; Metcalfe & Thorpe, 1992). Male salmon are 

under no pressure to find and hold redds. Presumably though, the earlier they return, the 

more likely they are to find a location in which to spawn competitively, as population 

density increases through the spawning season. In particular, 1S W males range more 

widely in search of females than MSW males (e.g. Webb & Hawkins, 1989). This is 
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likely to be a combination of their late return and their inability to compete directly 

with larger males; however, the later they return, the larger they are. This raises the 

possibility that for some males, returning very late may make it difficult to seek out 

multiple females, though the extra size gained from a late return may offset this due to 

the enhanced competitive ability in the limited mating opportunities that are found. 

2 7 . / Zy 

1 examined the utility of date categories fbr classifying salmon runs (e.g. early/late). 

Whilst month-by-month average body lengths by sex are most informative they may be 

impractical fbr management. The early/late classification commonly used in UK rivers 

and elsewhere (usually June 15th separate early/late) is useful but perhaps over-

simplified; it fails to indicate differences between the sexes during the middle of the 

year. It does indicate the main differences in the body-size over time relationship in 

males and females - an increase in female body size and a decrease in male body size. 

2 2 v o n f e a - w m / e r 

Whilst there is a significant difference in body size between 1SW and MSW fish, this 

distinction is not clear-cut. Some late running ISW fish were as large as early running 

MSW fish. An early running MSW fish entering the river in March will have had only 

four months longer at sea than a late running I SW entering the previous November. 

That same MSW fish could be as much as nine sea months younger than a late running 

MSW fish of the same year. Given that situation, we might expect a greater difkrence 

in size between the fish separated by greater sea age. This was not found to be the case, 

1S W fish were generally smaller than MSW regardless of their date of return. This 

confirms that SWT's are discrete units (as opposed to, say, measuring salmon sea age 

absolutely in months giving a continuum of sizes over the course of the year), which 

are useful fbr describing and testing hypotheses of salmon populations. 

The interaction between the effect of gender and sea-winter tactic indicates that there is 

sexual dimorphism present in the body size of 1 SW but not MSW fish. This is likely to 

be due to key differences in the manner of reproductive investment between the sexes, 

as well as differing allocation of resources between ISW and MSW fish. Overall we 

might expect females to be smaller than males of any given age as a consequence of 
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their greater investment in gametes - females invest nearly 5 times (up to 27%) more of 

their body weight in gametes than males (Fleming, 1998). However, there was no 

sexual dimorphism in MSW fish; only 1SW males and females were different in size. 

Holtby & Healey (1990) suggested that Coho salmon (OMcor/^cAzt; Af̂ wfcA) may 

show sex-specific foraging strategies and risk-taking where there are sex-specific 

reproductive size constraints. In the case of Atlantic salmon, MSW fbmales may be 

foraging more effectively whilst feeding in the open ocean, since their risk of predation 

falls after the first few months at sea (Hansen & Quinn, 1998). Furthermore, since the 

opportunity for iteroparity decreases with size, MSW may well take greater risks whilst 

feeding to achieve the maximum benefit from a single reproductive season. In contrast, 

1SW females may take fewer risks in the ocean, achieve propK)rtionately smaller body 

size, and yet stand a higher chance of iteroparity. It is likely that the extent to which 

salmon re-spawn, currently very poorly understood, is a key factor in life-history 

decisions. 

MSW females may allocate proportionately more resources to growth than ISW 

fbmales in order to benefit from factors unrelated to fecundity. Chinook (Owor/iyMcAzty 

and sockeye (OmcorAyMcAzty /zerAa) salmon females have been shown to 

sacrifice fecundity for body size in some circumstances (Healey, 1986; Healey & 

Heard, 1984). In particular, MSW females, being less likely to be iteroparous, may 

invest more heavily in body size so as to compete more effectively against other 

females in terms of nest depth and nest defence. 

I present results demonstrating gender-specific responses to sea-wintering tactics in 

Atlantic salmon. These patterns are related to sex-specific costs and benefits of foraging 

and migratory timing. Conformation of these mechanisms will require more extensive 

data sets utilising size, age and sex data, coupled with more accurate estimates of 

energy allocation e.g. in secondary sexual characters and egg production. Though 

constant disruption may exist within individual life-history factors, overall these 

mechanisms undoubtedly maintain an evolutionary stable strategy (ESS), which, as 

demonstrated, will need to account for the key differences in body size responses of 

males and females to life-history decisions. 
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3 Variation in spawning migration distances 

3.1 Introduction 

No greater competition between individuals is seen than when males and females come 

together to breed (Darwin, 1871; Kvamemo, 1994; Reynolds, 1996). The classical view 

of breeding system biology is that of one sex (usually the males), competing for access 

to the limiting sex by defending territories or resources (Clutton-Brock, 1989; Davies, 

1991; Emlen & Oring, 1977). More recently, attention has focused on the dynamic role 

of fbmales in mate choice and the resulting ability to maximise their reproductive 

success (Ahnesjo gf a/., 1993). Environmental heterogeneity will &equently lead to 

variability in the quality of breeding habitat. This requires individuals to make 

decisions about breeding location that will directly influence their reproductive success 

(Clutton-Brock, 1989; Hendry 2001). 

j . 7.7 AeAav/owr 

Atlantic salmon undertake their characteristic upstream migration following one or 

more years spent feeding at sea (Mills, 1989; Stabell, 1984). Individual salmon move 

upriver to spawning areas known as redds, whereupon males compete for mating 

opportunities with females. The larger MS W males tend to dominate spawning grounds 

and compete for access to mates, while the smaller 1S W males behave as satellites 

(Belding & Kitson, 1934; reviewed in Fleming & Reynolds, 2004). Since males 

compete for females sited on their redds, breeding location is the choice of females. 

Redd location has important repercussions for the survival of offspring. Since there is 

relatively little movement of fiy from their spawning areas (Gustafson-Greenwood & 

Moring, 1990; McCormick a/., 1998; Raddum & Fjellheim, 1995) and parr tend to 

hold local fixed territories (Juanes gr aZ., 2000), the quality of juvenile rearing habitats 

is chosen by the spawning female salmon (Fleming, 1996; Webb & Hawkins, 1989). 

Therefore, the selection of the spawning site and its associated role as a juvenile 

foraging habitat is a key factor in reproductive success. 
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Within catchment areas such as the Eden, there are gradients in the quality of habitat 

fbr juvenile salmonids. Differences in the organic productivity of headwater streams 

(Minshall 1992) over main river bodies, are likely to lead to increased growth in 

juvenile offspring offish spawning in these areas. Naiman et al (1987), found that as 

stream size increased, there was a decrease in total carbon inputs, with most carbon 

being stored in I st - 3rd order streams. Furthermore, numbers of invertebrates eaten by 

juvenile salmonids are largest in streams (Keeley & Grant, 2001). The increased 

reproductive success associated with spawning in small streams is due to the increased 

growth potential of an individual fish's progeny. A combination of these factors result 

in offspring of both 1SW and MS W fish from streams being larger than offspring 

resulting from spawnings in the main river body (Garant gf a/., 2003). This leads to an 

overall relationship between distance upstream and juvenile growth (Baum aZ., 

2004). A strong selective pressure fbr an increased migration upstream to spawn 

develops, even given that access by adult salmon to increasingly shallow water may be 

limited by physical parameters (Jonsson, 1991). 

If the choice of breeding location is adaptive, Hendry et al. (2001) identify three 

patterns which should be appreciable in natural populations. First, individuals choice of 

breeding location should reflect a balance between intrinsic habitat quality against the 

cost of competition (Conradt er a/., 1999), the risk of predation (Candolin & Voigt, 

1998), and the cost of the migration required to reach that breeding location (Bohlin ef 

a/., 2001). Second, the condition of the individual may influence choice of breeding 

location since different phenotypes (i.e. ART's) may be habitat specific in their 

advantage (Kvamemo, 1995). Third, individual condition, competition, and habitat 

quality should have a detectable influence on reproductive success (Huhta eZ aA, 1998). 

1 will focus on how individual condition, as a choice between alternative reproductive 

tactics (either 1 SW or MSW), affects decisions about breeding location taken over a 

catchment-wide scale. 

The behaviour of fbmales has largely been overlooked in studies of reproductive 

behaviour in salmonids, yet intersexual dynamics are likely to shape both current 
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reproductive activity, and the evolution of future reproductive behaviours (Henson & 

Warner, 1997). Incorporating information on both sexes is a key goal in better 

understanding complex reproductive behaviours and their associated efkct on fitness. 

The objective of this chapter was to investigate what effect life-history choices in 

Atlantic salmon had on their spawning location as determined by upstream migratory 

distance. In particular, I will determine what differences might exist between the sexes 

in the way they choose breeding locations. I tested the hypothesis that sex and choice of 

reproductive tactic in individual salmon will determine where they spawn within the 

catchment area. 
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3.2 Materials & Methods 

j . 2.7 

Sampling of adult Atlantic salmon took place on their return migration to the River 

Eden in 1999, 2000, & 2002. Fish were caught by rod, trap and netting in the lower 

reaches of the Eden beibre being examined by Environment Agency (EA) staff. Fish 

were anaesthetised (2-Phenoxyethanol, O.lml.l'^) before the insertion of a radio tag (HS 

Electronics, UK, model SAL3 in 1999; Biotrack, UK, model TW3 in 2000/2002) into 

the stomach via the oesophagus. Radio tags were individually identifiable by a 

combination of output frequency and pulse interval. Fish were also tagged externally at 

the base of the dorsal fin with spaghetti tags to allow visual identification. The 

movements of radio-tagged salmon were recorded by the EA using standard procedures 

through a series of fixed stations (29 locations) and 3-element Yagi antennae with 

portable receivers (AOR8000, Lotek SRX 400). During the spawning season mobile 

recording took place throughout the catchment approximately every 10 days. The 

Airthest upstream location was taken as the Estimated Spawning Location (ESL) fbr all 

fish recorded as active during the spawning season when in known spawning areas. 

This ESL was recorded as a six-figure National Grid Reference (NGR). Weight and 

fork length were measured (to the nearest g a n d r e s p e c t i v e l y ) and sex identified 

where possible (in some cases sexual characteristics were not sufficiently developed to 

confidently assign sex, these individuals were excluded fi-om the analysis). Scale 

samples were taken at time of capture such that fish age could be calculated from scale 

readings conducted by the EA. 

j. 2.2 

The NERC Centre fbr Ecology and Hydrology (CEH), Dorset, generated site 

information fbr each ESL using their river network mapping data (Dawson a/., 2002; 

Moore gf a/., 1994). For each supplied NGR, the CEH measured (Km) the distance 

from the ESL to the mouth of the Eden. NGR's were converted to co-ordinates from 

within the river network such that sites could be mapped using the geographic 

infbrmation system (GIS) soAware ARC-view 3 2 (ERSI). 
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A three way factorial ANOVA was used to test factors affecting spawning site selection 

using the general linear model (GLM). These analyses were performed using the 

software MiNrrAB i4 (2000). Due to loss of orthogonality in the model, two procedures 

were carried out to ensure unbiased interpretation of the results due to the potential 

influence of higher order interactions (Grafen & Hails, 2002). 1) ANOVA tables were 

constructed from sequential sums of squares so as to correctly a(^ust factors fbr equal 

or higher order terms. 2) To avoid the possibility that the order of the factors in the 

analysis was affecting the interpretation, the model was fitted with these explanatory 

variables in difkrent orders (RESPONSE = DATE|SEX|S WT, RESPONSE -

SEX|SWT|DATE, RESPONSE = SWT|DATE|SEX). 

The operational sex ratio (OSR) was calculated as the proportion of sexually active 

males to females (Emlen & Oring, 1977) by assuming all returning males to be sexually 

mature. This contrasts with the sex ratio at birth, which takes no account of situations 

where an individual's survival to maturity may be sex-biased. Deviations from a 1:1 

sex ratio were tested by in 1SW and MSW fish. The OSR calculated did not include 

mature parr, which assumably, if sampled, would increase the proportion of males. 
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Table 3.1 Summary statistics for adult salmon returning to the River eden in the years 1999,2000, and 

2002. Mean, min, and max refer to the distance upstream (Km) to which salmon were radio-tracked 

within the catchment to their estimated spawning location. ± standard deviation. 

ISW MSW ISW MSW 

55 54 22 59 

49.45 50.24 35.80 64.18 
Mean 

±4.15 ±4.29 ±5 .16 ±3.89 

Min 2.20 9.35 7.73 1.52 

Max 105.04 104.23 106.76 107.33 

The sex ratio in 1S W fish was male biased (n = 77, 14.14, d.f. l , f < 0.001), while 

67.1,^17= 12.22, f : 

salmon migrated upstream to their ESL's varied from 1.5 km to 107.3 km. There is a 
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significant interaction (Table 3.2) between the sea-winter tactic chosen, and the sex of 

the individual making that choice (Fi jgg- 6321.4, f = 0.009), in determining how far 

upstream a salmon will spawn fi-om the sea, such that the effect of 
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Figure 3.1 Proportion of male salmon in the total sample of return fish by month of their return to 

freshwater. 

tactic upon spawning site selection is gender dependent. The main effect of tactic 

accounted fbr a significant amount of the variation in the location of the ESL ( f i igg = 

4337.5, f = 0.03). 

There was no difference in the mean distance migrated to the spawning site in male 

1S W and MSW fish. In contrast, female MS W fish spawned further up the catchment 

than their 1SW counterparts. Furthermore, MSW females mean spawning distance was 

higher upstream than both ISW and MSW males, whilst ISW females mean spawning 

distance was further downstream than either group of male salmon (Figure 3.4). 

Therefore, the effect of sea-winter tactic on the selection of spawning sites acts only on 

female Atlantic salmon. 
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Solway Firth 
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Figure 3.2 Estimated spawning locations (ESL's) of radio tracked ISW and MSW Atlantic salmon in the 

River Eden in 1999, 2000, & 2002. © Crown copyright, GD272191 
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Solway Firth 
Females 
Males 

# # % 

m i f i i 

10 Km 

Figure 3.3 Estimated spawning locations (ESL's) of radio tracked Male and Female Atlantic salmon in 

the River Eden in 1999, 2000, & 2002. © Crown copyright, GD272191 
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Table 3.2 Analysis of variance for distance spawned upstream from the sea using correctly adjusted 

mean squares. Date (covariate); Sex: Two levels (male & female) and Tactic: Two levels (ISW & 

MSW). Significant main effects and interactions at f < 0.05 are marked in bold. 

Source of variation 
Sum of 

squares 
d.f. Mean squares 

Date 477.2 1 3.0 0.00 0.955 

Sex 18.2 1 717.4 0.79 0.376 

Tactic 1635.5 1 4337.5 4.76 0.030 

Sex X date 68.3 1 217.8 0.24 0.626 

Tactic X date 334.6 1 297.9 0.33 0.568 

Sex X tactic 613.0 1 6321.4 6.93 0.009 

Sex X tactic X date 52.0 1 52.0 0.06 0.811 

Error 182 165909.1 
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Figure 3.4 The interaction between sex and tactic on the distance spawned upstream from the sea (km). 

With standard error bars. 
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3.4 Discussion 

There is a gender-differentiated effect of sea-winter tactic on the distance an Atlantic 

salmon will migrate upstream to spawn in the Eden catchment. While tactic does not 

influence male spawning site selection (no difference in mean distance migrated 

upstream between ISW and MSW males), it is the key factor explaining the distance 

migrated upstream by females (Figure 3.4). Furthermore, female MSW fish respond in 

an opposing fashion to 1SW females in their selection of spawning sites. To the best of 

my knowledge this is the first study to find either tactic specific migratory patterns in 

Atlantic salmon, or any variation in the effbct of these tactics with gender. These results 

provide the first evidence of sex-biased structure in Atlantic salmon migrations. 1 will 

discuss these results with respect to the differing strategies of males and females in 

response to competition for access to mates and to spawning grounds. 

When anadromous salmon return from saltwater, their return migrations are highly 

structured (e.g.Webb & Hawkins, 1989). Previous authors have highlighted the date 

that salmon return to freshwater as one of the principal factors in explaining the 

location of spawning sites (e.g. Hawkins & Webb, 1986; Laughton, 1989; Laughton, 

1991; Laughton & Smith, 1992; Webb, 1989; Webb, 1992; Webb & Hawkins, 1989) 

though these focus almost exclusively on MSW fish. Saunders (1967) identified an 

inverse relationship between the time of return in 1S W salmon and the distance they 

migrated in the River Northwest Miramichi. These observations of 1SW fish also 

suggested that fish which smolted higher in the catchment were returning to areas 

higher in the catchment. Saunders (1967) suggests that the date of river entry is related 

to spawning site distance in, what Webb (1989) refers to as, a serial fashion, i.e. those 

fish returning first have more time available to ascend the river. This may appropriately 

model salmon movement in a simple river system with a single main stem available for 

spawning where there is constant gradient and water flow. However, as Webb (1989) 

points out, progressively more complex river systems are likely to have multiple, 

overlapping ascents by salmon. In these more complex, and more realistic, scenarios, 

dif%ring water flow conditions between tributaries will necessitate salmon waiting in 

holding pools until local conditions allow upstream migration. Laughton & Smith 
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(1992) identify a 'more or less precise' relationship between the time of river entry and 

the spawning location in the Rivers Dee and Spey. However, they dispute the idea that 

this is simply a function of the time required to complete migration (e.g. Struthers, 

1984), since some early running ISW fish spawned as high as MSW fish. Laughton & 

Smith (1992) draw no comparisons between 1SW and MSW fish, although, they note 

that the relationship between distance migrated and date of river entry holds within 

each age class (i.e. 1 SW and MSW). 

