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ABSTRACT 

 

Conservation studies have generally focused on the environmental and biological issues 

affecting the decline of a species.  However, to ensure the sustainability of a species three 

aspects must be considered: biological, economic and sociological.  This thesis focuses on a 

case study of salmon in the Exe catchment comprising three individual studies, and explores 

the temporal stability of the species across the South West region to assess the status of 

salmon in other catchments within the region.  A panel of microsatellite markers modified 

from the West Virginia panel was utilised in exploring the population genetics of Atlantic 

salmon.   

 

Weak population structuring was found within the Exe supported by a number of population 

genetic statistics.  This information was provided to hatchery managers who modified their 

protocols utilising two strains of fish rather than stocking the catchment with fish from only 

one tributary.  The catchment level estimate of effective population size was consistently 

reported to be lower than the management target (MT).    

 

A questionnaire distributed to more than 200 anglers suggested that despite a wide variation 

in opinion the consensus was that as a group they are happy with current management 

practices but that there are still some changes that could be made, for example, many 

respondents felt that the some groups involved in decision making regarding salmon 

management should have a different level of input than they currently have.  The majority of 

anglers were positive about the use of hatcheries as a management tool. 

 

The efficacy of practices at two South West hatcheries (Exe and Tamar) was assessed.  Both 

hatcheries suffered from a decreased level of genetic diversity as a result of the use of a small 

number of adults and a bias in parental contribution. 

 

Finally, a spatio-temporal analysis of the region suggested that spatial distribution is a 

dominant force to temporal variation in shaping the population structure of Atlantic salmon in 

the region.  A distinct divide was observed between populations of salmon in the easterly 

chalkstream rivers (e.g. the Test, Itchen and Frome) and those in the west of the region (e.g. 

the Exe, Taw and Fowey). 
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The findings of these studies are discussed in a wider context and support the following 

recommendations:   

1. If a hatchery is to be used on the Exe catchment multiple stocks should be reared to reflect 

the populations found. 

2. Stakeholders, including representatives of angling groups should be involved in conservation 

and kept up to date with research undertaken and results found. 

3. If the Exe and Tamar hatcheries are to be continued, more broodstock should be utilised to 

improve levels of genetic diversity in the offspring. 

4. Effective population size should continue to be monitored at a number of key sites across 

the region.  These sites should be selected following more in depth studies of population 

structure at a catchment level. 
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Chapter 1: Introduction 

Sustainability has become a popular concept over the last 25 years (Gale and Cordray, 1994, 

Kitchell et al., 2000, Salwasser, 1990) yet it is a term that is not clearly understood (Primack, 

2004).  There are fears that it could lead to a prioritisation of human interests over true 

conservation goals (Newton and Freyfogle, 2005). Theoretically, a sustainable approach is said 

to be one that approaches an issue from three viewpoints: economic, sociological and 

environmental (Kruse et al., 2009).  Despite concerns over conflicts of interest, this 

multidisciplinary approach is becoming increasingly necessary to achieve conservation goals.  

Conservation research and application requires funding and political support; for this reason, it 

is necessary to understand the economic and sociological implications of any conservation 

effort.   

 

This thesis assesses the temporal stability (biological assessment of sustainability) of Atlantic 

salmon (Salmo salar L.) across South West England to identify areas of concern and in need of 

further conservation strategies.  It also begins to address the issue of sustainability in a case 

study on the River Exe, through a multidisciplinary assessment of Atlantic salmon sustainability 

on the catchment by utilising both scientific and social scientific methods.   

 

This introduction is structured into eight key sections which will provide: (i) background to 

Atlantic salmon biology; (ii) an indication of the importance of the species; (iii) information 

regarding the decline of S. salar L.; (iv) an exploration of attempts to mitigate of the decline; (v) 

salmon in South West England; (vi) an introduction to sustainability; (vii) a sample of 

techniques to measure sustainability; (viii) evidence for sustainability; and finally (ix) the aims 

and objectives of the study, in addition to an overview of the remaining chapters of the thesis. 

 

1.1 Atlantic salmon 

The biology and life history of Atlantic salmon (Salmo salar L.) have been well documented 

(e.g. Klemetsen et al., 2003, Verspoor et al., 2007, Youngson and Hay, 1996). For this reason, I 

will endeavour to be brief and discuss only the basic life cycle and key factors relevant to this 

study. 
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1.1.1 Distribution 

Atlantic salmon are found on the east and west coasts of the North Atlantic (Klemetsen et al., 

2003), ranging from Arctic Russia and Norway to France and northern Spain within Europe and 

Quebec to Maine on the west coast of the Atlantic (Youngson and Hay, 1996; Figure 1.1).  

Within this range three distinct races are described; North American, European and Baltic (Fay 

et al., 2006). 

 

 

Figure 1.1. Distribution of anadromous Atlantic salmon populations.  Image from Webb et al. (2007: 22). 