My results disagree with the general findings of much of the previous work on salmon 

spawning site choice; I find that date of river entry does not explain a significant 

proportion of the variance in migration distance once sex and sea-winter tactic are 

accounted fbr. There are two explanations for the disparity in results. Firstly, previous 

authors have not taken into account sea-winter tactic or sex of the salmon studied, and, 

since these two factors are themselves closely linked to date of salmon entry (see 

previous chapter), this complexity might not have been fully accounted fbr. Secondly, it 

is likely that there is great variability between river systems in the factors determining 

the selection of spawning sites (Jonsson, 1991). In particular, rivers in the extreme 

north of the salmon's range may well experience a more influential effect of date of 

river entry due to extreme environmental conditions relating to water flow (e.g Kallio-

Nyberg & Romakkaniemi, 1998; Karlsson & KarlstrOm, 1994), although this has not 

always been fbund to be the case (Lilja & Romakkaniemi, 2003). 

'Z.y.7 

The approach that males and females take towards reproduction, are radically different 

in Atlantic salmon. Females invest nearly 5 times as much of their body weight (up to 

27%) in gametes as do males (Fleming, 1998), a factor shaped by natural selection. 

Males concentrate on factors of sexual selection, developing secondary sexual 

characters and fighting fbr mating opportunities (Darwin, 1871; Hendry & Berg, 1999; 

Mills, 1989). This fits to the general sexual selective paradigm whereby female 

breeding traits are shaped by selection fbr increased offspring production and greater 

juvenile survival. In contrast, male breeding efforts are driven by the number of 

matings than can be successfully won in competition from other males (discussed in 
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Fleming & Reynolds, 2004). The cost of this male competition is high, with kwer 

males surviving spawning than females (reviewed in Fleming, 1996). 

The differing patterns of distance migrated to spawn can be explained by a model 

whereby female salmon are under selective pressure to penetrate further upstream to 

reach more productive spawning grounds. In contrast males are under such high 

pressure to increase their number of mating opportunities that the extra cost to migrate 

higher (to better females i.e. females on more productive spawning grounds) is traded 

off against energetic cost of competing with other males, ft is possible that the small 

number of 1S W females that do spawn in the Eden are not moving f ^ upstream due to 

intense competition from bigger females (both in terms of physical aggression and 

number of available spawning sites). Smaller males (i.e. IS W's) are likely to act as 

satellite males (Fleming, 1998), but small females cannot sneak matings, they need to 

prepare redds and attract competing males; they are tied to obtaining a redd. 

Furthermore, if MSW males are not preferentially migrating to certain areas of the river 

to spawn, then the competition is evenly spread fbr smaller (i.e. ISW) males resulting 

in the same average migration distance fbr the two tactics. In contrast, ISW fbmales are 

always going to have to find unoccupied (i.e. low quality) redds late in the season. 

Females migrating early in the year are at risk of nest destruction from the digging of 

later running larger females (Fleming, 1996; McPhee & Quinn, 1998). The risk of nest 

damage is likely to be negatively correlated with body length such that smaller females 

may be more likely to suffer nest damage (Fleming, 1998). This may be a further factor 

in the late return of 1 SW females. 

y. / 

Differences in male and female spawning distances may be used to test fbr sex-biased 

dispersal. If males are dispersing to a greater degree within the catchment then this 

should be detectable using molecular markers, as should greater structure between 1 SW 

and MSW females. Sex-bias in dispersal is a balance between Local Mate Competition 

(LMC), and Local Resource Competition (LRC Perrin & Mazalov, 2000). Sex-biased 

dispersal is predicted to be male biased among polygamous and promiscuous species 

(Dobson, 1982) where LMC is high fbr males. Furthermore, where prior ownership of a 
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territory is crucial, such as female salmon on redds, LRC is high, and that sex gains 

little Aom dispersal. 

These results offer no insights into the degree of philopatry in Atlantic salmon; there 

was no temporal aspect to the analysis as the spawning locations of the parents of the 

salmon sampled are unknown. If a relatively high degree of site fidelity is assumed, as 

suggested by previous work (e.g. Stabell, 1984; Youngson a/., 1994) then there must 

be a heritable component to migratory distance in fbmales that does not seem to prevail 

in males. Heritable components have been identified fbr other aspects of salmonid 

biology. Garant et al.'s (2003) work on salmon from the Sainte-Marguerite River 

suggests that there is a higher heritability component to body size in smaller streams 

than in the main river body, and furthermore, heritability values fbr body size are 

greater in MSW fish than grilse. A correlation between habitat quality and heritability 

has previously been documented fbr traits in birds (Larsson ef a/., 1997; Merila, 1997; 

Qvamstrom, 1999) and mammals (Reale er a/., 1999). 

j . 4 2.7 fex raf/o 

There is a clear male bias in the sex ratio in River Eden salmon. This is partly due to 

differences in the proportions of males and females returning within each SWT: MSW 

fish return in equal sex ratio, 1SW fish are predominantly male (71%). However, this 

snapshot view of the sex ratio, based on absolute numbers of fish, is likely to drastically 

underestimate the true operational sex ratio at any given time (reviewed in Fleming & 

Reynolds, 2004). In particular, males remain sexually active fbr a longer period of time 

than females, and can mate a greater number of times, at greater frequency (Fleming & 

Reynolds, 2004; Groot & Margolis, 1991). This leads to a substantial male bias in 

OSR's which increase as the breeding season progresses (Hendry g/ oZ., 1995; Quinn gf 

a/., 1996). The excess of males flirther intensifies the competitive pressure on males 

attempting to mate (Kokko & Monaghan, 2001), placing the emphasis fbr male mating 

effort to be on gaining access to as many females as possible. Under such conditions 

selective pressures to mate with females high in the catchment where juvenile 

production is greatest may well be outweighed by the energy cost required to do so, 
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energy better expended acquiring multiple mating opportunities lower down the 

catchment. 

An important factor, which cannot be fully accounted for in this study, is the effect of 

mature male parr on the mating models described. It is clear that mature parr make a 

considerable contribution to total progeny (e.g. Taggart ef aA, 2001), and they must 

therefore add considerably to competition between males. Furthermore, the presence of 

mature parr should act to substantially increase the male-bias in the OSR from that 

calculated here. 

Adult migratory patterns differ significantly in the distance a salmon will swim 

upstream to spawn. These differences are under the influence of sea-winter tactic and 

sex. Life-history factors related to time spent at sea strongly affect female spawning site 

choice, a situation not found in males. This is likely to be a direct result of differing 

approaches to breeding competition between the sexes. 
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Genetic Variation in Populations of Adult Salmon 

IVIigratIng Upstream to Spawn 

4.1 Introduction 

From relatedness of juvenile individuals within short stretches of river (Fontaine & 

Dodson, 1999), to range-wide analyses spanning the Atlantic Ocean (King ef a/., 2001), 

salmonids display a propensity for genetic population structure at all levels examined. 

Numerous studies have investigated population structure between catchments (e.g. 

McElligott & Cross, 1991), and within catchments (e.g. Garant e/ a/., 2000). However, 

these studies largely focus on juvenile Hsh; few have investigated populations 

composed of returning adult salmon (but see e.g. Hendry ef aZ., 2002). Sampling adult 

fish enables aspects of migratory behaviour relating to dispersal and life-history 

analyses to be taken into account, since sampling is of individuals who have reached 

adulthood. These phenomena are impossible to account for using juvenile fish alone. 

It is comparatively easy to sample salmon Ay and parr from their natal areas; a sampled 

riffle area can be defined as a sub-population, numerous riffle areas can be sampled 

within a single river, and this in turn constitutes a river population. Similarly, several 

river populations can be sampled in this fashion, thus allowing the investigator a 

powerful hierarchical structure to analyse (e.g. AMOVA; 5.2.4). When sampling adult 

fish on their return migration upriver to spawn, defining populations is more 

problematic. Ideally, adult fish would be observed on redds, with samples taken from 

them at the time of spawning. In this way, diversity between, and among, local 

breeding populations could be compared. However, aside from the practical difficulties 

of sampling on such a scale, adult salmon are protected from interference during 

spawning (Environment Agency guidelines). It is therefore necessary to estimate 

individual spawning locations (ESL's; see Chapter Three) to place them in 

geographically defined populations. However, due to limits on sample size, individuals 

are widely spread throughout the catchment, with individuals rarely sampled in 
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sufficient density at any one location to make up a rifOe type sub-population (as 

defined above for juveniles). However, fish can be assigned at the river scale from their 

ESL data, and then, from that data, to distance categories within those rivers. In this 

way it is possible to characterise the effect of migratory distance on population 

structure. Furthermore, since fish are all aged (see 2.2.1), it is possible to determine the 

effect that life-history, in particular sea-winter tactics (see Chapters One & Two), has 

on population sub-division. 

Effective population size (JVg) has emerged as a key component of most theoretical 

predictions in conservation biology (Frankham gf a/., 2002). Typically defined as: 

'[T]he number of individuals that would give rise to the calculated loss of 

heterozygosity, inbreeding, or variance in allele frequencies if they behaved in the 

manner of an idealised population' (Frankham o/., 2002), the loss of genetic diversity 

associated with a reduction in jVe can be critical in endangered populations, where 

inbreeding effects may lead to population, or even species extinction (Soule & Mills, 

1998). Estimations ofTVe can be made directly where there is detailed information of 

breeding structure and population size (Caballero, 1994); however, recent advances in 

molecular methods have made it possible to estimate using markers such as 

microsatellites, from allele frequency data (see e.g. Shrimpton & Heath, 2003). 

y. j 6^/jperW 

Under a pattern of sex-biased dispersal, one sex is more philopatric than the other. The 

mechanisms responsible for this are discussed in 3.4.1.1.1. 

Recent studies have utilised molecular markers, such as microsatellites, to test for 

differing dispersal between the sexes (reviewed in Goudet e/ a/., 2002; Prugnolle & de 

Meeus, 2002). These indirect methods can be applied on a relatively large scale, often 

without the need for intensive field observations (Neigel, 1997). There are several 

approaches to this end: 1) testing fbr relatedness between individuals (Knight gf' a/., 

1999; Surridge aZ., 1999). Individuals of the more philopatric sex should have higher 

relatedness, being more related at any given site than the dispersing sex, which mix 

between sites to a greater extent; 2) the dispersing sex should have lower between-
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sample site Fgy values due to the increased gene flow with neighbouring sub-

populations (Mossman & Waser, 1999). This method is expected to perform similarly 

to a relatedness approach since the two measures are connected; and 3) individuals 

from the more philopatric sex should be assigned with a greater degree of accuracy to 

their source population than the dispersing sex (Favre a/., 1997). Individual-based 

assignment methods are now recognised as a powerful tools for studying dispersal and 

population structure (reviewed in Berry a/., 2004). Individuals are assigned within 

confidence limits to candidate populations based on their multilocus genotype. 

Investigations into sex-biased dispersal using molecular markers, like those using more 

traditional mark-recapture methods, have mostly been limited to birds, where dispersal 

is typically female biased (e.g. Piertney a/., 2000), and to mammals, where male 

biased dispersal is prevalent (e.g. Devillard g/ a/., 2004). However, molecular markers 

have been used to characterise sex-biased dispersal in other taxa, e.g. amphibians 

(Lampert a/., 2003), reptiles (Casale e/ a/., 2002), and insects (Sundstrom ef a/., 

2003). Of the few studies of sex-bias in fish species, only fbur have found significant 

within-population sex-bias in dispersal. One of these is in the great white shark, 

CarcAam&'M (Pardini ef a/., 2001), two in Brook trout, 

(Fraser a/., 2004; Hutchings & Gerber, 2002), and one in brown trout, 

(Bekkevold a/., 2004). In all cases the dispersal was male biased, as predicted for this 

polygamous mating system (see Chapter Three, Perrin & Mazalov, 2000). 

In this chapter, I will assess population genetic structure in adult Atlantic salmon 

returning to the Eden Catchment. The influence of geography, migration and life-

history will all be taken into account. 

In Chapter Three, evidence from radio-tracking indicated that there is a sex-bias in the 

migratory patterns of adult salmon in the Eden catchment (Figure 3.4). I will test for 

sex-biased dispersal between river regions, and over migratory distance using 

assignment testing. 
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Effective population size will be estimated from molecular data and compared to 

census size data. This will be a key parameter in the future management of Atlantic 

salmon in the Eden catchment. 
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4.2 R/laterials and methods 

2. y f 

Adult Atiantic salmon were sampled on their return to the Eden in the years 1999, 

2000, & 2002 (see details of sampling in 2.2.1). At the time of capture, either a small 

number of scales (1999 only), or a section of the adipose fin was removed from each 

salmon by Environment Agency staff. These tissue samples were transferred to labelled 

microtubes of 95% ethanol. Data from the measurement of fish taken on capture, their 

estimated spawning location (ESL's; see Chapter Three), and age (see Chapter Two), 

were collated and added to a database of genotype information. Fish were classified by 

river region, i.e. the river of their ESL, and into distance bins reflecting the distance 

migrated upriver. These bins were short (1 - 35km), medium (36 - 70km), and long (71 

- 107km) migratory distance. 

A rapid DNA extraction was carried out using a Chelex based protocol (Beacham & 

Dempson, 1998; Estoup e/ a/., 1996). Chelating resin based procedures were first used 

for forensic material and museum specimens (Eellegren, 1994; Walsh ef oA, 1991). 

They have found favour among molecular ecologists due to their low cost and simple, 

rapid protocol (Beacham & Dempson, 1998; Estoup g/ a/., 1996), especially compared 

to more expensive and laborious phenol-chloroform methods. 

Labelled 1.5ml microtubes were prepared, each containing 300|il of Chelex Buffer A 

(5% Chelex [Sigma], lOOmM NaCl, 50mM Tris, 1% Triton X-100, lOmM EDTA) and 

5|il proteinase K (lOmg/ml on ice). The buffer was stirred continuously to ensure the 

Chelex beads were in suspension. Wide-bore lOOÔ il pipette tips were used when 

pipetting the buffer solution to avoid tip clogging. Adipose fin clips were removed from 

95% ethanol and blotted dry on tissue paper before being placed into their respective 

microtubes. 

Sample tubes were then placed in an incubation oven where they were rotated at 55°C 

for 4 - 6 hours. Tubes were then spun at 14,000rpm for 4 minutes, the supernatant was 

transferred to new labelled 1.5ml microtubes to which 300|Jil of Chelex Buffer B (5% 
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Biosystems), which allows individual lanes to be tracked and all fragments to be 

compared to internal size standards. Scoring and output of allele sizes was performed 

using GENOTYPER21 (Applied-Biosystcms). Every run included two control individuals 

with known genotypes allowing comparisons with all new data to correct for 

inconsistencies between runs. 

Data from individuals sampled in different years were pooled due to low sample sizes. 

Pooling of samples did not allow a full investigation of the temporal component of 

salmon population structure (Garant er a/., 2000), though temporal stability was 

assumed. Pooling sample years made the analysis of regional, distance, sea-winter 

tactic, and sex groups possible by generating workable sample sizes. 

All raw microsatellite data generated in OENOTYPER was analysed using MSA (Dieringer & 

Schlotterer, 2002) to obtain descriptive statistics (TV, etc). Genotype frequencies 

were tested for departures from Hardy-Weinberg expectations and linkage 

disequilibrium at all populations at all loci using ARLEQuiN2.001 (Schneider a/., 2000). 

The Hardy-Weinberg test utilised the Markov chain randomisation test of Guo & 

Thompson (1992) to estimate exact f values for each locus-population combination, f 

values were Bonferroni corrected for multiple comparisons (Rice, 1989). 

Since the number of alleles observed in a sample is highly dependent on sample size, 

allelic richness (/4) was calculated for each population using FSTAT2 9.3 2 (Goudet, 2001). 

This method uses the rarefaction index of Hurlbert (1971) to correct for the effects of 

differing sample sizes (ElMousadik & Petit, 1996; Petit er a/., 1998). Allelic richness is 

less restrictive than methods based on heterozygosity, and is sensitive to events such as 

recent bottlenecks or population admixture (see e.g. Comps e/ oZ., 2001); it is possible 

for substantial amounts of allelic diversity to be lost before any decrease in 

heterozygosity is detected (Allendorf^ 1985; Waples, 1990). 

4.2 J. 7 

Where significant deficiencies &om Hardy-Weinberg expectations (HWE) are observed 

these may be due to violation of the assumptions of the equilibrium. Factors such as 

non-random mating, overlapping generations, substantial migration and natural 
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selection may all lead to deviations from HWE (HartI & Clark, 1997). However, 

deviations from HWE may be artefacts due to the presence of null alleles, leading us to 

overestimate the proportion of homozygotes (Pemberton gf o/., 1995). Null alleles 

occur when a mutation in flanking sequences stop primers from binding (Callen a/., 

1993), leading to heterozygotes being scored as homozygotes. Null alleles are 

implicated where deviations from HWE occur at a locus over several populations while 

not occurring at other loci across those populations. The frequency of a null allele (r) 

can be estimated &om the apparent deficiency of heterozygotes they induce (Equation 

1; Brookfield, 1996). 

Equation 1 Estimating the Aequency of a null allele (Brookfield, 1996). 

^.2. J. 2 

To estimate differentiation between river regions, pairwise values were calculated 

(Weir & Cockerham, 1984); the statistical significance of the FgT estimates was 

obtained by permutation of genotypes among populations in ARLEQum l ooi. AMOVA 

(Excoflier a/., 1992), implemented in ARLEQUiN2.001. allowed the quantification and 

testing of genetic differentiation at three hierarchical levels: among river regions, 

among distance classes within river regions, and within sample sites. 

4.2 J. 2. y Mg 

2. J. 2.7.7 7b 

The accuracy with which individual fish could be assigned to their river of sampling 

was tested using Rannala & Mountain's (1997) Bayesian assignment method in the 

software OENECLAss 10 02 (Baudouin ef oA, 2004). This approach has demonstrated the 

ability to resolve population structure not identified by other methods (Castric & 

Bematchez, 2004), and has been used fbrensically to determine a fish's river of origin 

for law enforcement purposes (Primmer a/., 2000). OENECLAss does not assume 

genetic equilibrium and is therefore, robust to violations of HWE. The software 
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estimates the likelihood that an individual is from its sampled river (correctly assigned), 

from another sampled river (mis-assigned), or not from any of the rivers sampled (un-

assigned). Likelihood estimates were generated using 50,000 replicates by the 

simulation method of Comuet et al (1999). Rivers were excluded as a source when an 

individual's multilocus genotype fell outside the 95% likelihood for that river. 

Assignment testing was carried out for each sex separately. 

2. J. 2 7.2 7b ( / / f f 

In a similar method to that described for river regions, individual fish were assigned to 

distance categories (see 4.2.1). This was carried out for the sexes separately. 

2. J. 2 2 corrgjpoWewcg 

FCA (Benzecri, 1973) is an ordination method allowing the graphical representation of 

variance in a given dataset. FCA maximises the correspondence between allele scores 

and individual scores, enabling individuals to be plotted as dots in a hyperspace, their 

coordinates determined by their genotype relative to the overall variability in 

genotypes. Vectors from this cloud of data points are used to create a set of factorial 

axes. These account for differing amounts of the variability in this hyperspace and can 

be plotted against each other to visualise patterns. By convention the first axis makes 

the greatest contribution to the variation. This procedure was carried out in the software 

GENETIX4.04 (Belkhir a/., 2001). 

2 .J. 3 Ae/wggM fAe fexg 

To test fbr potential intra-sexual differences in population genetic parameters, several 

measures were calculated fbr the sexes separately: allelic richness, and FsT, were 

calculated as described above. Furthermore, relatedness values (R) were calculated fbr 

each sex using RELATEONEss s o (Queller & Goodnight, 1989). 

2 J. pqpwZafwM j'fze 

JVe is typically defined as the size of the 'ideal' population that will result in the same 

amount of genetic drift as in the actual population being considered (Wright, 1969). An 

ideal population is expected to loose heterozygosity at a rate of A/f = -1/2#per 

generation, where # is size of the adult population (Wright, 1969). So fbr a population 

of 100 individuals, it is expected that the population would lose I = (2 x 100), or 0.5% 
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of it's heterozygosity per generation. However, the assumptions of an ideal population, 

namely: non-overlapping generations, random mating within sub-populations, constant 

population size, equal sex ratio, and equal reproductive success in all individuals 

(Frankham era/., 2002; Hartl & Clark, 1997), are frequently violated in nature, 

particularly by salmonids. Estimations of jVgare therefore, generally expected to be 

considerably lower than the population census size (see e.g. Shrimpton & Heath, 2003). 

A number of methods were used to estimate the effective population size of a 

generation of Atlantic salmon from the River Eden. These were implemented in the 

software NE-ESTiMATOR 13 (Peel gf a/., 2004), which calculates A/g by two single point 

estimations; one based on linkage disequilibrium (Bartley ef a/., 1992), implementing 

Burrow's D* (Campton, 1987) - a correlation of linkage disequilibrium across loci. The 

other single point method is based on heterozygote excess (Luikart & Comuet, 1999; 

Pudovkin a/., 1996). When the number of breeders is small, male and fbmale allele 

frequencies will differ due to binomial sampling error; this will lead to an excess of 

heterozygotes relative to Hardy-Weinberg expectations. This difference in 

heterozygosity is dependent upon, and can be used to estimate, the number of breeders 

(TVeb), from which We can be calculated. NE-ESTiMAToaalso estimates jVg by the temporal 

method of Waples (1989). This approach requires two samples of individuals separated 

by at least one generation to estimate the harmonic mean effective p>opulation size by 

examining the change in allele frequencies between generations. Furthermore, NE-

ESTiMATORacts as an interface to the software TM3 (Beaumont, 2003) and MLNE (Wang, 

2001; Wang & Whitlock, 2003), both of which calculate maximum likelihood estimates 

of Wg from temporal differences in allele frequencies. 

To provide data-sets of cohorts for the calculation of TVe, all fish were sorted into a 0+ 

year class, that is, the year they emerged as fry. This was achieved by subtracting fish 

age from the year of sampling. Temporal methods of estimating require samples of 

individuals separated by at least one generation. I defined a generation as four years, 

this was based on the average age of salmon sampled during the study (Figure 4.1; 

range 2 - 6 years, mean age 3.92 d: 0.05). Ag values quoted for temporal methods 

(moments based, TM3, & MLNE) are therefore estimates Ae of that generation. However, 

the mean age of returning adult salmon may not reflect the true mean age of mating fish 
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due to the presence of precocious parr. To simulate the reduced mean generation time, 

TVe was also calculated over a three year generation span. 
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Figure 4.1 Histogram of adult Atlantic salmon ages on their return to the Eden Catchment (» = 233). 
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Table 4.1 Locus name, primer sequence, allele size range from previous studies, number of alleles observed in previous studies, optimal annealing temperature, observed 

heterozygosity, repeat motif, and the original author of microsatellite loci screened in adult Atlantic salmon from the River Eden. 

Locus Primer sequence (5' - 3') 
Allele size 

bp 
m Ta°C % Repeat motif Authors 

Ssa85 

Ssal71 

^ SsoslSll 

Ssosl438 

Ssa14 

Sleen82 

v) Ssa202 

Ssa]97 

Ssa404 

(N % 

2 Ssa410 

Ssa418 

lU 

f: AGG TGG GTC CTC CAA OCT AC 

r: ACC CGC TCC TCA CTT AAT C 

f: TTA TTA TCC AAA GGG GTC AAA A 

r GAG (jTC GCT GGGGTT TAC TAT 

f: TAG ATA ATO GAG GAA CTG CAT TCT 

r: CAT GCT TCA TAA GAA AAA OAT TGT 

f: GAC AAC ACACAA CCA AGGCAC 

r: TTA TGC TAG CTC TTT ATG CAT TGT 

f: CCT TTT GAC AGA TTT AGO ATT TC 

r: AAA CCA AAC ATA CCT AAA GCC 

f: CAT GGA GAA TCC CAC TTT CTT A 

r: CAG GGA GTG ATA TGG GAC ATA A 

f: CTT GOA ATA TCT AGA ATA TOO C 

r TTC ATG TGT TAA TGT TGC GTG 

f: GGG TTG AGT AGG GAG GCT TG 

r. TGG CAO GGATTT GAC ATA AC 

f: ATG CAG TGTT AAG AGG GGT AAA AAC 

r. CTC TGC TCT CCT CTG ACT CTC 

f: GGA AAA TAA TCA ATG CTG CTO CTT 

r CTA CAA TCT GOA CTA TCT TCT TCA 

f: CAC ACC TCA ACC TGG ACA CT 

r GAC ATC AAC AAC CTC AAG ACT G 

110- 138 12 58 0.3 -0.8 

233 -267 29 58 0 .6-0.9 

166 23 55 0 .7-0.9 

116- 146 7 50 0.76 

138 -145 3 57 0.3 - 0.5 

196-230 15 58 0.41 -0.62^^ 

268-320 18 58 0 .4-0 .8 

131 -203 21 58 0 .4-0 .8 

194-314 20 59 0.95 

198 -324 25 58 0.90 

328-570+ 22 64 1.00 

(GT)w (O'Reilly aZ., 1996) 

(TGrA),,(TO), (O'Reilly 1996) 

(TOk. (Slettane/oZ., 1995) 

(AcwT(ACk (Slettane/aZ., 1996) 

(TC)MN„(TC),N:(AC),:(TCkN,(CA), (McCoHnellg^a/., 1995) 

(cited in King eZ a/., 2001)^ 

(CAMcrcA),, (O'Reilly a/., 1996) 

(GT),ccrGi,TccrGwv(CFrGA) (O'Reillys^ a/., 1996) 

GACA;? 

(GACA)22 

GAl Aw 

(Caimey e/ o/., 2000) 

(Caimey e/ o/., 2000) 

(Caimey a/., 2000) 

^ f, and r, are forward and reverse primers respectively. 
^ of the original clone, N is any nucleotide. ^ Sleen82 (GenBank accession numbers U86703 and U86706). 
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Figure 4.2 Allele size ranges observed in this study for each of 11 microsatellite loci screened in adult Atlantic salmon from the River Eden. The three 

colours represent the dye used to label each primer: blue is FAM; yellow is HEX; and green is TET (Applied Biosytems). 
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4.3 Results 

Table 4.2 Summary statistics for 11 microsatellite loci genotyped in 156 returning adult Atlantic salmon 

from the River Eden. Total number of alleles for each locus (^), allelic size range; and, the number of 

alleles, expected heterozygosity (//g), observed heterozygosity (//o), and allelic richness (yf) in each 

population. 

River Region 

Locus Upper Eden Lower Eden Caldew Eamont 

Ssal4 6 W 5 5 3 5 
139- 149 //o 0.310 0.379 0.333 0.486 

//E 0.501 0.644 0.612 0.664 
Ssa85 16 W 15 14 13 12 
116- 148 / /o 0.877 0.867 0.864 0.889 

% 0.900 0.898 0.870 0.867 
Ssal71 15 W 12 11 11 13 
194-254 % 0.814 0.963 0.800 0.806 

//E 0.871 0.907 0.891 0.876 
Sleen&2 9 w 14 13 12 15 
210-226 /fo 0.639 0.500 0.429 0.656 

% 0.736 0.588 0.674 0.686 
Ssa202 13 9 8 5 7 
228 - 276 //o 0.900 0.828 0.900 0.829 

% 0.878 0.817 0.894 0.859 
Ssosl311 25 W 20 17 13 18 
122-174 0.825 0.885 0.905 0.806 

% 0.914 0.892 0.911 0.923 
Ssosl438 15 w 13 8 9 11 
102-150 /fo 0.600 0.690 0.591 0.730 

//E 0.770 0.687 0.724 0.730 
Ssal97 23 18 16 16 15 
172 - 260 //o 0.810 0.966 0.864 0.865 

//E 0.877 0.906 0.931 0.893 
Ssa404 26 24 18 14 20 
192-316 //o 0.904 0.846 0.900 0.912 

% 0.942 0.899 0.923 0.935 
Ssa410 29 25 18 21 21 
202-314 //o 0.930 0.900 0.909 0.912 

% 0.948 0.929 0.959 0.934 
Ssa4]8 37 W 32 21 18 25 
322 - 502 //o 0.923 0.857 0.842 0.871 

% 0.966 0.944 0.957 0.944 

W 12.41 11.79 11.86 11.99 
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Genotypes at 11 microsatellite loci were calculated for 156 adult Atlantic salmon on 

their return to the River Eden in the years 1999, 2000, & 2002 (Table 4.2). No sample 

collection took place in 2001 due to the severe outbreaks of foot and mouth disease in 

Cumbria and elsewhere in the United Kingdom. 

A total of 214 alleles were observed, varying from six in Ssal 4, to 37 in Ssa418. 

Expected heterozygosity ranged &om 0.50 at Ssal4 in the Upper Eden, to 0.97 at 

Ssa418, also in the Upper Eden. Observed levels of heterozygosity were high overall: 

0.85 ± 0.1. The number of alleles per sample at any given locus ranged from three at 

Ssa]4 in the Caldew, to 32 at Ssa4] 8 in the Upper Eden. The average number of alleles, 

per locus, at each site, was 14.39 ±6.17. There was no difference in allelic richness 

between regions (ANOVA; = 0.28, ^3 43 = 0.04, f = 0.99). 

Of 44 locus/site comparisons, six showed significant deviations from HWE (13.64%) 

after correcting for the number of tests (overall a = 0.0125). There was a clear pattern 

to these deviations: four of them being at Ssal4 (also one each in Sleen82 & Ssosl311), 

suggesting the presence of a null allele at this locus. The frequency of a null allele was 

calculated as 0.14 ± 0.02). No significant linkage disequilibrium was observed between 

any loci. 

Overall Fg? was low: 0.01 ± 0.0037. Significant Fgy values were observed in all but one 

pairwise comparison between river regions (Table 4.3). This suggests detectable levels 

of spatial variance among salmon from different river regions in the Eden. In particular, 

the Caldew is most strongly differentiated from the main body of the Eden, both Upper 

and Lower, and from the Eamont. The Eamont and the neighbouring Upper Eden 

region show no significant differentiation in fsT values. 
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Figure 4.3 Factorial correspondence analysis showing relationships among the multilocus genotypes of individual adult Atlantic salmon from four regions of the 

River Eden. The three axes are the first, second and third principal factors of variability in order of the amount of variation they explain. 
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Figure 4.4 Factorial correspondence analysis showing relationships among the multilocus genotypes of individual adult Atlantic salmon from the River Eden 

grouped into distance categories (short: 1 - 35km; medium: 36 - 70km; and long: 71 - 107km). The three axes are the first, second and third principal factors of 

variability in order of the amount of variation they explain. 
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Figure 4.5 Factorial correspondence analysis showing relationships among the multilocus genotypes of individual adult Atlantic salmon from the River Eden 

grouped into sea-winter tactics (One sea-winter: ISW; and multi sea-winter: MSW). The three axes are the first, second and third principal factors of variability 

in order of the amount of variation they explain. 
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Differentiation between the four rivers is graphically illustrated using plots of factorial 

correspondence analysis (Figure 4.3). The separation of populations is clear, yet there is 

still a large amount of overlap, and no populations are wholly discrete. The Caldew 

exhibits a greater degree of spread in data points than the other rivers, this suggests a 

more diverse, or more appropriately, less distinctive, population. 

Table 4 3 Pairwise Fgr comparisons for the four River Eden regions (below diagonal). Above the 

diagonal are significance values obtained from 1000 permutations (values in bold are f <0.05). 

Upper Eden Lower Eden Caldew Eamont 

Upper Eden * 0.001 0.005 0.1556 

Lower Eden 0.012 * 0.027 0.0010 

Caldew 0.013 0.014 * 0.0000 

Eamont 0.002 0.006 0.015 * 

j. 2 7 ^ 

^.5.27.7 7b regzoM 

A total of 88 male (97.78%) and 64 female (96.97%) adult salmon were assigned 

within 95% confidence limits to at least one of the Eden river regions (Table 4.4). The 

proportion of fish correctly assigned was very high: 86 males (95.56%) and 62 

(93.94%) females were correctly assigned to their river of sampling. Only two males 

(2.22%) and two females (3.03%) could not be assigned to either of the fbur river 

regions; these fish may be genuine straying individuals from other rivers. There was no 

significant difference in assignment accuracy between males and females (T = 0.72, f 

= 0.26). 

. j . 2.7.2 7b cafegonef 

A total of 88 male (94.56%) and 64 fbmale (92.77%) adult salmon were assigned 

within 95% confidence limits to at least one of the upstream distance categories (Table 

4.5). The proportion offish correctly assigned was very high: 82 males (87.23%) and 

60 (86.96%) fhmales were correctly assigned to their river of sampling. Only six males 

69 



Chapter Four 

(6.38%) and five females (7.25%) could not be assigned to either of the four river 

regions. There was no significant difference in assignment accuracy between males and 

females (T = 0.17, f = 0.44). 

Table 4.4 Numbers of returning adult salmon that were classified back to their river of sampling, to 

another river, or not assigned to any river, in the Eden catchment, for males and females separately. 

Figures in bold are for fish correctly assigned to their sampling river. 

River region 

Males Upper Eden Lower Eden Caldew Eamont unassigned 

M = 39 Upper Eden 37 0 0 1 1 

21 Lower Eden 0 20 0 1 0 

17 Caldew 0 0 17 0 0 

13 Eamont 0 0 0 12 1 

Correctly assigned 86 

Mean 95.56 

Females Upper Eden Lower Eden Caldew 

M = 27 Upper Eden 25 0 0 

10 Lower Eden 0 9 0 

9 Caldew 0 0 9 

Eamont unassigned 

20 Eamont 0 0 0 

1 

1 

0 

19 

1 

0 

0 

Correctly assigned 62 

Mean 93.94 

Interestingly, males and females exhibit differing patterns in their assignment accuracy. 