 

1.1.2 Biology 

S. salar are members of the family Salmonidae, sub family Salmoninae, and one of two species 

in the genus Salmo, with the other being S. trutta L. (Klemetsen et al., 2003, Philips and Oakley, 

1997), known as brown or sea trout dependent on whether a migratory or resident strategy 

has been undertaken (Webb et al., 2007).  It is possible for these two species to hybridise and 

this does occur within the South West of England (Hurrell and Price, 1991).  As with trout, 

salmon can be anadromous or non-anadromous (Klemetsen et al., 2003).  Non-anadromous 

forms can occur when the fish are ‘land-locked’, often restricted by some kind of barrier, 

although this is not always the case (Webb et al., 2007).  The two forms tend to be population 

specific, potentially as a result of sexual selection and variation in spawning time (Birt et al., 

1991, Palva et al., 1989); however, in artificial conditions it is possible for the two forms to 
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reproduce (Hutchings and Myers, 1985).  An intermediary form, which migrates only as far as 

the estuary, has also been recorded (Webb et al., 2007).  The focus of this current study is on 

Atlantic salmon in South West England, which are all anadromous. 

 

1.1.3 Life cycle 

The life cycle of anadromous S. salar is illustrated in Figure 1.2.  Sexually mature (precocious) 

parr, and adults spawn in redds created by females in the gravel on a river bed (Myers and 

Hutchings, 1987, Youngson and Hay, 1996).  This occurs November to December and the eggs 

overwinter, hatching in the spring (Moran and Perez-Figueroa, 2011).  Newly hatched fish, 

known as alevins feed from the yolk sac prior to emerging from the protective gravel several 

weeks later as their food supply runs out (Youngson and Hay, 1996).  At this point, the 

juveniles will feed in the river until smoltification, a process by which the fish undergoes 

physiological, morphological and behavioural changes prior to life at sea (Klemetsen et al., 

2003).  It can take between one and five in-river years for a salmon to smolt (Youngson and 

Hay, 1996).  The time taken is largely dependent on the temperature of the river (Youngson 

and Hay, 1996).  The marine phase of the salmon life cycle is less understood (Youngson and 

Hay, 1996); however, recent studies have begun to use genetics (Griffiths et al., 2010, Ogden, 

2008) and stable isotopes (MacKenzie et al., 2011) to identify where these fish go once they 

leave their river habitat.  Tagging studies indicate that salmon can be found predominantly in 

West Greenland, the Faroe Islands, and the northern Norwegian sea, although they have also 

been identified near Newfoundland and the Labrador sea (Webb et al., 2007).  Spawning 

adults return in one of two forms; Multi-Sea-Winter (MSW) fish, which spend between two 

and five winters at sea, and grilse (1SW), which return to their natal river after only one winter 

at sea (Niemela et al., 2006, Vähä et al., 2011, Youngson and Hay, 1996). 

 

Within this framework, anadromous Atlantic salmon still demonstrate phenotypic plasticity in 

a range of life history traits (Jonsson et al., 1996, Thorpe, 1998).  Some traits are thought to be 

a combination of phenotypic plasticity and genetic inheritance e.g. duration of time spent at 

sea (Vähä et al., 2011).  Time of migration is also a variable trait, with parr /smolts migrating to 

the estuaries in both autumn and spring depending on growth (Huntingford et al., 1992), while 

adults run timing on return to freshwater is thought to be primarily under genetic control 

(Hansen and Jonsson, 1991, Stewart et al., 2002, Vähä et al., 2011). 
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Figure 1.2. The life cycle of anadramous Atlantic salmon.  Image adapted from Verspoor et al. (2007)  

Red arrows indicate life stages where spawning may occur. 

 

1.1.4 Homing 

When salmon return to the rivers to spawn, they return to their natal catchment or even 

tributary in some cases (Webb et al., 2007) as a result of olfactory cues (Dukes et al., 2004, 

Solomon, 1973, Stabell, 1984).  This mechanism gives rise to population structure within and 

among catchments (Dillane et al., 2008, Dionne et al., 2009).  Despite this mechanism some 

fish still stray (Perrier et al., 2011, Solomon et al., 1999).  This is thought to be an evolutionary 

advantage, improving gene flow between populations and increasing effective population size 

(Horreo et al., 2011b, Valiente et al., 2010), in addition to providing the potential for 

recolonisation (Griffiths et al., 2011, Saura et al., 2008). 
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1.2 Importance of Atlantic salmon 

Salmonids, Atlantic salmon in particular, are important for many reasons, including 

commercial, sporting and scientific (Youngson and Hay, 1996).  Crisp (2000) defined 3 ‘criteria 

of importance’ in reference to salmonids:  

(i) moral, aesthetic and political 

(ii) social value (sport fishing) 

(iii) financial 

With this in mind, it is essential not to consider salmon in exclusively biological terms, but to 

also examine other reasons that the species should be conserved.  The social and economic 

benefits alone should be motivation enough for investing in salmon management, regardless 

of any scientific interest.  