Males are most accurately assigned to the medium distance category, and less likely to 

be assigned correctly to either short, or medium categories. The situation is reversed in 
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females, where they are least likely to be correctly assigned to the medium distance 

category (Figure 4.6). 

Table 4.5 Numbers of returning adult salmon that were classified back to their upstream distance 

category of sampling, to another distance category, or not assigned to any distance category in the Eden 

catchment, for males and females separately. Figures in bold are for fish correctly assigned to their 

sampling distance category. 

Males Short Medium Long unassigned 

M = 39 Short 35 2 0 3 

21 Medium 1 19 0 0 

17 Long 2 1 2 8 3 

Correctly assigned 82 

Mean 87.23 

Females Short Medium Long unassigned 

» = 27 Short 20 0 1 0 

10 Medium 2 16 0 3 

9 Long 1 0 2 4 2 

Correctly assigned 60 

Mean 86.96 

To assess how the upstream position of populations might contribute to population 

structure, individuals were grouped into distance classes (short, medium, and long). A 

graphical representation of these distance classes (Figure 4.4) highlights that upstream 

distance, in effect, migratory distance, does contribute to population structure. Though 
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individuals from the short, medium, and long categories do overlap, they form clear 

clusters of individuals. 
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Figure 4.6 Difference in the assignment accuracy of males and female Atlantic salmon to distance 

categories in the Eden catchment. 

Table 4.6 Hierarchical analysis of molecular variance (AMOVA) of microsatellite allele frequencies 

from four river regions (Lower Eden, Upper Eden, Caldew, and Eamont). Within each region, individuals 

are binned to three distance classes: short, medium, or long. Values in bold are P < 0.05 

Source of variation d.f 
Variance 

component 
% variation P 

Among river regions 3 0.024 0.60 <0.000 

Among distance bins 

within river regions 
8 0.027 0.67 0J02 

Within distance bins 300 3.925 98.72 0.009 

Total 311 3.976 
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An AMOVA compared the contributions of river regional structure to that of upstream 

distance to the overall genetic structure (Table 4.6). Both account for similar amounts 

of the total variability (0.60%, and 0.67% respectively), however, only the variation 

between river regions is significant. 

j.2. j 

Ignoring geographical population structure (either river region, or distance class) and 

grouping individuals by sea-winter tactic highlights the role that life history plays in 

shaping genetic diversity. A plot of factorial correspondence analysis vectors (Figure 

4.5) shows a good deal of variability among genotypes to be explained by sea-winter 

grouping. 100% of this variation is explained on a single axis suggesting a strong 

polarisation of this variable. Though the two sea-winters overlap by at least 50%, they 

remain clear groups, suggesting that to at least some extent, gene flow may be restricted 

by life-history. 

Comparing parameters between the sexes (Figure 4.7) revealed a number of interesting 

differences between the population structure of males and females. Females appear 

more diverse than males, having both a higher expected heterozygosity than males 

(ANOVA; f ] n = 10.25, f = 0.009) and a higher level of allelic richness (ANOVA; 

= 15.22, f = 0.003). However, though males were more related than females 

(ANOVA; Fi j i - 10.21, f = 0.01), neither males nor females were significantly more 

inbred than the other - no difference in f i s between the sexes (ANOVA; Fi 11 = 1.16, f 

= 0.306). Calculating Fgy for the sexes separately (over river region sub-populations), 

indicates that while males have a higher Fgy value, their vastly overlapping confidence 

intervals make this diflerence non-significant. 

The mean jVe based on two separate generation comparisons (1994 - 1998, and 1995 — 

1999) over five different methods of estimation is 69.62 ± 18.40 (Table 4.7). However, 

these results also illustrate the high degree of variability in this estimation with A'g 

ranging from 4.6 to 172.2 depending on the method of calculation and the years used 

fbr comparison. 
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Figure 4.7 Comparisons between the sexes: A, Mean expected heterozygosity over all regions and loci 

with standard error bars; B, Mean allelic richness (A) with standard error bars; C, FST with 95% 

confidence intervals estimated from 1000 bootstraps; D, Mean relatedness with standard error bars. 
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By plotting the output of likelihood values from the software MLNE and TM3 it is clear 

that the two year group comparisons give dif%ring accounts of the likelihood value of 

A/g (Figure 4.8 & Figure 4.9). Comparisons of allele &equencies between 1994 and 

1998 show the highest likelihood ofTVg being around 100, after that the likelihood 

values fhll dramatically. In the 1995 - 1999 comparisons, though the highest likelihood 

values are for around 100, the likelihood values are only slightly lower for far greater 

values of 

The mean of estimates of census size from the River Eden over the estimation period 

(1994 - 1999) is 10,544 ± 1649 (Environment Agency census model), this value differs 

little from the mean of the last 14 years of available data, 10, 350 ± 1006 (1989 — 

2003). Based on an vVg 100 this gives a ratio of We /#o f 0.0095. For 200 this is 

0.0190. A conservative estimate from these figures would be that TVe is highly likely to 

be less than 200. 

Table 4.7 Estimated value of effective population size (A Ĵ by five methods: linkage dis-equilibrium, 

heterozygote excess, moments based tempioral, TM3, and MLNE. Comparisons are made over one 

generation i.e. 4 years for comparisons one & two, and three years for comparison three. 

Comparison 

Method ot estimation 1994-1998 1995-1999 1995- 1998'̂  

M = 6 & 40 M 20 & 6 M = 20 & 40 

Linkage 

disequilibrium 
172.2 4.6 -

Heterozygote excess 32.2 87.7 -

Moments based 

temporal 
11.0 24.0 11.4 

TM3 35.3 136.8 19.0 

MLNE 70.1 122.3 36.4 

Results k r the linkage disequilibrium and heterozygote excess methods are the same as %r 1994 — 
1998 since these are point estimations based on a single years allele frequencies (1998: the larger sample 
size). 
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Figure 4.8 Maximum likelihood estimates of effective population size using the software MLNE. Single 

generation estimates were generated for 1994 - 1998, and 1995 — 1999. 
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Figure 4.9 Maximum likelihood estimates of effective population size using the software TM3. Single 

generation estimates were generated for 1994 — 1998, and 1995 — 1999. 
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4.4 Discussion 

7 f^n/cfwrg /» jZzver Ef/gw 

Pairwise Fgy comparisons and plots of FCA axes indicate that gene-flow is to some 

extent restricted between adult Atlantic salmon spawning in different geographic 

regions of the Eden catchment. However, catchment-wide, the strength of this 

difkrentiation, although significant, is low (fgy 0.01). In their comprehensive review of 

salmonid biology, Hendry & Steams (2004) list FgT (some studies quote or Gs?) 

values from 32 studies on the population genetics of Atlantic salmon. Summarising 

their tabulated data indicates that the mean f'sT of studies to date is 0.06 i 0.009. The 

lowest published fgT is 0.001, and the highest 0.221. Taking these results as a 

benchmark, an Fgy 0.01 is lower than the average, but an order of magnitude higher 

than the lowest published value. Undoubtedly, there are numerous differences in the 

way these studies were conducted, and on the lifb-stages and scales over which 

populations were defined. This comparison does however, bring a sense of scale to the 

differentiation observed in this analysis. 

Plotting FCA axes with genotypes delimited by distance class (Figure 4.4), makes clear 

that the population is structured by the distance individuals migrate upstream. 

Incorporating migratory distance into the analysis in this way is crude, since the data is 

based on individuals and not on populations. There are no geographical defined 

populations within the river regions, so individuals are binned into three equal distance 

categories. Combining distance bins with river region geography in an AMOVA 

suggested that both levels of structure contribute equally to the population-wide genetic 

variation, though the variation attributable to distance was non-significant. This result 

means there is no upstream distance based structure to the population, a situation 

difficult to reconcile with the 3-D plot of FCA axes. Figure 4.4 shows clusters which, 

though broad and overlapping in distribution, demonstrate differentiation between three 

groups of individuals; those with shorter, medium, or longer upstream migrations. 

This inconsistency could be a consequence of small sample size. When comparing four 

river regions, sample sizes are 66, 31, 22, & 37; these are small, but workable. A 
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typical number of samples desirable for representing a population is -50. When 

comparing distance classes alone (as in the FCA; Figure 4.4), sample sizes are 59, 39, 

& 61. However, when comparing distance classes regions (as in the hierarchical 

structure of an AMOVA), sample sizes start to become unacceptably small in some 

cases (Table 4.8). Where sample sizes are unacceptably small, it is possible that signal 

may be lost in the noise (Waples, 1998). 

Table 4.8 Sample sizes for adult AMOVA. 

Upper Eden Lower Eden Caldew Eamont 

Short Med Long Short Med Long Short Med Long Short Med Long 

39 16 11 3 5 23 8 1 1 3 6 7 24 

These results suggest that sea-winter tactics, a central aspect of salmon life-history (see 

Chapters Two & Three), play a role in shaping the population genetic structure 

observed in the returning adults. FCA indicates a strong division of individuals by sea 

age (Figure 4.5). Due to limitations on sample size, it was not possible to assess the 

contribution of sea-winter tactics relative to geographical population structure. To the 

best of my knowledge, no studies have explicitly addressed the issue of gene flow 

between ISW and MSW life histories. Differing sea-winter tactics are often associated 

with run-timing e.g. Spring run salmon. Reproductive isolation has been found between 

such temporal stocks of Sockeye salmon, nerAa (Fillarte a/., 2003), 

though there was no consistent pattern between life-history traits. 

^.2 / 7b nver regfofM 

A high degree of accuracy was obtained in assigning individual fish to their river of 

sampling. This supports the evidence for dif%rentiation (Fgy and FCA) between regions 

of the Eden. Furthermore, the samples which were mis-assigned are informative with 

regards to population structure. In both males and females, one fish from the Upper 

Eden, and one from the Lower Eden were mis-assigned to the Eamont within 95% 
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confidence limits. Individuals may be mis-assigned to populations when the likelihood 

functions of the two populations overlap, a situation occurring when differentiation is 

low (Waser & Strobeck, 1998). Assignment error rates have been found to correlate 

negatively with fgT (Bjomstad & Roed, 2002). Referring back to the pairwise FsT 

results (Table 4.3), there is no significant differentiation between the Upper Eden and 

the Eamont, while the Lower Eden and the Eamont are differentiated by the lowest 

significant value of fgy observed. These results suggest that the Caldew region alone is 

uniquely differentiated from the rest of the Eden (see Chapter Five for a more thorough 

investigation of the River Caldew and how it relates to the rest of the Eden). 

Adult salmon were assigned with a high degree of accuracy to distance categories 

reflecting how far an individual fish had migrated upstream in the Eden. This further 

highlights that population differentiation is not only between river regions; it is within 

them, and that this within-river component of variation is acting along a migratory 

gradient. 

Whilst males and females did not differ overall in the numbers of individuals assigned 

to distance categories, there was a clear difference in the pattern of assignment 

accuracy (Figure 4.6). Whilst male and female assignment values are similar for both 

short and long categories, female salmon are more accurately assigned in both cases. 

Over medium distances there is a marked difference in assignment, females being 

assigned with far less accuracy than males. These results reflect the situation identified 

from radio-tracking, female populations are split to either short or long migrations 

(depending on sea-winter tactic), whereas males are no different (Figure 3.4). The 

assignment accuracies suggest that these short and long female populations are more 

clearly defined than the medium distance grouping, and therefore, more stable over 

generations. Female fish in the medium category are more likely to be strays firom short 

or long populations than fish in either short or long populations are likely to be strays 

from the medium distance. In males, the medium distance populations are most distinct 

and reliably assigned to, possibly due to the non-differentiation in spawning migrations 

between differing sea-winter tactics. Therefore, a greater proportion of males in short 
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and long populations are likely to be strays from the medium distance category than 

vice versa. 

These results, combined with the radio-tracking data in the previous chapter, provide 

the first evidence of sex-biased dispersal in Atlantic salmon. This is not a sex-bias in 

the simple sense of one sex dispersing more than the other. More, it is a bias in the way 

the sexes with dispersal over a migratory gradient occurring differently in 

males and females. It suggests that females are more likely to home to their population 

of origin if it is a short or a long distance upstream. Males are more likely to home back 

to their population of origin if it is a medium distance upstream. It might be better 

described as gender dependent homing. Possible reasons for this pattern of migration 

are likely to reflect differing outcomes of sea-winter tactics (see 3.4). 

Previous authors have found significant sex-biased dispersal in fish species (Bekkevold 

e/ aA, 2004; Fraser aZ., 2004; Hutchings & Gerber, 2002; Pardini a/., 2001), and 

some evidence for it in f complex, (Knight ef aZ., 1999) and 

Trinidadian guppies f oec/Zza schooling together (Griifiths & Magurran, 

1998). However, sex-biased dispersal is not universal in fishes; it has not been found in 

a number of other cases: Pink salmon, gorAztgcAa (Gilliam & Fraser, 

2001), Killilish, jZ/vzfZzty (Thedinga ef aZ., 2000), and Galjoen, Comcmzty 

(Attwood & Bennett, 1994). 

'Z. 2. ̂  Unayf 

Fish which were not assigned to any of the sampling rivers may be strays. These could 

potentially be Irom a local source - the River Irthing; part of the Eden catchment not 

included in this analysis. Alternatively, they could be from the Rivers Esk, Nith, or 

Annan (all of which are m^or rivers sharing the Solway Firth), or anywhere else. 

From two different cohort comparisons, and using five diOerent methods, I have found 

that effective population size in the River Eden is approximately 100, with all methods 

producing estimates of jVg < 200. Even discounting the variability in these estimates, 

and the violations of their various assumptions, this figure is well below the minimum 
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value of 500 suggested for salmonids by Waples (1990), and for other species by 

Franklin (1980). 

Previous authors have estimated low figures for A/g, both in populations known to be 

threatened, and in some which are not. Maximum likelihood estimates of in 

Steelhead trout (OMCorAyMcAwf mryAzĵ f) from Washington State ranged fi-om 228 - 344, 

overall was 0.73 (Ardren & Kapuscinski, 2003). In Steelhead trout from British 

Columbia (not currently thought to be threatened), jVg was estimated by the temporal 

method as 92 - 560 (Heath g/ aZ., 2002). Using an estimate derived from the effective 

number of breeders, Simon (1986) estimated of a Coho salmon (OMcorAymcAwf 

AzfwfcA), population at 64 - 282. In endangered Chinnok salmon (OwcorAryMcAwf 

Aowyfĵ cAa) populations from the Sacramento River, jVg was estimated from variance 

in male and female spawners as 21.9 - 401, (Hedrick g/ a/., 1995). From the same 

populations TVe was estimated as 88.5 by the temporal method (Bartley a/., 1992). In 

Brown trout (&zZmo ̂ f f a ) populations in Swedish lakes was estimated as 52 - 480 

using the temporal method (Jorde & Ryman, 1996). Sampling from one of those lakes, 

jVe was estimated at 58 fbr females (mtDNA Laikre ef aZ., 1998). These examples dif%r 

in their methods; however, my estimate of TVe is certainly within the range of estimates 

from other salmonids. 

In addition to raw estimates of TVg, are ratios of the eflkctive population size to census 

size (Kalinowski & Waples, 2002). Theoretical studies have determined that TVg / # 

should be 0.5 in most populations and only in extreme cases <0.25 (Nunney, 1991; 

Nunney, 1996; Nunney & Campbell, 1993). However, populations examined in nature 

often have far lower values, in marine species such as the New Zealand snapper 

(f ogTW awrafzty) these have been observed as low as 0.17 x 10"̂  (Hauser ef aZ., 2002). 

Frankham (1995) found an average /JVof 0.1 across a range of species. The value fbr 

TVe /#that I estimated is very low fbr an ofWe 100 (0.0095) and this is based on a 

conservative estimate of census size (Gowans, A., Personal Communication). However, 

it is still two orders of magnitude higher than that reported for the New Zealand 

snapper. 
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M Wg fAaw cewfzty f/ze ? 

Over evolutionary timescales, jVg may be limited by historic event such as bottlenecks, 

selective sweeps, and colonisation events (Avise, 2000), these all produce fluctuating 

population size. This fluctuation is reasoned to be the main cause of difference between 

TVg (Vucitech g/ a/., 1997), since previous models assumed a constant population 

size. Over shorter timescales in salmonids, jVg is likely to be strongly biased by the 

violation of three assumptions of an ideal population: 1) unequal sex ratio (see Chapter 

Two); 2) overlapping generations (see e.g. Felsenstein, 1971; Storz 2001); and 3) 

non-random mating, all of which will act to lower the estimated value of jVg (Frankham 

gf a/., 2002). 

'Z. J. j q / Zow Wg 

The '50/500' rule has emerged as a general guideline in conservation genetics 

(Franklin, 1980; Nelson & SouM, 1987; Soule, 1980). Over the short-term populations 

with an jVg of less than 50 will be unable to withstand the deleterious effects of 

inbreeding (Shields, 1993). Over the longer-term populations with less than 500 will 

not be able to balance the variation resulting from mutation with it's loss through 

genetic drift. 

There seems clear evidence of a sex-bias in heterozygosity, allelic richness, and 

relatedness; males are overall less diverse, and more related than females. This is 

somewhat unusual, and to the best of my knowledge a situation not documented in the 

literature fbr any other species. The only reasonable, though inexplicable, explanation 

seems to be sex-linked selection. Though I fail to see how this could be detected across 

numerous unlinked microsatellites. 