 

There are many reasons for which salmon are considered to be biologically important.  They 

are good indicators of water quality and habitat (Crisp, 2000, Molls and Nemitz, 2008), and, as 

such, are the flagship species of the International Rhine Action Programme (Molls and Nemitz, 

2008). They are an important source of protein for humans (Crisp, 2000, Ormerod, 2003), as 

well as birds and other mammals.  However, being important as a food source is intrinsically 

linked with an economic and social interest in terms of the value of salmon.  

 

The presence of salmon in rivers also provides public pleasure associated with the knowledge, 

or observation, of their return as adults (Crisp, 2000).  This is referred to as an “existence 

value” (Primack, 2004).   Unfortunately, this value is difficult to quantify (Crisp, 2000). 

Sociological studies can be used to gain an impression of how important such things are to 

society. 

 

In addition to their existence value, salmon attract other animals such as otters and 

goosander, which prey on them, to areas of natural beauty such as Exmoor and Dartmoor.  The 

presence of these animals will in turn attract more people interested in observing wildlife.  

This increase in the number of tourists will contribute to the local economy. 

 

Finally, Atlantic salmon are acknowledged as being a ‘major recreational asset’ in their 

contribution to sport fishing (Crisp, 2000).  The economic value associated with recreation 

services is sometimes referred to as their 'amenity value' and can make a substantial 

contribution to local economies (Primack, 2004).   Economic estimates of expenditure however 
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often suffer the problem of being incomparable between studies, due to variation in data 

collection, analysis techniques and assumptions (Crisp, 2000).  As a result, the output can only 

be considered as an indication of value, not a definitive value (Crisp, 2000), and will be open to 

interpretation through the use of sociological data.  

 

1.3 Decline 

Atlantic salmon have been suffering a decline for decades (Hendry et al., 2007, Klemetsen et 

al., 2003, Parrish et al., 1998, Ribeiro et al., 2008, Youngson and Hay, 1996).  ICES (2012) have 

shown a decline in nominal catch (tonnes fresh weight) from approximately 12000 tonnes in 

the early 1970s to less than 2000 tonnes in 2011; this trend is apparent across all four regions 

within the North Atlantic (Figure 1.3).  Specifically, within England and Wales there has been a 

downward trend in rod and net catches since the 1970s though it is important to note that this 

trend may also be affected by the decline in fishing effort (CEFAS and the Environment Agency, 

2012; Figure 1.4).  Some rivers in the South West of England have been particularly publicised, 

e.g. the River Exe (Edbrooke, 2004).  This is discussed further in Chapter 2.  

 

As a result of 19th and 20th century industrialisation the Rhine River in France lost most of its 

diadromous fish (Molls and Nemitz, 2008).  The main factors involved are believed to be water 

pollution and manmade barriers, although increased settlement in the area, and changes in 

agricultural land use and the need for flood prevention resulted in habitat degradation (Molls 

and Nemitz, 2008).  This study has highlighted the majority of problems associated with the 

riverine environment as a result of human activity, and each one of these factors can be crucial 

in preventing the loss of a population or species. 

 

Humans have been largely responsible for the decline of Atlantic salmon.  A decline in 

population size in any species can lead to loss of alleles, and a lesser ability to adapt to future 

environmental change as a result of a low genetic diversity (Aho et al., 2006, Frankel and 

Soulé, 1981, Koljonen et al., 2002).  This situation can cause the near future extinction of a 

population, particularly in light of threats such as climate change, to which a population may 

need to adapt (Bradshaw and Holzapfel, 2008, McGinnity et al., 2009). 

 

Dams and hydroelectric power stations are common in Europe (e.g. Larinier, 2008, Lundqvist 

et al., 2008, Thorstad et al., 2008), with an aim to provide clean energy.  However, they can 

block the path for smolts to migrate out to sea (McCormick et al., 1998) and the return access 
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to spawning grounds for adults (Lundqvist et al., 2008, Thorstad et al., 2008).  Delays in adults 

migrating due to these barriers can lead to overcrowding at pools, creating a greater 

opportunity for disease and parasites to spread, increasing mortality pre-spawning (de Leaniz, 

2008).  This is particularly problematic during low water flows (de Leaniz, 2008).  

 

Figure 1.3.  Nominal catch of Atlantic salmon (tonnes fresh weight) in the North Atlantic between 1960 

and 2011.  Figure from ICES, 2012.  