It would be interesting to compare this data with male and female smolts to assess 

whether there was a difference in their diversity and relatedness before going to sea. 

Atlantic salmon exhibit a high level of population structure on their return to the Eden 

catchment. This population structure occurs as a function of geography; river regions. 
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and distance categories within them, act to partition genetic variation. Furthermore, 

salmon life-history play a role in structuring populations, with some evidence of 

reduced gene-flow between sea winter tactics. Lastly, there is variation between the 

sexes — sex-biased dispersal. Males and Ibmales display distinctly different patterns in 

their upstream migrations. 
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Genetic differentiation in juvenile Atlantic salmon 

populations 

5.1 Introduction 

Evolutionary and ecological factors such as genetic drift, mutation, dispersal, 

competition, and landscape heterogeneity, shape the spatial distribution of genetic 

variation among populations. Where individuals of a species return over several 

generations to breed in areas that they themselves were juveniles - t h e r e is a 

tendency fbr strong differentiation to occur between populations, e.g. American shad, 

(Waters ef a/., 2000), and Atlantic salmon (Garant aZ., 2000). 

Determining the scale at which this differentiation occurs is a key goal fbr molecular 

ecologists wishing to understand factors contributing to population structure, and to 

provide infbrmation fbr conservation and management where species are threatened or 

endangered. 

J. 7.7 fopwWfOM 

The presence of locally adapted populations has given rise to the concept of a salmon 

stock: a group of salmon that spawns in a particular region of a river, at a particular 

time of year, and does not interbreed with other such groups (Ihssen a/., 1981; 

Ricker, 1972). It fbllows that the existence of such stocks can be established using 

molecular data. Where stocks are reproductively isolated, random genetic drift will lead 

to quantifiable differentiation at neutral marker loci. 

There is now compelling evidence of a range-wide decline in salmon populations, both 

in terms of total catch (e.g. ICES, 2000; WWF, 2001) and, in some rivers (e.g. River 

Eden, UK), a dramatic decline in the proportion of fish spending more than one year at 

sea (Gough g/ aA, 1992; Small, 1995). This decline has intensified the effbrt to 

characterise salmon stocks and identify appropriate units fbr conservation management 

(Moritz, 1994) by better understanding the genetic structure of populations. 
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J. 7.7.7 m v̂ rZaM/fc a'a/mom 

Recent studies using molecular markers such as allozymes, mtDNA and microsatellites 

have made clear that a good deal of genetic difkrentiation exists between salmon 

populations in different continents (Bermingham gf aZ., 1991), countries (King a/., 

2001) and within catchment areas (McElligott & Cross, 1991; StAhl, 1987). However, 

the amount of genetic differentiation that exists between and within tributaries of a 

single river catchment is less certain. Quantifying the extent of genetic variation over 

such small spatial scales is also useflil in examining the accuracy of natal homing, and 

therefore, establishing the key role of adult migration in shaping Atlantic salmon 

population structure. 

J. 7.2 

The objectives of this chapter were to investigate the population genetic structure of 

juvenile Atlantic salmon within a single river system. In particular, microsatellite 

diversity was analysed to compare the component of genetic variation between 

tributaries, to that within tributaries. Spatial structure was analysed to assess the 

relationships between river regions; are all of the river regions equal? The extent to 

which individuals in these regions were offspring of straying parents was investigated 

using individual-based assignment methods. 
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Atlantic salmon fry were sampled from 34 sites from fbur river regions in the Eden 

catchment. Three of these river regions are tributaries (Upper Eden, Eamont and 

Caldew), while the fourth is an area in the Lower Eden before the Eamont/Eden 

confluence (Figure 5.1). 

J. 2.2 f 

Atlantic salmon f ^ were non-lethally sampled by electro-fishing from sites in the Eden 

catchment during 2000. Sampling fiy is preferable to older developmental stages that 

may have dispersed too far to represent the underlying population structure i.e. the 

genetic structure of the breeding population. One problem associated with the sampling 

of fry is the increased chance of over-estimating population differentiation due to 

sampling large numbers of related individuals (Allendorf & Phelps, 1981; Waples, 

1998). Two steps were taken to avoid this: 1) sampling was carried out over a relatively 

large area at each site (up to 300m^); and 2) fry (0+) were sampled late in the year 

(September/October) by which time individuals have dispersed and mixed within their 

natal areas. Sites were defined as areas of habitat suitable for juvenile salmon, typically 

a single riffle section. After capture, adipose fins were removed from Ay and placed in 

95% ethanol. 

DNA extraction, and amplification of microsatellite loci by PGR, was carried out as 

described previously (4.2.2). However, some of the primers used differed from those in 

Chapter Four; all fish being screened for 10 microsatellite loci amplified in two sets 

(Table 5.1). Sizing of microsatellite fragments by electrophoresis and allele scoring 

were carried out as previously described. 

J. 2 ^ Da/o 

A number of additional analyses were carried out to those statistical treatments 

described in 4.2.5. To test for potential sampling of kin, relatedness values (R) were 

calculated for the overall population, and for each individual sample sites using 

RELATEDNESS 5 o(Queller & Goodnight, 1989). An AMOVA (Excoffier ef oA, 1992), in 

ARLEQUIN2 00L allowed the quantification and testing of genetic difkrentiation at three 
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hierarchical levels: among river regions, among sample sites within river regions, and 

within sample sites. 

Differences between sites were summarised by Cavalli-Sfbrza & Edwards chord 

distance (DCE, 1967); a genetic distance measure that has a higher probability of 

resolving relationships among closely related populations regardless of the assumed 

mutational model (Angers & Bematchez, 1998; Takezaki & Nei, 1996). Dcs makes no 

assumptions about mutation rates and assumes genetic drift to be the principal cause of 

population differentiation. 

Pairwise matrices of DcE values were estimated using the oENoisT subroutine of the 

PHYLIP suite (Felsenstein, 1993) from 5000 bootstrap replicates created in SEQBOoT. From 

these distance matrices, trees were constructed using the Neighbour-Joining (NJ) 

algorithm, NEIGHBOUR. The PHYUP subroutine, coNSENSE, was used to generate an NJ 

consensus tree with bootstrap values from the replicated allele frequencies. The 

resulting tree was visualised in TREEviEw (Page, 1996). 
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Table 5.1 Locus name, primer sequence, allele size range from previous studies, number of alleles observed in previous studies, optimal annealing temperature, 

observed heterozygosity, repeat motif, and the original author of microsatellite loci screened in juvenile Atlantic salmon from the River Eden. 

Locus Primer sequence (5' - 3')'^ 
Allele size 

bp 
JVa Ta°C Ho Repeat motif^ Authors 

Ssa85 AGO TOO o r e CTC CAA OCT AC 

ACC CGC TCC TCA CTT AAT C 
110- (38 12 58 0.3- 0.8 (GT)» O'Reilly 1996) 

Ssal7l TTATTATCC AAAGGGGTC AAA A 

G AO GTC GCT GGG CTT TAC TAT 
233 - 267 29 58 0 .6- 0.9 (TGrA),4(TG>, O'Reilly g/a/., 1996) 

% 
c/] 

Ssosl311 TAG ATA ATG GAG GAA CTG CAT TCT 

CAT GCT TCA TAA GAA AAA GAT TGT 
166- 23 55 0 .7- 0.9 |TG)« Slettan ef a/., 1995) 

% 
c/] 

Ssos)438 GAC AAC AC A CAA CCA AGG C AC 

TTA TGC TAG GTC TTT ATG CAT TGT 
116-146 7 50 0.76 (AC)zAT(AC), Slettan a/., 1996) 

Ssos185 TGT GGA n r TTGTAT TAT GIT A 

ATA CAT TTC CTC CTC ATT CAG T 
177-204 14 55 0.5- 0.8 (OTk Slettan ef aA, 1995) 

SsaM CCT TTT GAC AGA TTT AGG ATT TC 

AAA CCA AAC ATA CCT AAA GCC 
138-145 3 57 0.3 - 0.5 (TC)„N„(TC),MXAC),2(rCkN,(CA)u McConnellefa/., 1995) 

Sleen82 CAT GGA GAA TCC CAC TTT CTT A 

CAG GGA GTG ATA TGG GAC ATA A 
196 - 230 15 58 0.41 - 0.62"̂  cited in King ef a/., 2001)^ 

( S 
% 

Ssa202 CTT GGA ATA T C AGA ATA TGG C 

TTC ATG TCr TAA TGT TGC GTG 
268 - 320 18 58 0.4- 0.8 (CAXCTCA),, O'Reilly a/., 1996) 

(/) 
Ssal97 GGG TTG AGT AGG GAG GCT TG 

TGG CAG GGA TTT GAC ATA AC 
131 -203 21 58 0.4- 0.8 (GT),C(TO),TC(TG)t,A(GTOA) O'Reilly g/a/., 1996) 

Ssa289 e r r TAC AAA TAG ACA GAC T 

TCA TAC ACT CAC TAT CAT C 
110-119 6 46 0.3--0.9 McConnell 1995) 

^ f, and r, are forward and reverse primers respectively. 
* of the original clone, N is any nucleotide. ' Sleen82 (GenBank accession numbers U86703 and U 86706). 
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5.3 Results 

Table 5.2 Summary information for 34 sample sites at 10 microsatellite loci. Number of alleles, observed and expected heterozygosity. 

H R B R R B M I L E A B E W C B B S E C M E K S E T B E B F C B B C C B C C F C H B C L B C L S C M B C S B C S W Y H S N R M L G B L B G G R G R I F L W H L K E D A M S T H S U B L R G L S H N G D L S A 

S#m83 X 3 14 3 12 10 10 10 11 12 8 8 7 13 , 0 12 8 10 9 9 ,1 ,1 12 15 9 

Mo 1.000 1.000 n.%70 0 . 8 * 1 0 .900 1.000 0 9 0 0 0.933 0JM3 1.000 0.778 0.950 0.800 0 j 0 3 0 .905 0.842 0 8 1 8 0 941 1.000 0.933 1.000 0.636 0 925 1.000 1.000 0J(95 0 .929 

0 772 0.KR2 0 .750 0 .855 Oj(84 0 .865 0.850 0 885 Oj<76 Ojt71 0.850 0 .835 0.821 0 848 0.801 0.863 0 865 0.835 0 830 0.881 0 .828 0.818 0.872 0.831 0.873 0JI66 Oj»77 0.916 0 865 

S a w I M X 3 4 10 9 7 3 6 7 13 12 8 8 8 II 5 7 6 10 9 9 7 1, 8 11 8 9 9 7 9 11 8 

077N 0.622 0.500 0.952 0 824 0 .625 0 .800 0 700 o m ) 0.800 0 667 0 824 0 800 1 000 0.889 0 .706 0.700 0.800 0 778 0.800 Oj(33 0 J 7 , 0 .773 0 8 8 9 1.000 0.929 0.727 0.650 0 .550 0 . 8 , 3 0^442 

0.642 0.714 0 . 6 M 0J%5 Oj*53 0 .820 0 .825 0 725 0.770 0.795 0)182 0.830 0 .815 0.851 0.833 0.827 0 740 0 . 7 7 , 0.784 0 .720 0.821 0 .759 0 .829 0.773 0 .740 0.777 0 .665 0 .773 0.888 

S w l ? ! .4 6 13 4 11 9 8 8 8 8 10 12 12 9 7 7 9 9 7 6 12 10 8 9 12 13 9 9 10 

Wo 0 917 0 882 0 .765 1.000 0 750 0.800 1.000 1.000 0.872 O.'XX) 1 000 0.900 0.842 1.000 0 .90 ' ; 0 .941 0 778 0.727 1.000 0 778 0.846 0.800 0 769 1.000 0.867 0 944 

Wg 0 797 0KR2 0^115 0 j ( 3 0 0 847 0 .836 0.705 0.865 0.864 0.854 0.855 0.819 0 .845 0.776 0 .728 0.900 0 862 0 8 1 3 0 6 6 5 0.822 0.753 0.864 0 8 7 9 0.854 0.869 0.832 0.860 0 870 0 .849 

S*o&1438 A 3 14 5 9 12 8 6 5 8 10 12 5 9 4 9 3 9 8 4 1, 7 5 16 6 a , 1 7 

Ho 0 . ) 5 6 0 737 0.750 0.870 0 .765 0.571 0.900 0 .600 0 .700 o m ) 0.882 0.706 1.000 0.778 0 .765 0.500 0.650 0.400 0 6 1 1 0 7 1 4 0 ^ 2 6 0 909 0 .706 , 0 0 0 0 929 0.643 0 591 0.825 0 8 1 3 0.737 0.6.13 

w . 0.475 O . K « 0.7K! 0.767 0.808 0 W 6 0.745 0 .600 0 665 0 .770 0 780 O j I N 0.735 0.667 OMM 0.615 0.721 0 405 0.716 0.719 0 .633 0.829 0 747 0 911 0 7 1 2 0 7 3 3 0 .756 0 .761 0 794 0 .786 

S s a M 4 3 3 4 4 4 2 4 2 .1 6 4 2 4 3 4 4 3 4 3 3 3 4 3 4 4 3 2 4 2 

« o 0.1*9 0.474 0-565 0 ^ 5 3 0.300 OJOO 0 .700 0 .200 0.700 0 ^ 2 9 0 A 4 0 0.700 0 J 3 3 0.650 0 900 0.900 0.619 O j 9 l 0 556 0 J 3 3 0 .500 0 ^ ( 6 0.545 0 2 6 3 0.100 0 2 1 4 

Ml 0.716 0.407 0 6 % 0 6 8 3 0 3 7 5 0 2 5 5 0 .655 0 .485 0 .566 0 455 0 6 8 2 0.451 0 .635 0.516 0 705 0.565 0 .44 , 0 .679 0 .606 0.438 0.676 0.635 0 .654 0.450 0.404 0.615 0 2 9 3 

S » a l 9 7 X 7 13 3 13 13 9 11 10 10 8 11 18 9 10 11 8 12 8 7 15 13 8 9 5 8 10 15 , 6 , 5 10 11 10 

Ho 1.000 0.921 0 667 0.826 Oj(24 1.000 0 .900 1.000 0.900 o m ] 0.933 0 854 1.000 0.900 0.667 0.938 0.900 0 .850 0.900 IIXK) 0 .886 0.842 0.864 0 . 9 4 , 0 .778 0.933 0 .923 0 .955 0 769 0.889 0 J % 7 0 .800 IXWO 

0.790 0 R 7 2 0 500 0.871 0 867 0 .852 0 .885 0 860 0 .880 0.850 Ojt67 Oj*53 0.864 0 .885 0.883 0.871 0 8 1 5 0 .875 0 .795 0 760 0.861 0.860 0.822 0 .698 0 8 1 6 0.846 0JW4 0 .798 0.816 0.839 

S » a 2 0 2 X 6 13 11 11 8 8 7 6 9 12 9 9 7 12 8 11 6 5 10 10 9 9 I , 6 9 9 9 , 0 9 9 9 10 

Mo 1.000 0.842 0.933 1.000 1.000 1.000 0 875 Ojt89 0.929 0 .915 0 A 7 5 0.900 0.750 1.000 0 9 0 0 0 6 M 0 900 0J!00 0 .912 0.737 0 .842 0 762 0.R57 o m i 1.000 0 .938 0 ^ 7 5 0.938 l.lWO 0.950 

0 .7^7 O j % 9 OJW) 0 M 4 0.840 0 8 2 8 0.844 0 .759 0.824 0.859 0 .855 0 8 1 3 0.884 0 .825 0 .855 0.730 0 750 0 857 0 857 0 .805 0.798 0.867 0.800 0.837 0 847 0.842 0 .820 0.861 0.858 O j * 8 

SiwZW X 3 4 4 4 3 4 4 4 4 4 3 4 4 3 2 4 4 5 4 4 4 3 5 4 4 4 4 4 

Mo 0 0 . 6 M O J M 0.700 0 6 4 7 0.700 0.700 0 1 3 3 0 55f, 0 .800 0 A 8 8 0 .688 0.778 0.400 0.667 0.500 0 .700 0 737 0 .700 0 7 7 8 0 .618 0.632 0 8 4 2 0.636 0.824 0.667 0.786 0 615 0.811 0 .579 0 .786 OAOO 

w . 0.364 0.592 0 J 7 R 0 ^ 7 9 0;604 0.650 0.610 0 .586 0 593 0 .655 0.674 0.692 0.710 0 .645 0.568 0.671 0 .585 0.63.3 0 .485 0.500 0.591 0 6 4 1 0.630 0.631 0 .659 0.685 0.681 0.618 0 .732 0 .669 0.609 0 .717 0.639 0. ' i38 

S»o«l25 X 4 12 4 9 7 7 9 6 6 5 10 12 9 7 6 4 6 10 6 5 7 8 6 7 7 6 6 5 8 10 8 K 5 7 

Mo 0 . M 9 0.895 1.000 0 .955 0 .765 0.800 0.800 1.000 0 .600 0.900 0.706 0.816 1.000 0.800 0.750 0.625 0.600 1.000 0.900 0.700 o m ) 0.750 0.842 0 .818 0 .889 0.667 0.667 o a x ) 0 .636 0 .750 O j 5 6 0 .750 j 000 0.714 

H . 0.722 0.R12 0 6 8 8 o m ) 0 777 0.760 0.835 0 .720 0 .490 0 .715 0 .746 0.823 Oj(35 0 700 0.773 0 ^ 7 6 0.600 0.734 0.725 0.570 0 .728 0 .72 , 0.691 0 ,731 0 .711 0.741 0.600 0.508 0,617 0 .698 0.696 0.586 0,769 0 A : 3 

S l e m M X Z 7 5 6 6 3 4 5 7 4 6 8 3 5 4 6 5 6 6 5 6 7 6 5 4 3 6 7 5 6 4 

» o O j % 9 OJOO Oj(64 0 750 0.400 OjOO 0 .800 0 .889 0.700 0 .813 0.792 0 900 0.500 0 .765 0.800 0 .850 0 .686 0 .619 0.737 0 . 6 , 1 0.222 OAOO 0.667 0.773 0 ^ 7 9 0.688 0 650 0.786 

He 0.494 0.768 0 A 5 8 0.445 OJTO 0.715 0 .728 0.650 0 .756 0 A 6 3 0,640 0 J 9 7 0.727 0.690 0.647 0 . 6 5 , 0 .585 0.781 0.586 0 3 4 6 0 .65 , 0 .542 0.636 O j 5 7 0,598 0.692 0 ^ 9 4 

0 645 0 . 7 9 , 0 .781 0.746 0 .720 0.741 0 679 0.743 0 .802 0.78!, 0.764 0.757 0.722 0.760 0 .72 , 0.733 0.677 0.684 0.760 0.723 0.744 0.721 0 .751 0.688 0.773 0 7 2 3 0.753 0.764 0.719 0.730 0.787 0.708 
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J. 3.7 

Genotypes at 10 microsatellite loci were obtained fbr 592 juvenile Atlantic salmon fry 

sampled from 34 populations from the River Eden in 2000 (Table 5.2). All loci were 

polymorphic in each of the sample populations. A total of 173 alleles were observed, 

varying from six at Ssal4 to 24 at Ssa85, Ssosl438 & SSal 97. Expected heterozygosity 

ranged from 0.26 to 0.92. Overall observed heterozygosity was 0.77 ±0.18. The 

number of alleles per sample per locus ranged from 2-18, with a mean of 7.44 ±3.21. 

Of 340 locus/site combinations, only 10 showed deviations &om HWE (2.95%) after 

correcting fbr the number of tests (overall a = 0.0015). Seven of these were in Ssal4 

(also one each in Ssosl85, Ssosl438 & Sleen82), suggesting, as observed from adult 

populations, that there is a null allele at locus Ssal4. The frequency of a null allele at 

Ssal4 was estimated as 0.083 ± 0.037. Relatedness was low overall (R = 0.0074; Ae 

lowest site was EBF, R = -0.0002; the highest ORG, R = 0.229) suggesting that the 

sampling of siblings was rare. 

Table S.4 Hierarchical analysis of molecular variance (AMOVA) of microsatellite allele &equencies 

from 34 populations within 4 river regions (Lower Eden, Upper Eden, Eamont & Caldew). 

Variance component d.f 
Variance 

component 
% total variance 

Among river regions 3 0.019 0.52 O.Ol 

Among sample locations 30 0.152 4.09 <0.0001 

Within sample locations 1150 3.547 95.39 <0.0001 

Total 1183 3.718 

J. J. 2 among 

Overall Fgy was 0.048 ± 0.03. Significant Fgy values and non-null Dec values were 

observed in almost all (85.3%) pairwise comparisons between populations (Table 5.2). 
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This provides the first indication of detectable levels of spatial allelic variance between 

populations of juvenile salmon in the Eden. An AMOVA revealed 4.9% of total genetic 

variance to be attributable to spatial structure between sample sites (Table 5.4; f < 

O.OOOl) within regions in the Eden. A smaller, but statistically significant, variance was 

attributable to differentiation among river regions within the catchment (0.52%, f = 

0.01). The variance attributable to differences between sites within rivers is almost an 

order of magnitude greater than that attributable to rivers, suggesting that river structure 

itself is not the main barrier to gene flow. No significant differences were observed in 

gene diversity between the four Eden regions sampled (Lower Eden 0.74, Upper Eden: 

0.78; Caldew 0.77; Eamont 0.76), nor any in allelic richness (Lower Eden 10.76, Upper 

Eden: 11.75; Caldew 11.49; Eamont 11.08). 

Table 5.5 Pairwise Fgr values between eden catchment river regions. All figures are significant at f < 

0.001 after Bonferroni correction (a =0.00025). 

Lower Eden Upper Eden Caldew Eamont 

Lower Eden 

Upper Eden 

Caldew 

Eamont 

0.01389 

0.02263 

0.01862 

0.00917 

0.00598 0.01223 

J. j . j f Mg 

A total of 578 (97.64%) juvenile salmon were assigned within 95% confidence limits to 

at least one of the Eden river regions (Table 5.6). The proportion offish correctly 

assigned was high overall, 471 (79.56%). Both the Upper Eden and the Eamont had 

large number of fish assigned to the Caldew, suggesting larger amounts of straying by 

Caldew adults than from any of the other three regions. Only 14 (2.3%) fish could not 

be assigned to any Eden river region. 
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Table 5.6 Numbers of juvenile salmon that were classified back to their river of sampling, to another 

river, or not assigned to any river, in the Eden catchment. Figures in bold are for fish correctly assigned 

to their sampling river. 

River region 

Upper 

Eden 

Lower 

Eden 

% 

Caidew Eamont unassigned correctly 

assigned 

90 Upper Eden 61 5 15 5 

51 Lower Eden 1 46 2 1 

201 Caidew 5 2 180 9 

250 Eamont 25 5 32 184 

4 

1 

5 

4 

67.78 

90.20 

89.55 

73.60 

Correctly assigned 471 

Mean 79.56 

J. j . ̂  fjT 

DifYerentiation between the four river regions is graphically illustrated using plots of 

factorial correspondence analysis (Figure 5.2). The separation between sample sites 

from differing river regions is visible though overlapping. By exaggerating the viewing 

angle, and increasing the plot size (Figure 5.3) it is easier to see the separation between 

the river regions. Note that the Caidew, and the Eamont (white and grey respectively) 

form the strongest clusters. The upper Eden in particular, seems less distinct than other 

regions. 
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Axis 2 (34.73%) 

9 Og 

3 

Axis 3 (17.45%) 

Axis 1 (47.82%) 

Figure 5.2 Factorial correspondence analysis showing the relationships among multilocus genotypes of 

individual juvenile Atlantic salmon from the Eden catchment. Individuals are grouped by their river 

region (Lower Eden, yellow; Upper Eden, blue; Caldew, white; and Eamont, grey). 

e B e 

Figure 5.3 Close-up view of a factorial correspondence analysis showing the relationships among 

multilocus genotypes of individual juvenile Atlantic salmon from the Eden catchment. Individuals are 

grouped by their river region (Lower Eden, yellow; Upper Eden, blue; Caldew, white; and Eamont, 

grey). The viewing angle has been adjusted to offer maximum resolution of relationships. 
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Lower Eden 

LKE * 

EBS 
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LGB 

LRG 

Figure 5.4 Unrooted neighbour-joining tree of genetic distances (DcE)- Node support values >50% 

shown, based on 5000 bootstrap replicates. * highlights the strong differentiation of sample site LKE 

from the rest of the Eamont river region. 

A neighbour-joining tree illustrating structure in the DcE distance matrix shows a high 

degree of differentiation between the Caldew, the Lower Eden (sites HRB and MIL), 

and a combination of the Eamont and Upper Eden regions (Figure 5.4). Site LKE 
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(Eamont) is strongly differentiated from all other samples (100% bootstrap value). 

The Eamont and Upper Eden regions appear indistinct Irom each other, though they 

tend to be mostly differentiated from the Caldew. Three sites do not fit this general 

relationship; LBG, LGB and LRG form a sister group to the Caldew + Eamont + Upper 

Eden. Sites SUB, EKS and LKE also fall outside this group. One site from the lower 

Eden, RRB, groups with the Caldew + Eamont + Upper Eden, some distance away 

from the remaining two Lower Eden populations. 
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5.4 Discussion 

This study has further highlighted the extensive genetic diversity present in Atlantic 

salmon populations. Furthermore, my data indicates that the level of genetic 

differentiation between river regions or tributaries may be quite low relative to the 

population structuring between sample sites within those tributaries. 

Both FCA plots and a NJ tree indicate that there is regional population structure in the 

Eden catchment. The difference between these regions accounts for 0.52% of the 

genetic variation in the Eden catchment as a whole (AMOVA; f - 0.01) suggesting that 

river regions are to some extent reproductively isolated from each other. Most 

evidently, the River Caldew is differentiated from all other sampled regions of the 

Eden; this difference has a possible anthropogenic cause. The River Caldew was 

effectively closed to migrating salmon in the early 19^ century after the construction of 

three impassable weirs. The first of these was only 2km upstream from the Caldew's 

confluence with the main Eden channel (Figure 5.1). Fish passes were constructed on 

all three weirs in 1987 to open the river to salmon. To assist the re-colonisation, 

stocking took place from 1987 until 1997 (total broodstock over 11 years was 215,419 

fish; yearly mean 19,583 ± 6099, Environment Agency, unpublished data) with 

broodstock taken from the lower reaches of the Caldew, i.e. below the weirs. The 

Caldew therefore underwent a founding event in 1987, with the fish that were native to 

the lowest reaches of the Caldew undergoing an assisted range expansion with, 

presumably, an increase in their population sizes. What is extremely interesting, and 

somewhat inexplicable considering its recent re-colonisation, is the lack of difference in 

the Caldew in terms of allelic richness and gene diversity. 

Previous work has identified differentiation between tributaries but has not adequately 

quantified the variance attributable to within tributaries in comparison. McElligott & 

Cross (1991) fbund 3.4% of variation between tributaries and 4.3% between catchments 

in a study of protein variation in Southern Irish rivers. However, they had no site 

replicates to assess variation within tributaries compared to that between tributaries. 
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Similarly, Galvin et al. (1996) found 3.4% of minisatellite genetic diversity in the River 

Shannon, Ireland, to be among tributaries. However, only one site was sampled per 

tributary. Other studies have identified 5% of minisatellite genetic diversity between 

tributaries (McCubbing & Hartley, 1995) and 3.6% of allozyme variation between 

samples within drainages (Stahl, 1987). Whilst there is clearly between-catchment 

differentiation in genetic diversity, making general comparisons from these studies is 

difficult due to differing units; the definitions of tributary, river, catchment and 

drainage are not always comparable between studies. Much previous work has found 

genetic variation between such units (e.g. tributary, drainage, and river) explained by 

accurate homing, producing stable, reproductively isolated stocks, or races, within 

rivers (e.g. McElligott & Cross, 1991). One study comparing between and within 

tributary differences (Garant e/ a/., 2000) sampled fish from 7 sites, some less than 5km 

apart, in the Sainte-Marguerite river, Canada. They found 0.9% of microsatellite 

genetic diversity attributable to between sample site differences, yet they found no 

significant differentiation among rivers. My results are largely in agreement with this -

tributary/regional structure within the Eden is not the dominant barrier to gene-flow. 

Differences between sites within regions explains 10 times more variance than the 

differences among regions averaged over sites? This suggests that whilst homing to 

catchments is strong; homing within catchments is weaker and associated with 

differences among sites within tributaries, rather than among tributaries. 

Assignment testing found that up to 20% could not be assigned to their natal rivers. 

This suggests that there is substantial straying between river regions by returning 

adults. Much of this straying seems to be of Caldew fish into the Eamont and the Upper 

Eden. The recent re-colonisation of the Caldew may cause this. It is possible that 

progeny of colonising (straying) adults are less likely to return to their natal waters. A 

potential heritable component to straying behaviour? Previous estimates from wild 

populations have been much lower, with straying rates estimated from 0 - 3 . 1 % 

(Stabell, 1984), though these were estimated directly from catch - recapture 

experiments. 
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I contend that while there clearly exists a good deal of structure within catchments (e.g. 

McCubbing & Hartley, 1995; McElligott & Cross, 1991) the tributary/region/river may 

not always be the most useful unit by which that variation is described. Factors shaping 

variation within tributaries account fbr substantially more of the observed structure than 

those between tributaries, and as many as 20% of individuals may stray among river 

regions. This suggests that within-catchment natal homing to regions of the Eden may 

be concluded with less fidelity than has been suggested for other river systems. 
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6 A New IVIodei of Genetic Isolation by Distance for 

IVIigratory Species 

The Atlantic salmon is a species spending up to half its life in the open ocean, with the 

potential to fbrage over thousands of kilometres (Mills, 1989; Mills, 2000). Whilst in 

the ocean, salmon are largely panmictic, sharing fbeding grounds with con-specifics of 

differing geographic origin and age. However, the Atlantic salmon is fimdamentally a 

species with relatively limited dispersal due to a well-documented tendency to return to 

natal spawning grounds with high fidelity (Stabell, 1984). This highly significant aspect 

of salmonid behaviour, the homing migration, is the central influence on their 

population structure, yet this defining trait has, as yet, not been fully incorporated into 

models describing genetic variation in the species. 

(f. y. 7 AoW/oM 6}" (/wfawg 

Wright's (1943) classical model of population structure predicts that populations close 

to each other will be more genetically similar to one another than will populations 

further apart. This model is the island model of isolation-by-distance (IBD). The 

concept was redeveloped as a stepping-stone model of population structure (Kimura & 

Weiss, 1964), under whose criteria gene flow is more likely to occur between 

neighbouring populations (Kimura, 1953; Kimura & Weiss, 1964; Malecot, 1955). The 

stepping stone model more accurately reflects the finite dispersal capacity of many 

organisms, whereas the island model assumes panmixia (Wright, 1943), i.e. where there 

is equal (but limited) migration between populations regardless of how far apart they 

are. Furthermore, the stepping stone model can be formulated as either a one-, two-, or 

three-dimensional array. Under these scenarios a one-dimensional habitat could be 

populations along a river bank or mountain ridge; the two-dimensional covers most 

landscape habitats; and three-dimensional an oceanic system (Kimura & Weiss, 1964). 

The stepping stone model has been found to accurately model large scale one-

dimensional habitats e.g. populations of Australian Barramundi, Zafef 

(Keenan, 1994). 
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A critical assumption in the formation of IBD is that the two main processes affecting 

genetic differentiation, namely gene flow and genetic drift, are at, or near, equilibrium 

(Hutchison & Templeton, 1999; Slatkin, 1993). Attaining equilibrium between drift and 

gene flow is, in some cases, dependent on the scale over which the relationship is 

examined (e.g. Hellberg, 1994; Johnson & Black, 1998; Pogson ef a/., 2001; Todd 

a/., 1998). Where IBD has been examined over differing geographic scales, it can of^er 

insights into population structure and the evolutionary history of a species. Pogson gf a/ 

(2001) found that cod (Gaf/wy fworAwa) populations, exhibited strong IBD relationships 

at large scales, however, they also found this over very short scales suggesting that 

dispersal distances and effective population size are much smaller than had previously 

been thought for such a highly dispering species. In several species of Pacific urchin, 

IBD was only found at distances >5000km (Palumbi gf a/., 1997), while in sturgeonfish 

fnof/ggzty), IBD relationships were detected within but not among, 

archipelagos (Planes ef a/., 1996). Scale may reflect that in some populations, 

insufRcient time has elapsed for drift and gene flow to reach equilibrium following 

some disturbance event (Hutchison & Templeton, 1999). Gastric et al. (2003) found 

that whilst equilibrium conditions were reached in brook charr ybm/ma/w) 

over most of their range, northern-most populations decreased in IBD. They conclude 

that this follows the recent northwards range expansion of brook charr following the 

last ice age. 

Previous authors have increased the relevance of geogr^hic measures, taking into 

account environmental features which are formative in population structure. Fetzner & 

Crandall (2003) highlighted the increased accuracy of river distances over great circle 

distances (site to site measurements derived from latitude and longitude data taking no 

account of landscape e.g. river structure) when comparing populations of crayfish. 

Amaud (2003) derived connectivity networks based on landscape features e.g. hedges, 

roads etc, finding that they gave a better fit to IBD than Euclidian distances in the land 

snail, aapeMa. In a seemingly three-dimensional habitat, the Atlantic Ocean, 

Tunnicliffe & Fowler (1996) found that a number of species found at hydrothermal 

vents were reliant on mid-ocean ridges for dispersal; no IBD relationship was found 

over straight line distances. 
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To better understand the influence of adult migration on genetic differentiation I will 

determine the utility of a new geographic measure for testing IBD in migratory 

populations. Whilst the one-dimensional stepping-stone reflects the overall 

dimensionality, I want to build the effect of adult migrations into an IBD model for 

juvenile populations. I therefore differentiate between two facets of dispersal: 1) 

movement of juveniles within the river system (essentially the same as dispersal seen in 

non-migratory species); and 2) movement of adults on their return to the catchment. By 

integrating information about migratory distance I will seek to analyse juvenile 

distributions as a function of adult migrations. 