 

 

Figure 1.4.  Declared number of Atlantic salmon caught in England and Wales 1956-2011, by nets, fixed 

engines, rods and rod catch as percentage of total catch (CEFAS and the Environment Agency, 2012). 
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Farming is a major part of life in South West England.  However, alteration of land use can alter 

the drainage within a catchment (Wissmar, 2003), ultimately affecting the physical structure of 

a river, the surrounding environment and the population structure of S. salar (Dillane et al., 

2008).  Livestock trample through the streams where spawning occurs and can increase 

erosion of the banks and siltation, reducing the water quality and suitability of the spawning 

grounds (Crisp, 2000). Run-off from agriculture can have extensive impacts in terms of 

pollution, affecting smolt development (McCormick, 2009, McCormick et al., 1998).  Moore et 

al. (2008) found exposing hatchery smolts to the pesticide atropine caused 100% mortality 

when exposed to salt water in laboratory trials, although a field test showed no significant 

effect.   

 

Chemical pollution has arisen from many sources, all of which can be industrially linked.  Acid 

rain is relatively old news in the face of climate change, having been affecting freshwater 

ecosystems since before 1955 (Clair and Hindar, 2005); however, it is still a problem in some 

areas (Primack, 2004).  Despite restoration attempts through liming (Clair and Hindar, 2005), 

communities are not returning to their original state (Clair and Hindar, 2005).  One theory to 

explain this is acid episodes, a sudden influx of conditions unsuitable for the species to survive; 

this can come in the form of heavy precipitation or run off (Raddum et al., 2001).  Mining also 

produces discharge, in the form of heavy metals.  Dube et al. (2005) linked greater 

concentrations of a combination of metals with mortality, depressions in growth and increased 

liver weight.  They believed that a reduction of the discharge concentration to 20%, expected 

on closure of the mine, would be sufficient to allow the re-introduction of fish into the river.   

 

Fish have been overexploited for centuries (Roberts, 2007).  Combining this with more recent 

over-exploitation of stocks, both in the rivers as sport-fish and at sea for commercial gain, 

humans did not previously consider the sustainability of the species’.  There was an 

assumption that the plentiful stocks would always be so (Roberts, 2007).  Now that the stocks 

have been declining, fish farms have been created to satisfy commercial needs.  However, 

these come with their own problems and impacts for wild fish as described below.  

Additionally, the economic competition from fish farms can mean that biologically sustainable 

wild salmon stocks are no longer economically sustainable (Robards and Greenberg, 2007). 
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Aquaculture was designed to meet the needs of human nutrition, particularly in developing 

countries (Bert, 2000). Other benefits were thought to be reduced pressure on wild stocks and 

numbers that could meet demand, commercially and recreationally (Bert, 2000).  Despite good 

intentions, there has been a cost to wild salmon.  Aquaculture sites are a source of pollution in 

the form of organic waste, due to overfeeding (Bert, 2000, Brooks et al., 2004), sinks for 

parasites such as sea lice (Lepeoptheirus salmonis (Krøyer)) and disease as a result of 

immunisation (Jorgensen et al., 2008, Penston and Davies, 2009, Saunders, 1991).  They are 

also a source genetic pollution (Castillo et al., 2008, McGinnity et al., 1997) and competition 

(Blanchet et al., 2008, McGinnity et al., 1997) on occasions of escape.   

 

While some farmed salmon are genetically modified to be sterile (Power-Antweiler, 2004), 

others are able to breed and could create hybrids, potentially less fit than the progeny of wild 

fish (McGinnity et al., 1997).  If escaped farmed salmon interbreed with wild stocks, they can 

affect their genetic suitability to the local area, resultant from adaptation (McGinnity et al., 

2003, McGinnity et al., 1997).  One trait that could be affected is disease resistance (Bakke and 

Harris, 1998).  As of yet, little work has been carried out to determine the impact pathogens 

will have on the conservation of wild and farmed salmon (Bakke and Harris, 1998, McVicar, 

1997); although a greatest diversity of parasites has been identified in the marine phase of the 

salmon life cycle (Bakke and Harris, 1998).  Aquaculture escapees could also provide additional 

competition for habitat and food, with farmed fish often being more aggressive (Blanchet et 

al., 2008, McGinnity et al., 2003). 

 

As is common knowledge, Atlantic salmon are temperature sensitive (Thorstad et al., 2008) 

and, with the approaching threat of climate change, S. salar may suffer greatly due to 

decreased oxygen in their rivers and water levels too low to allow them to return to their 

spawning sites.  In addition to this, the habitat in which they spawn must be maintained for 

continuation of the life cycle and species (Molls and Nemitz, 2008).   

 

1.4 Mitigation of the decline: management techniques 

Managers are beginning to realise that in order to obtain future financial investment they need 

proof that their management methods are successful.  A variety of management techniques 

are available, which can be used effectively in combination. In fact, Solomon et al. (2003) 

emphasise the importance of combining biological knowledge of population dynamics and 

carrying capacity with risk management, cost analysis and sustainability, while taking into 
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consideration the importance of sport fisheries. An assortment of methods has been used to 

date, with varying success.  These methods are discussed below. 

 

1.4.1 Habitat management  

It can be difficult to determine what a catchment was like in pristine condition and whether 

this would be optimum in terms of salmon habitat (Crisp, 2000).  This is especially difficult to 

consider as salmon inhabit a diverse range of environments, of varying temperatures and 

differing geology (Grandjean et al., 2009, Thorstad et al., 2008, Youngson and Hay, 1996) and, 

with populations known to be locally adapted (Grandjean et al., 2009), it is essential to 

consider each catchment on a case-by-case basis (Dionne et al., 2009).  Restoration should be 

well monitored with all aims, costs, methodologies and resultant fish yields recorded, and 

findings published (Crisp, 2000). 

 

Grandjean et al. (2009) demonstrated that habitat management alone can encourage the 

return of Atlantic salmon to nearby unpopulated rivers and, in this case, where three rivers 

were re-colonised, no founder effects were observed.  Hendry et al. (2003) suggested that 

there are three inter-related options within management of the riverine environment: water 

quality, water quantity and physical structure.  Tackling these potential problems involves 

consideration of pollution, siltation, land use, flood defence and agriculture (Hendry et al., 

2003).  The symptoms should not be treated alone; it is essential to treat the source to 

maintain long-term environmental health (Hendry et al., 2003), as in the example of weir 

removal, a cheap and efficient solution, removing the source of the problem (de Leaniz, 2008). 

 

1.4.2 Legislation and regulation 

Each population, of any species, will have a minimum threshold, below which it is not 

sustainable.  In conservation this is often considered to be based on the effective population 

size, which must be of an absolute minimum of 50 to avoid inbreeding in the short term, or 

500 to prevent the loss of genetic variation and ensure long-term evolutionary potential 

(Consuegra & Nielsen, 2007; Franklin, 1980, Franklin and Frankham, 1998, Primack, 2004, 

Skrbinsek et al., 2012).  A low effective population size indicates a small number of breeding 

individuals which are likely related or will be after a limited number of generations.  This will 

lead to inbreeding depression (Consuegra & Nielsen, 2007).  When Ne is small it is not less 

likely that mutation will occur to replace alleles lost by genetic drift (Consuegra & Nielsen, 

2007), consequently when Ne is small one expects changes in allele frequencies and 
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potentially a loss of alleles.  This reduction in genetic variation of a population can result in the 

reduced fitness of individuals (Jordan et al., 2007) and reduced evolutionary potential of the 

population and species (Jordan et al., 2007).   

 

Accordingly, if individuals are being removed and not replaced, the population will decline 

possibly to extinction.  By regulating the removal of individuals, whether numerically or 

seasonally, it may be possible to prevent the population falling critically low.  For example, In 

the U.K the EA has instated National Byelaws limiting the fishing season for salmon and trout, 

and regulating a catch and release policy and specific angling techniques during the spring run 

(believed to be the most depleted run (Environment Agency, 2003b)).  The Environment 

Agency (2003b) also placed a byelaw ensuring that no rod-caught salmon or migratory trout 

could be sold or traded.  Similarly in France, where hydroelectricity is common, French 

legislation dictates that any hydro scheme must include facilities to guarantee passage of 

migrant fish (Larinier, 2008).  These restrictions are often enforced through licensing and 

patrols (Environment Agency, 2003b, Primack, 2004); without these regulations, we could be 

facing a tragedy of the commons scenario (Hardin, 1968) as seen in cases such as the Steller's 

sea cow (Hydrodamalis gigas (Zimmermann)), hunted to extinction because it was a plentiful 

and easy prey (Roberts, 2007). 

 

1.4.3 Stocking, hatcheries and genetic management 

In the past it was fairly common to translocate salmon from successful populations to boost 

struggling populations, at times moving individuals from one country to another (e.g.  

Ciborowski et al., 2007, Cross, 2000, Finnegan and Stevens, 2008, Griffiths et al., 2011).  This 

was shown to be problematic in that the translocated individuals were not adapted genetically 

or ecologically to the environment to which they were moved (Ciborowski et al., 2007, 

Finnegan and Stevens, 2008).  Other associated problems include trouble homing, competition 

between local and translocated fish and genetically inferior hybrids (Crisp, 2000).  With this 

knowledge it seems wise to avoid stocking in this manner.  However, Finnegan and Stevens 

(2008) conducted a study assessing the resultant genetic impact of stocking the River Dart, 

England from Scottish and Icelandic rivers in the 1960s and found minimal long-term impact on 

a catchment scale, with only one tributary demonstrating a negative impact on a local scale.   

Additionally, McGinnity et al. (2004) observed non-native fish to suffer a greatly reduced 

survival rate (35% of native fish) and considered the implications of farmed or domesticated 
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introductions on wild fish  (discussed briefly in section 1.3) to be similar to those found when 

importing non-native fish. 