I will address this second element of salmon dispersal in this chapter by incorporating 

information about the position of populations relative to the sea. In doing so, I will test 

whether this information offers improved resolution of spatial variation in genetic 

variation for the Atlantic salmon (genetic distance data from Chapter 5), and what 

wider utility this may have for other migratory species. I will examine the nature of 

IBD relationships over changing spatial scale within the Eden catchment and determine 

whether populations meet the assumption of drift - gene flow equilibrium. 
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6.2 Material & Methods 

6.2 7 

To investigate spatial structure in ±e observed genetic differentiation (see Chapter 5 for 

details about genetic distance), distance matrices were constructed from data generated 

by the NERC Centre for Ecology and Hydrology (CEH), Dorset, using their river 

network mapping data (Dawson aA, 2002; Moore e/ a/., 1994). From grid references 

of sample sites (taken at the time of sampling), the distance from each site to each 

other, and the distance of each site to the sea, was accurately calculated using the 

geographic information system (GIS) software ARcviEW 3 2 (ERSI). These pairwise 

distance measures are 'by river', and take into account the non-linear nature of river 

structure. 

These data allowed two contrasting matrices of geographic distance to be produced, one 

containing pairwise site-to-site (S2S) distances, and the other containing pairwise 

differences in the distance-to-sea (D2S) for each population. S2S distances are 

constructed fi-om by-river distances, which offer considerable advantages over standard 

geographic (great circle) distances, as these do not adequately model riverine habitats 

(Fetzner & Crandall, 2003). 

The motivation to construct D2S as a geographic measure arose from the unrealistic 

assumptions that between site measurements (S2S) make about salmon migration. I 

perceive migration as a one-dimensional process; adults enter the estuary and proceed 

upstream. Decisions are taken between river branches and then between smaller 

streams as they proceed into the catchment, but limited movement takes places between 

branches once the decisions are made, hence the one-dimensional nature of the process 

(though the extent to which individual fish move between spawning site may well be 

sex, and SWT specific - see Chapter 3). The D2S model does not assume salmon are 

homing to a particular branch of the river. To more appropriately model this migration, 

D2S distances are simply the difference in the distance upstream between two sites, 

measured in km from the mouth of the Eden. In the example (Figure 6.1,Table 6.1) both 

measures are calculated for three populations from sites A, B, and C. Note that using 
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D2S, population C is the same distance from both A and B. 02S only takes into 

account distance between sites relative to their distance upstream. 

20KM 

Figure 6.1 Sampling three hypothetical populations (A, B, & C) to demonstrate the diOerence in the two 

geographical between population distance measures used in this analysis: S2S, and D2S. 

Table 6.1 Example pairwise comparisons for three populations (from Figure 6.1) using the S2S (below 

diagonal) and D2S (above diagonal) measures. All values are in km. 

Population A B C 

A * 20 10 

B 60 * 10 

C 50 30 * 
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6.2.2 7 g / 8 D 

To test for isolation-by-distance (IBD) using genetic distance (Cavalli-Sfbrza & 

Edwards, 1967) and geography, Mantel tests (Manly, 1991; Manly, 1997) were carried 

out in the software mo (Bohonak, 2002). Both genetic distance and geographical 

measures were logio transformed fbr all IBD analyses (Slatkin, 1993): logio(DCE), 

log]o(S2S) & logio(D2S). Mantel testing is an appropriate way to test the significance 

of distance matrices as populations are treated as individual units, where alternative 

approaches require the assumption that each population pair is independent (Bohonak, 

2002). Since 1 wished to compare the utility of two geographic models (S2S & D2S) fbr 

investigating fBD, the partial Mantel test was implemented in mo. A partial Mantel test 

compares three matrices (e.g. DCE, S2S & D2S) and tests the significance of the 

relationships between two of the matrices when the effbct of the other is held constant. 

Following the methods of Legendre & Legendre (1998), r statistics: r(AB)and r(AC) were 

calculated (where A is genetic distance and g & c are S2S & D2S respectively), as were 

partial correlations of r(AB|C) and r(AC|B), controlling fbr the effects of c & s respectively. 

The strength of IBD relationships was tested using multiple regression in MiNrrAB 

(2000). 

To examine changes in IBD over increasing geographic scale (fbr both S2S and D2S) I 

calculated regression slopes fbr successively increasing geographic distances (Gastric & 

Bematchez, 2003). For example, the slope at 10km was derived from all pairwise 

comparisons up to 10km apart, the 20km slope from all pairwise comparisons up to 

20km, etc. 

I fbllowed the method of Hutchison & Templeton (1999) to determine whether the 

processes of genetic drift and gene flow were in equilibrium. Drift will act to increase 

differentiation between populations, in contrast to the homogenising effect of gene 

flow, which will not only result in smaller genetic distances between more closely 

situated populations; it will reduce the variability in these distances as well. As the 
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distance between populations increases, the effects of drift and gene flow become more 

random and the variability in genetic distance increases. It follows that when drift is in 

equilibrium with gene flow, the degree of variability in the scatter of the IBD 

relationship will positively correlate with geographic distance; this is Hutchison & 

Templeton's (1999) hypothetical relationship Type I (see Figure 6.5 & discussion). To 

test for such a correlation, the residuals obtained when genetic distance was regressed 

against geographic distance were run as a matrix against geographic distance in a 

Mantel test using the software iso. This procedure was carried out fbr both S2S and 

D2S measures. 

6.2. 'X. 2 C&ZMgzMg e g ' w z / f f c a / g 

In the same way that the slopes of IBD relationships were regressed over successively 

greater distances (see 6.2.3), the slope of the relationship between the residuals (genetic 

distance and geographic distance) was calculated fbr different distance classes. As 

before, these distance bins increased in 10km amounts fbr both S2S and D2S. 
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6.3 Results 

j . 7 /yoWfOM 6y 

Variation observed in genetic distance (Table 6.2) could be explained by both 

geographic measures considered in this study. Mantel test correlation coeiTicients show 

that pairwise S2S distances are correlated with genetic distances (r = 0.2562, f = 

0.0(X)2), as, to a greater extent, are D2S measures (r = 0.2759, f = 0.(X)10). This 

confirms the general relationship of isolation-by-distance in salmon populations from 

the River Eden. 

Table 6.2 Minimum, maximum, and mean average (with standard deviation) values for all pairwise 

comparisons of genetic distance^, site to site distances'^, and distance upstream*. 

Measure Minimum Maximum Mean 

Genetic distance 0.26 0.59 0.42 ± 00.07 

Site to site distance 0.10 135.48 63.66 ± 43.64 

Distance to sea 0.03 83.24 30.16 ±22.64 

^ (Cavalli-Sfbrza & Edwards, 1967) 

%airwise river distances (km) between sites 

* the difference in distance upstream between sites (km) 
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Figure 6.2 IBD relationship between all sampled pairs of juvenile salmon population from the River Eden for two geographic measures (S2S: dashed 

line, D2S: full line). 
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Figure 6 3 Variation in the slope of the IBD regression with increasing spatial scale. Regression slo;*es 

were calculated by successively including regressions at different distances. The value for 20km is the 

regression between genetic distance and geographic distance for all populations up to 20km apart; 40km, 

all sites up to 40km apart etc. All distance classes were computed for both measures of geographic 

distance: S2S &D2S. 
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Figure 6.4 Variation in the slope of the residuals regression (fmm a regression of genetic distance and 

geographic distance) and with increasing spadal scale. Regression slopes were calculated by successively 

including regressions at different distances. The value for 20km is the regression between the residual 

(genetic distance and geographic distance) and geographic distance for all populations up to 20km apart; 

40km, all sites up to 40km apart etc. All distance classes were computed for both measures of geographic 

distance: S2S &D2S. 
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Table 6 J Slope of the regression, S .E., d.f., f , and it's associated significance for all pairwise 

comparisons of genetic and geographic distances between sites. Sites are grouped in distance categories, 

e.g. all sites separated by up to 10km, up to 20km etc. Values are given for two alternative measures of 

geographic distance: S2S and D2S. 

Distance class Slope S.E. d.f. F 

S2S 10 0.001459 0.001826 1 115 0.638511 0.426 

20 0.002642 0.000939 1 151 7.919198 0.006 

30 0.002312 0.000629 1 165 13.49292 <0.000 

40 0.002493 0.000364 1 198 46.89644 <0.000 

50 0.001703 0.000297 1 221 32.79631 <0.000 

60 0.000929 0.000234 1 248 15.76774 <0.000 

70 0.000506 0.000155 1 310 10.68673 0.001 

80 0.000652 0.000143 1 331 20.63616 <0.000 

90 0.000630 0.000133 1 348 22.61426 <0.000 

100 0.000415 0.000112 1 377 13.76661 <0.000 

110 0.000265 8.46E-05 1 443 9.795177 0.002 

120 0.000255 6.89E-05 1 517 13.73774 <0.000 

130 0.000281 6.33E-05 1 553 19.64224 <0.000 

140 0.000289 6.21E-05 1 560 21.66425 <0.000 

D2S 10 0.004573 0.001630 1 157 7.868083 0.006 

20 0.002913 0.000690 1 254 17.84137 <0.000 

30 0.002541 0.000464 1 294 29.95271 <0.000 

40 0.002259 0.000309 1 338 53.28850 <0.000 

50 0.001337 0.000195 1 424 47.17793 <0.000 

60 0.000898 0.000154 1 492 34.04454 <0.000 

70 0.000582 0.000129 1 543 20.21127 <0.000 

80 0.000524 0.000121 1 558 18.65445 <0.000 

90 0.000513 0.000120 1 560 18.25844 <0.000 

gc U8W 

% , 

111 



Chapter Six 

Partial mantel tests revealed that the correlation between D2S and genetic distance 

(controlling for S2S) is significant (r = 0.1165, f = 0.0350) while that of S2S and 

genetic distance (controlling for D2S) is not (r = 0.0489, f = 0.1960). After considering 

D2S measures as an explanatory variable of genetic distance (J(̂  = f^c - 0.0136), little 

additional information is gained by fitting S2S distances; the coefficient of multiple 

determination only increases to = 0.0159. 

The two geographic measures considered accounted for a significant proportion of 

variance observed in genetic distance (Figure 6.2; = 7.5%, 3̂,558 = 23.71, f 

<0.001). A multiple regression highlights the significant relationship between D2S (tgss 

= 2.77, f = 0.006) and genetic distance, contrasting with a non-significant relationship 

between S2S and genetic distance (tssg = 1.16, f = 0.248). This clearly indicates that 

incorporating a more realistic measure of salmon dispersal into our IBD model (using 

D2S as a geographic measure) has greater power in explaining the genetic variation 

observed between sample sites. 

(f. j . 2 7FD ovef vaAymg apaA'a/ .yca/g 

The strength of the IBD regression was dependent on the scale at which the relationship 

was examined (Figure 6.3) for both S2S and D2S. At less than 10km the IBD 

relationship is non-significant using S2S measures (Table 6.3), but strongly significant 

at all distances thereafter. However, the strength of IBD peaks at 20km and declines 

steadily over greater scales. Using the D2S metric, IBD is significant at all scales 

examined though again the slope of IBD is steepest over distances less than 60km. 

Populations of Atlantic salmon from the River Eden were found not to be at 

equilibrium with respect to gene flow and genetic drift. Mantel tests revealed a non-

significant relationship between the residuals of the regression of genetic distance and 

geographic distance with distance for both S2S (r = -0.005, f = 0.5159), and D2S (r = 

0.005, f = 0.4670). 
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6. j . j . 2 Over wcreafmg 

It is clear that over shorter scales, equilibrium is being reached between the opposing 

forces of gene flow and genetic drift (Figure 6.4). Using S2S measurements, 

equilibrium holds significantly from over 20km, up to 90km (except at 70km, and f 

values at 80 & 90km are at least an order of magnitude less significant than values for 

60km and below). Equilibrium is most strongly maintained at a distance of 20 - 40km. 

Using D2S measures, equilibrium is significant at all values up to 60km. In contmst to 

S2S, the strength of the equilibrium is greatest at 10km and decreases steadily 

thereafter. This highlights that the determination of an equilibrium point between gene 

flow and drift is highly dependent on scale, and, critically, on the geographic model 

employed. In this example, S2S and D2S geographic measures of%r remarkably 

different interpretations of the factors shaping microgeographic genetic differentiation. 
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Table 6.4 Slope of the regression, S.E., d.f., f , and it's associated signiAcance for all pairwise 

comparisons of the residuals from a regression of genetic and geographic distances between sites against 

geographic distance. Sites are grouped in distance categories, e.g. all sites separated by up to 10km, up to 

20km etc. Values are given for two alternative measures of geographic distance: S2S and D2S. 

Distance 

class 

Slope S.E. d.f. F 

S2S 10 0.001170 0.001826 I 115 0.410 0.523 

20 0.002352 0.009390 1 151 6.280 0.013 

30 0.002023 0.000629 1 165 10.329 0.002 

40 0.002204 0.000364 1 198 36.649 <0.000 

50 0.001414 0.000297 1 121 22.605 <0.000 

60 0.000640 0.000234 1 248 7.480 0.007 

70 0.000217 0.000155 1 310 1.966 0.162 

80 0.000363 0.000143 I 331 6.386 0.012 

90 0.000341 0.000133 1 348 6.623 0.010 

100 0.000126 0.000112 1 377 1.270 0.260 

110 -0.000024 0.000008 1 443 0.082 0.774 

120 -0.000034 0.000007 1 517 0.241 0.624 

130 -0.000009 0.000006 1 553 0.018 0.892 

140 0.000000 0.000006 1 560 0.000 0.999 

D2S 10 0.004060 0.001633 1 157 6.202 0.014 

20 0.002401 0.000694 1 254 12.113 0.001 

30 0.002028 0.000464 1 294 19.089 <0.000 

40 0.001746 0.000309 1 338 31.848 <0.000 

50 0.000824 0.000195 1 424 17.920 <0.000 

60 0.000386 0.000154 1 492 6.270 0.013 

70 0.000070 0.000129 1 543 0.284 0.595 

80 0.000011 0.000121 1 558 0.008 0.929 

90 0.000000 0.000120 I 560 0.000 0.999 
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6.4 Discussion 

One central aspect of the biology of Atlantic salmon - their upstream homing migration, 

predisposes them to the formation of IBD relationships. This study indicates for the 

first time, to the best of my knowledge, that IBD forms between populations of salmon 

from a single catchment, over scales of less than 10km. I will discuss the finding of 

IBD in the context of drift-gene flow equilibrium, and the change in this with the scale 

of the analysis. I further discuss the utility of using a geographic measure that explicitly 

takes into account adult migration. 

6. 7 TBD aW fAe /A; OM 

6.^.7.7 7BD 

The scale dependence of the IBD relationships is known from theoretical (Rousset, 

1997) and empirical work (e.g. Gastric & Bematchez, 2003; Pogson 2001; Todd 

e/ aZ., 1998) but is often not fully taken into account. In results strikingly similar to my 

own, Castric & Bematchez (2003) found that the slope of IBD was generally strong 

(although exhibited great variation) below 50km in populations of then 

exhibited a steady decrease in the strength of the relationship thereafter. Such a decline 

in IBD over larger scales has been documented for other sp>ecies (Johnson & Black, 

1998) identified a strong IBD effbct in populations of the mangrove littorine snail, 

up to 300km along the north western coast of Australia. The 

strength of this relationship diminished over greater distances. In populations of 

Siberian lemmings, fg/m/Mzty Ehrich & Stenseth, (2001) found that whilst there 

was strong genetic differentiation over microgeographic scales, patch structure better 

explained the pattern of differentiation than an IBD model over larger distances. 

While a significant pattern of isolation-by-distance was found between populations in 

the Eden by both Mantel test and regression, it is clear that this relationship is strongest 

over very short distances and certainly weak, though significant, over 60km. Previous 

work has identified IBD patterns in Atlantic salmon populations over very large scales. 

King et al. (2001) found significant IBD both within North American and European 

populations and between them. However, the change in this relationship over scale was 
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not investigated. What is clear is that IBD can develop over the full range of salmon 

populations at one extreme, and on a local level within a single river at the other. What 

are the processes leading to, and perhaps in some cases, preventing the establishment of 

IBD in salmon populations? 

Where IBD has not been identified in species with the propensity to form such patterns 

(i.e. populations with limited dispersal, whose gene flow is restricted to adjacent 

populations), the status of equilibrium between the forces of drift and gene flow may 

provide answers (Hutchison & Templeton, 1999). In particular, at larger scales, 

historical events are likely to have more of an influence than the contemporary 

processes of drift and gene flow. 
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Figure 6.5 Four hypothetical relationships between genetic differentiation and geographic distance under 

conditions of equilibrium between drift and gene flow (Type I) and non-equilibrium scenarios (Type II -

IV). Grey areas represent the degree of scatter in the IBD. The diagrams allow the investigation of the 

relative influences of genetic drift and gene flow (Hutchison & Templeton, 1999). 
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Hutchison & Templeton (1999) identify four types of IBD relationship to qualitatively 

analyse the assumption of driA-gene flow equilibrium (Figure 6.5). These four 

scenarios allow a comprehensive investigation of the status of driA-gene flow 

equilibrium, and the effects this has on IBD (e.g. Van der Strate oZ., 2003). 

In the classic Type I scenario, the genetic isolation increases with distance. 

Furthermore, the degree of variability in this relationship increases with distance, 

reflecting the fact that driA, rather than gene flow, plays a greater role as the distance 

between populations increases. Populations exhibiting Type I IBD are likely to have 

long-term stability. 