 

Some managers have taken to supportive breeding, to avoid the aforementioned problems 

regarding local adaptation (Blanchet et al., 2008, Ryman and Laikre, 1991).  This involves 

catching adults native to the catchment in the autumn months to be used as broodstock, 

pairing them to spawn, and releasing the offspring into the same catchment the following 

summer.  The purpose of this is to rear the young in a predator-free controlled environment, 

minimizing mortality at this vulnerable age, but avoiding the problems of adaptation 

associated with captive breeding (Westcountry Rivers Trust, 2011).  While this technique is an 

improvement on exogenous stocking, it is still not without problems (Machado-Schiaffino et 

al., 2007, McGinnity et al., 2009, Ryman and Laikre, 1991).  

 

It can be difficult to determine the validity of a hatchery, especially as hatchery and wild fish 

can be indistinguishable (Youngson and Hay, 1996), but there are cases where hatchery fry 

have been shown to survive, validating the use of these techniques (Youngson and Hay, 1996), 

and situations where semi-wild offspring (released to the wild earlier) had better survival rates 

than hatchery-reared individuals (Jokikokko et al., 2006).  Blanchet et al. (2008) demonstrated 

genetic, phenotypic and behavioural differences between wild and captive reared salmon from 

the same population after only a few months, even though all fish were the product of the 

same broodstock.  This conclusion seems both more typical and intuitive.  

 

Through any of these management approaches it is vital to protect the genetic composition of 

the populations (Blanchet et al., 2008, Thorstad et al., 2008, Wilson, 2008).  To ensure long-

term sustainability, genetic variability and composition (the number and frequency of alleles 

respectively) should be reflected in the broodstock (Bert, 2000, Wilson, 2008).  Larger 

broodstocks are likely to give a greater diversity, hopefully avoiding an increase in genetic load 

(deleterious alleles) (Bert, 2000, Kitada, 2009).  The best way to ensure broodstocks are 

representative of the wild population and not detrimental is to genetically monitor them, in 

particular focusing on population size and genetic diversity (Kitada, 2009). 

 

In any form of conservation it is now standard to consider the genetic implications, looking 

beyond the species level to the population level; preventing low genetic diversity is key to 

allowing a population the chance to adapt as necessary (Frankel and Soulé, 1981, Primack, 

2004), although in rare cases populations can re-establish themselves from very low numbers, 
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as was the case with the Mauritius kestrel (Groombridge et al., 2000).  If, as in this case, a 

population goes through a bottleneck, where there are very few individuals remaining in the 

population before numbers increase again, important alleles can be lost as a result of genetic 

drift (Raven and Johnson, 2002), the population can become less genetically diverse and 

consequently less able to adapt.  Inbreeding is also more likely in small populations.  This leads 

to the same potential problem with loss of alleles and potential fixation of poor recessive 

alleles.  Mutations can improve the situation, as can gene flow in the form of an individual or 

individuals coming from another population and bringing a variation of alleles with it.   

 

As described in Horreo et al. (2011c) the effective population size and population structure are 

two of the most important factors to consider in management of populations and each 

population should be considered as a management unit (Dionne et al., 2009, King et al., 2007).    

Salmon populations tend to be highly structured due to their natal homing abilities (Youngson 

and Hay, 1996). The result of this is that often populations have unique alleles not shared with 

other populations, except when straying occurs.  Straying will result in the exchange of alleles, 

minimising the effects of total isolation, such as inbreeding; however, it is not strong enough 

to overcome the effects of bottlenecks and genetic drift (Youngson and Hay, 1996).  In order to 

maintain genetic diversity and evolutionary potential of Atlantic salmon as a species, each 

genetically distinct population should be managed and maintained at a sustainable level.  This 

is a level at which the frequencies of alleles are maintained, not fixed or lost.  Maintaining this 

variation of alleles will give a population (and species) the best chance at responding to 

stochastic environmental change (Aho et al., 2006, Frankel and Soulé, 1981, Koljonen et al., 

2002).     

 

Even in fairly small populations Atlantic salmon tend to remain reasonably genetically diverse.  

This is in large part due to their age structure, the fact that individuals of the same year class 

may return at different times, and because precocious parr are sexually mature and able to 

mate with the returning females, minimising the chance of individuals mating with close kin.   

For example, Vähä et al. (2007) found that Atlantic salmon within the Teno River system were 

able to home to a specific tributary.  The populations within these tributaries appeared to be 

fairly closed, with limited gene flow, and fairly low genetic diversity; however, the genetic 

variation present was attributed to the age structure within the populations and more 

specifically the age of Multi-Sea-Winter (MSW) females.  Juanes et al. (2007) also found mating 

between age classes maximised outbreeding and increased genetic variation within 

populations.  This observation was based on a seven year study. 
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Population structure varies between different rivers, with some rivers containing a population 

considered as one and others having multiple populations. The reasons behind these 

structures can be varied.  It has therefore been recognised that each river catchment should 

be managed on a case-by-case basis as we cannot assume a particular population structure 

and we need to know the structure for effective management in terms of stocking or genetics.  