Type II populations represent a complete lack of IBD, perhaps due to panmixia, or a 

lack of time over which an IBD relationship could have developed. It is gene flow in 

this situation which is the dominant force shaping population differentiation. 

Type III populations exhibit no IBD, and again there is no equilibrium. DriA plays the 

dominant role in such cases, and, characteristically, there is a great amount of variation 

in the scaAer. Such populations are likely to be highly fragmented and have small 

effective population sizes. 

Type IV populations are similar to those discussed above (Hellberg, 1994; Johnson & 

Black, 1998; Pogson a/., 2001) where gene flow and drift have different effects 

depending on the scale. Over short distances gene flow dominates; over long distance 

driA has a more influential role. 

On visual analysis alone, the paAem in IBD observed in Atlantic salmon Aom the Eden 

is similar to a Type IV situation. Clearly the effects of genetic driA are large and 

visible, characterised by the high degree of variability in IBD at all distances (Figure 

6.2). Furthermore, the assumption of equilibrium is violated (S2S: f = 0.519 & D2S: f 

= 0.467) overall. However, there was a significant paAem of IBD for both the 

geographic measures used in this study, and, the assumption of equilibrium was upheld 
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fbr distances up to around 60lan. Both of these results strongly suggest that salmon 

populations in the Eden are accurately modelled by Hutchison & Templeton's (1999) 

Type IV scenario, a change in the relative influences of drift and gene flow with 

geographic scale. At distances of less than 60km IBD is strong, as the equilibrium 

between drift and gene flow breaks down from this distance onward, so the strength of 

the observed IBD decreases though remains detectable and significant at all scales 

examined. 

6. 7.2.7 Tz/me reac/z w/M 

An equilibrium between drift and gene flow is reached with a rate that decreases with 

the scale at which the relationship is examined (Slatkin, 1993). Therefore, in 

populations where equilibrium is observed only over shorter distances relative to the 

study area as a whole, a lack of time necessary fbr populations to establish drift - gene 

flow equilibrium is frequently cited as the principal contributing factor (Hellberg, 1994; 

Johnson & Black, 1998; Pogson 2001; Van der Strate e/a/., 2003). 

Many species now inhabiting boreal and temperate areas in the northern hemisphere 

were subject to repeated cycles of range contraction followed by re-colonisation due to 

climate instability over the Pleistocene (McManus ef a/., 1999; Petit e/aZ., 1999). These 

periods of rapid, comprehensive climate change have shaped the ecological and genetic 

diversity of species afkcted (Davis & Shaw, 2001; Hewitt, 2000; Hewitt, 2001; Hewitt, 

2004; Stenseth ef a/., 2002), though genetic responses to fluctuating climate are still 

poorly understood (McCarthy & Houlihan, 1997; Minns ef aZ., 1992). Towards the end 

of the Pleistocene, some 17,000 yr BP, ice covered substantial areas of Europe. At 

times, the ice cover extended over most northern areas of the UK, stretching almost to 

the south coast at its extreme (Svendsen aZ., 1999). It is during this period that many 

fish species in Europe would have been confined to glacial refiigia (Hewitt, 1996), 

mostly the Iberian peninsula (Consuegra gf aZ., 2002), but also other, smaller lake 

refugia at glacial margins (Koljonen gf aZ., 1999; Nilsson ef aZ., 2001). The effect of 

this postglacial colonisation of European waters is clear in patterns of genetic diversity 

in salmonids (e.g. Bematchez g/ oZ., 1992; Costello oZ., 2003; Koskinen gf oZ., 2000; 

Nilsson g^aZ., 2001). 
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I therefore contend that the main reason for the weakening of IBD after 60km in the 

Eden reflects an insufficient time since the glacial instability fbr catchment-wide drift -

gene flow to develop. This situation is likely to have been exacerbated by a population 

decline and fragmentation with a resulting increase in the influence of genetic drift. 

6.^. 7.22 fMcreaymg 

The effect of genetic drift is increased where populations are small and fragmented 

(Frankham a/., 2002; Hartl & Clark, 1997). A situation likely to be occurring in 

declining populations of Atlantic salmon. This large effect of drift, evident from the 

pattern of IBD, is also concurrent with the migration of adult Atlantic salmon with 

precise philopatry to their natal spawning grounds. This defining trait acts to restrict 

gene flow, and increase the levels of isolation between populations, thereby increasing 

the potential influence of genetic drift. 

6. ̂ .2 7 D f / M e / w m /ModlgZ - mcreafrng 

IBD was evident between populations at distances below 10km when using D2S as the 

geographic measure (Table 6.3). However, when measuring S2S distances, there was 

no IBD up to distances of 20km. By measuring distance between salmon populations 

as function of upstream migration I have viewed the catchment as a one-dimensional 

migratory gradient, rather than a two-dimensional pa#em of dispersal between sites. 

Crucially, measuring between sites models gene flow as occurring via migration 

between those sites; I sought to compare this with a model that described gene flow as 

being between populations of different migratory distances. By converting river 

geography into a one-dimensional habitat the power of detection is increased, since in 

area models gene flow can occur in many directions at once (Crow & Aoki, 1984). This 

is confirmed by the fact that IBD is detected over shorter distances using D2S as a 

measure of geography within an IBD model. 
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6. 2.2 Ao/wmg 6gAavfowr - Mcrea.y;Mg reo/M/n 

In studying IBD patterns in populations of juvenile salmon, I have sought to 

characterize the consequences of adult migratory behaviour on the genetic variation 

present within the Eden. Basing the calculation of between site diOerences on upstream 

distance, served to convert geographical distance into an efkctive migratory measure; 

D2S explained significantly more of the variation observed in genetic distance (f = 

0.035). This models migratory behaviour more appropriately than between site river 

distances, which impose unrealistic assumptions of movement between populations, 

rather than focussing on the key aspect of the migration, the distance travelled 

upstream. Numerous studies have investigated the costs and benefits of migratory 

distance (see Chapter Three), highlighting its decisive role in shaping salmon 

populations. 

Other methods to more accurately model IBD relationships in Atlantic salmon have 

used river network structure as a geographic matrix. Wilson (1996) found a correlation 

between the number of nodes (branching points in the river) through which salmon 

populations were separated, and genetic distance, where no correlation was found with 

straight line site-to-site distance. This approach replies upon a clear definition of what 

constitutes a node, in this case, a very small number of nodes were considered (< 6), but 

the approach is highly appropriate to migratory models. A similar model could be 

constructed using the number of suitable spawning grounds between sites as a 

geographic measure, and would likely offbr similarly more realistic results as do node 

values and D2S, all of which would account for some aspect of migratory behaviour. 

Using more realistic models of river populations has allowed a better understanding of 

the salmon I studied in the Eden. However, this method may be relevant to many 

species that occur in restricted habitats and have essentially, a one-dimensional 

dispersal route. In particular, this method seems appropriate in migratory species 

where dispersal distances can be transformed into a migratory gradient that accurately 

models movements of individuals. Such criteria may be met where wildlife corridors 
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exist between source populations, so called linear landscape elements (e.g. bats 

foraging along hedge rows Verboom & Huitema, 1997). 
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7 Final discussion 

From intrasexual variation in body size, to catchment-wide isolation-by-distance, in six 

chapters. At every step, I fbund great variation in the River Eden in terms of both 

phenotypic and genetic diversity. Central to this diversity is the salmon homing 

migration, and their complex, gender-specific, life-histories. I sought a synthesis 

between ecology and population genetics in order to build a more realistic approach to 

understanding diversity. 

7.1 Summary of results 

Chapter Two brought to light how the interaction between sex and life-history correlate 

with differences in adult salmon body size. This within-population size variation, 

previously largely thought to be related to date of return to freshwater, is demonstrated 

to be far more complex when gender and sea-winter tactics are taken into account. 

Moving on from this, in Chapter Three I investigated how migratory distance dif%rs 

with sex and life-history. Continuing the thread of gender-differentiated differences, I 

found that female sea-wintering behaviour is correlated with spawning site location in a 

way that male behaviour is not. This is the first evidence of gender specific migratory 

behaviour in salmonids. 

In Chapter Four, this was taken a step further with molecular markers to assess 

population genetic structure. Firstly, there is river regional population structure, as 

found elsewhere (e.g. Garant aZ., 2000; McConnell er oZ., 1995; McElligott & Cross, 

1991) in Atlantic salmon. However, there is also good evidence that there is substantial 

variation within river regions, and that the distance upstream (i.e. the adults migratory 

distance) has a role in structuring populations. Crucially, following on from the patterns 

observed in migratory distance in Chapter Three, there are differences between males 

and females in their assignment accuracy; evidence fbr sex-bias in their migrations. 

These adult data also offered evolutionary insights, in particular, effective population 

size was found to be very low (TVg < 100); far below the figure of 500 suggested as a 

minimum to maintain a sufficient level of diversity (Waples, 1990). In Chapter Five, 

the population genetics of juvenile salmon were investigated using a hierarchically 

122 



Final discussion 

structured sample set of rifOe sites within river regions, and river regions within the 

catchment. This allowed the levels of differentiation between and within river regions 

to be addressed. As found in adult populations, clear evidence emerged that the within-

river component of variation is not only important, but may be I Ox greater than that 

between rivers. The River Caldew in particular is uniquely differentiated from the rest 

of the Eden catchment, perhaps as a result of its recent recolonisation. In Chapter Six I 

sought to further characterise the distribution of genetic diversity observed in the Eden 

juvenile population. Isolation-by-distance models described the pattern of variation 

observed. IBD was found to hold up to 60km, after which equilibrium breaks down 

between genetic drift and gene flow. By incorporating migration into the analysis by 

using the distance-to-sea (D2S) model, better resolution is gained of IBD patterns. This 

highlights that homing to river regions may not be as important as homing to certain 

distances upstream. 

7.7.7.7 f 

T̂ST differed between adult (T̂ sT = 0.01), and juvenile = 0.048) populations. This 

large difference is likely to be a result of the sampling structure. The juvenile figure is 

similar to that quoted in previous studies; it is the Fgy over a number of discrete 

sampling sites, or sub-populations. These are clearly defined sampling units. In the 

adult analysis, the sub-population unit is the river region, a much larger scale concept 

of sub-population. Recalculating for juveniles with the river region as the sub-

population unit (as in the adults) gives 7^T - 0.012. 

Both adult and juvenile analyses highlight that the river Caldew is quite differentiated 

from the rest of the catchment (see 4.3.2. & 5.3.2.). This is probably a result of it's very 

recent re-colonisation. Curiously the Caldew does not actually seem any less diverse 

than the rest of the Eden; this is certainly not what might have been expected. It would 

be highly informative to study the Caldew in greater detail, especially with regards to 

temporal changes. In addition, I could find no examples for salmon, or any other 

species, of anyone studying so recent a re-colonisation. 
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7. /. 7.2 jVwZ/ a/Zg/gj' 

Deviations from Hardy-Weinberg expectations in both adult and juvenile populations 

identify the presence of a null allele in locus Ssal4. The null allele, plus the relatively 

low polymorphism (TVa = six) at this locus, suggest that it's utility for population 

genetics is limited. Many more tetra-nucleotide loci (a fbw of which were used in this 

study, i.e. Ssa404, Ssa4IO, and Ssa4]8) have been published while this study was in 

progress (Caimey gf o/., 2000); there are now a vast number of microsatellite loci 

characterised for Atlantic salmon. 

7.2 Limitations of the study 

7.2 7 ffze 

Adult sample sizes were limited by the cost of radio-tags and by the size of the salmon 

run. This, smaller than ideal sample size has two implications: 1) bias in statistics; and 

2) restricting the breadth of the analysis. 

7.27./ 

Ruzzante (1998) has shown that small sample sizes in population genetics studies can 

bias a number of genetic distance estimators, e,g DcE (Cavalli-Sfbrza & Edwards, 

1967), used in this study to investigate IBD patterns. Furthermore, small sample sizes 

can lead to larger confidence intervals (Ruzzante, 1998). However, at the river region, 

and upstream distance categories (4.2.5.2) sample sizes were near to » = 50 suggested 

by Ruzzante (1998). Furthermore, his paper was based on only six microsatellite loci, 

while 1 used 10 or 11 to increase resolution 

7.2 2 Ze/Mpofa/ c/fver 

The limitations on sample size placed some constraints on the breadth of the analysis. 

To investigate sea-winter tactics and gender, it was necessary to pool samples of adult 

salmon from the years 1999,2000, & 2002. This was required for both genetic and 

phenotypic analyses. A larger data set would have allowed the temporal component of 

genetic diversity to be considered, a factor that may account for significant levels of 

population structure in salmonids (Garant e/ a/., 2000). However, within existing 
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statistical frameworks fbr AMOVA, only three hierarchical levels can be considered at 

any one time. Making decisions about those factors to be considered in a hierarchical 

analysis has a large ef%ct on the questions asked. When river, distance upstream, sea-

winter tactic, sex, and body size data are all available (as in this project), asking the 

right question, that is, choosing the appropriate variables, is central to the analysis. 

Visualisation methods (such as FCA) currently offer the best approach for investigating 

patterns of variation across many differing definitions of 'population'. 

7.2. j Mg 

The Eden, like the vast m^ority of salmon rivers, has undergone extensive stocking 

both historically, and in recent years. More recently, stocking has focused on using 

local fish populations, whereas in the past, salmon may have been moved the length 

and breadth of the countiy. Stocking has been, and still is, pK)orly documented and it's 

effects, success or otherwise, are poorly understood, though it is clear that stocked fish 

have lower sea-survival than wild fish (Jonsson, 1997; Jonsson e/ a/., 1991a). 

Records fbr stocking in the Caldew are relatively comprehensive. Between 1987 and 

1997, some 118,068 micro-tagged fiy and parr were released (Environment Agency, 

unpublished data). Of these, only 135 were recovered (in rod, traps etc.), representing a 

stocking success rate of just 0.1%. However, the stocking in the Caldew (plus straying 

fish potentially entering from other rivers) has been enough to repopulate the river in a 

little over a decade. 

7.2. j . 7 

Stocking between rivers might have a homogenising effect on population structure; 

conversely, stocking within a river with native fish, might well act to increase 

difkrentiation. 
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7.3 Recommendations for management 

The key finding of my research is that populations of Atlantic salmon exhibit great 

phenotypic and genetic diversity over very small scales within a single river system. In 

particular, the conservation of life-history diversity should be a key goal in salmon 

management. Better knowledge of the factors determining lifb-histoiy will greatly aid 

in this, as will quantifying the differential exploitation of 1SW and MSW fish as a 

potential selection pressure fbr fewer sea-winters. 

Though many previous authors have identified significant genetic variation between 

rivers within a catchment, I offer the most comprehensive study thus far of variation 

within rivers compared to that between them. 1 find that previous authors may have 

over-estimated the importance of between-river variation by failing to consider within-

river variation. In the Eden, between-site structure accounts fbr lOx more genetic 

variation in juvenile populations than between-river structure. Therefbre, managing 

rivers as separate units may not be the most appropriate approach. 

7.4 Future work 

Future studies will be able further tease apart the effect that sex, and sea-winter tactics, 

have on population genetic structure. My results provide the first indications of great 

variability, yet will require bigger data-sets fbr a more comprehensive understanding. In 

particular, combining approaches such as radio-tracking with genetic analysis offer far 

more infbrmation than either method alone. Such varied analyses offer the opportunity 

to sample salmonids in ways previously highly impractical, e.g. analysis of returning 

adult fish. 

7.4 y rg/Mammg aMfweref/ 

7.47.7 ffzZ/MOM 

The Eden represents a unique opportunity to study a recolonisation event. The well 

documented re-opening of the River Caldew, and the stocking which fbllowed it, 

should allow a thorough investigation of how populations develop fbllowing an 

invasion (assisted or otherwise). A long term study on this River could approach a 
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variety of question related to small populations, such as how TVe relates to census size, 

and how other rivers might be most effectively recolonised in the future. 

7. 7.2 gemera/ 

Large aspects of Atlantic salmon biology are still poorly understood. One particular 

subject of great interest, both from a management, and an evolutionary point of view, is 

the factors leading to, and maintaining levels of precocious mating by parr. Another 

area still poorly understood, is to what extent salmon re-spawn; how might this vary 

between and within rivers. Factors such as these represent the key aspects of salmon 

life-history. Long-term genetic studies will be able to establish more comprehensive 

estimates of the heritability of differing life-history tactics. 

The behaviour of adult fish within the river itself still presents many unanswered 

questions. Why do so many fish return early, especially given that it is known a number 

of these fish do not actually ascend the rivers early? How accurate is homing? Can we 

use radio-tagging to 'calibrate' genetic methods of estimating dispersal? More radio-

tagging analyses, coupled with genetic data are likely to offbr the most informative 

answers. 

7.^.2 goaAy 

One method worth singling out is assignment testing; it is rapidly becoming one of the 

principal tools for assessing salmon populations. Assignment accuracy, or lack of̂  

provides insights into dispersal, another key behaviour very difficult to study by 

observation alone. When data become available for all UK salmon populations, it will 

be feasible to assign adult salmon fish caught at sea to their native rivers, and perhaps 

even to particular areas within those rivers. This will allow far greater understanding of 

salmon behaviour at sea, something we still know relatively little about (Mills, 2000). 
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