Many studies investigate the population structure at one point in time and use this as a basis 

for management.  However this is a snapshot with no indication of what has happened before 

or after and consequently gives no indication of temporal stability.  Once the evaluation of the 

biological status is complete, fishing pressure and local socio-economic contributions must be 

considered to determine the sustainability of a population or catchment. 

 

1.4.4 Summary of management  

As has been demonstrated, various approaches to managing salmon populations are available, 

and combining these methods, considering all factors, seems to be the best way to proceed.  

For example, if the population is too low it may need to be supplemented.  However, if the 

habitat is not suitable for spawning, there will be no long-term improvement.  One 

management strategy alone in a particular situation is unlikely to be effective in returning the 

population to self-sustainability.  Whilst similarly structured catchments can be used as a 

guide, each catchment will need a distinct management plan, having suffered different 

problems and being topographically and environmentally unique, that not only suits the 

species focused on (in this case Atlantic salmon) but also sustains the ecosystem (Crisp, 2000). 

 

1.5 Salmon in South West England 

The south west of England (Figure 1.5) is known to be popular with tourists because of the 

milder weather, stunning scenery, and enjoyable flora and fauna (James, 2009, South West 

Regional Assembly, 2004, South West Tourism Alliance, South West Tourism, 2008).  The 

region contains 46 National Nature Reserves (NNR), 79 local nature reserves and 60% of 

England protected coastline; encompassing a broad range of habitats from saltmarsh to 

calcareous grasslands, to heathland (South West Regional Assembly, 2004).  This natural 

beauty contributes to the attractiveness of the area to tourists, as evidenced by the 96.8 

million trips made to the region (2008), with visitors spending £4,418 million; Devon was the 

most popular county with 19.9 million visitors (South West Tourism, 2008).  The region is also 
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popular with both water sports enthusiasts and anglers (Active Exmoor, 2010, James, 2009, 

South West Tourism Alliance).  

 

 As can be seen in Figure 1.5, the South West of England includes six counties: Cornwall, 

Devon, Somerset, Dorset, Wiltshire and Gloucestershire.  Much of the land in the South West 

has historically been used for agriculture or mining (Ellis et al., 2011b, South West Regional 

Assembly, 2004).  Cattle can erode the banks of tributaries and streams, causing increased 

siltation and habitat degradation, and both practices can lead to chemical pollution of rivers 

and problems with drainage (Crisp, 2000). The rivers of the South West span varying 

topography, travelling through moors and cities, taking the form of chalk streams (limestone) 

in Hampshire to the east and more acidic rivers (granite based) to the west (Milan et al., 2000). 

The varying geology of the catchments will affect the quality of spawning grounds, ease of 

movement through the catchment and water quality and quantity (Milan et al., 2000).  Local 

land use will also have a great impact on the physical and chemical factors that determine 

whether salmon may return and spawn.  Populations of Atlantic salmon are known to be more 

or less locally adapted (Stewart et al., 2006) and so their needs may vary between catchments.  

 

 

Figure 1.5. Map of South West England.  The six counties included are Cornwall, Devon, Somerset, 

Gloucestershire, Dorset and Wiltshire. 
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1.6 Sustainability 

Much work has been undertaken on the biology of Atlantic salmon (Salmo salar, L.) (Klemetsen 

et al., 2003). Biologists have acknowledged that they need to think about the long-term 

stability of the populations and have begun to conduct temporal studies, comparing changes in 

populations over time (e.g. Chevolot et al., 2008, Ribeiro et al., 2008, Waples and Teel, 1990).  

However, as politics, legislation and economics have a large impact on the management of 

salmon populations (Kulmala, 2008) studying biology alone is no longer enough (Pelletier, 

2008).  It is necessary to ensure that the populations are sustainable.  

 

1.6.1 The concept  

Sustainability can be defined simply as something which can be sustained, in other words 

something that is stable and can be held or maintained at a certain level.  This concept and its 

application can be too broadly applied, and sometimes incorrectly so (Primack, 2004).  With 

this in mind, it is necessary to establish a set of principles broad enough to apply to all 

situations (Johnston et al., 2007).   

 

The Natural Step Organisation, a non-profit organisation focused on sustainable development 

has produced "Four system conditions of sustainability" (Table 1.1; The Natural Step).  While 

people should have natural moral obligations to this end, it is important to have formal criteria 

defining sustainability to prevent the inevitable abuse of the use of the term (Johnston et al., 

2007). 

 

Not everyone is enthusiastic about the concept of sustainability.  Mace and Hudson (1999) 

warn of the potential conflict between conservation biologists and natural resource managers 

with regard to their attitudes towards sustainability and suggest they should work together to 

achieve common goals, while Newton and Freyfogle (2005) imply that sustainability is not a 

suitable planning goal, as there is often confusion from conservationists regarding what is 

necessary to create and monitor sustainability.  Others believe it is the only way forward (e.g. 

Jones et al., 2005, Turpie et al., 2003).  Ultimately it is known that studies must be temporal; 

however, it is essential to think beyond the human lifespan to approach true sustainability 

(Johnston et al., 2007). 
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Table 1.1. The four system conditions.  Described by the Natural Step Organisation (The Natural Step, 

undated) a non-profit organisation devoted to helping individuals and organisation make progress 

towards sustainability. 

The Four System Conditions...  . . . Reworded as The Four Principles of Sustainability 

In a sustainable society, nature is not 
subject to systematically increasing: 

To become a sustainable society we must... 

1. concentrations of substances 
extracted from the earth's crust 

1. eliminate our contribution to the progressive buildup 
of substances extracted from the Earth's crust (for 
example, heavy metals and fossil fuels) 

2. concentrations of substances 
produced by society 

2. eliminate our contribution to the progressive buildup 
of chemicals and compounds produced by society (for 
example, dioxins, PCBs, and DDT) 

3. degradation by physical means 

3. eliminate our contribution to the progressive physical 
degradation and destruction of nature and natural 
processes (for example, over harvesting forests and 
paving over critical wildlife habitat); and 

4. and, in that society, people are not 
subject to conditions that systemically 
undermine their capacity to meet their 
needs 

4. eliminate our contribution to conditions that 
undermine people’s capacity to meet their basic human 
needs (for example, unsafe working conditions and not 
enough pay to live on). 

 

1.6.2 The three pillars of sustainability 

It is commonly accepted that there are three pillars of sustainability: social, economic and 

environmental (Kruse et al., 2009).  Many studies in the past have taken a biological approach 

to determining the status of Atlantic salmon, in some cases evaluating temporal stability (e.g. 

Fraser et al., 2007, Ribeiro et al., 2008).  However, multidisciplinarity is becoming more 

common in conservation as scientists have recognised its importance (e.g. Jones et al., 2005, 

Mills et al., 2011, Robards and Greenberg, 2007), especially considering the strong links 

between politics, policy, society, economics, management, and animal populations (Brennan 

and Rodwell, 2008, Dallimer et al., 2009, Lackey, 1999).  Scientists, key stakeholders and 

members of the public are increasingly involved in influencing policy (Irvine, 2009, Steel et al., 

2004). 

 

1.6.3 Biological sustainability 

For salmon populations to be biologically sustainable we need to see a consistent or increasing 

population size over time, we cannot simply take a snapshot of the current population as it 

does not indicate whether or not a population is in decline.  Johnston et al. (2007) 

acknowledged that sustainability needs to be measured temporally.  Increasingly, scientific 
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studies have begun to address this (e.g. Fraser et al., 2007, Koljonen et al., 2002, Nielsen, 1997, 

Ribeiro et al., 2008). 

 

Rod-catch data are considered to be an inaccurate measure of population size, as are licence 

sales, fishing effort and minimum egg deposition, while electrofishing and fish counter data are 

thought to be more reliable (Hendry et al., 2007).  Genetic data are now more commonly used 

in conservation and population studies (e.g. Chevolot et al., 2008, Dillane et al., 2008, Fraser et 

al., 2007, Hansen, 2007, Ribeiro et al., 2008), with arguably the most important estimate being 

effective population size (Horreo et al., 2011c) and the number of breeding adults.  This is 

essential to consider.  No matter how many individuals are remaining in a population, if none 

are capable of breeding the population will not survive.  It is this number of adults contributing 

to the gene pool that can be used to predict the genetic health and future of the population.   

 

1.6.4 Social and economic sustainability 

As a society, our conscience may not be a compelling enough reason to preserve declining 

populations of Atlantic salmon.  Economic and social incentives, however, are better 

motivators.  As Solomon et al. (2003) state, as well as understanding salmonid biology in 

management, it is important to consider sustainability, risk management and a benefit-cost 

analysis to provide an ‘effective management strategy’.  There are times when social and 

economic sustainability is not synonymous with biological sustainability (e.g. Robards and 

Greenberg, 2007), yet it is vital to identify whether or not this is true in each case, as 

sustainability from all aspects should ensure satisfied stakeholders.  This combined approach 

can also show up any problems that could potentially be easily addressed and corrected, yet 

few studies have fully explored this approach. 

 

1.7 Techniques for measuring sustainability  

As there are three pillars of sustainability (Kruse et al., 2009), it is necessary to conduct studies 

encompassing all three aspects.  In the case of Atlantic salmon, a catchment approach could be 

considered, addressing each pillar in turn.   

 

From a biological point of view, the change in population size over time could be used to 

determine a trend which may indicate whether or not a population was sustainable.    

Discovering the economic and social importance of salmon puts any change in population size 

into context. Both quantitative and qualitative methods can be used to address economic and 
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sociological views, with a focus on management strategies.  An economic assessment of the 

Exe fishery has already been completed (Hickey, 2008).  

 

1.7.1 Biological sustainability 

In the past rod-catch data was widely used as a basis for estimating population size (Youngson 

and Hay, 1996) and this is still monitored today; however, some comparative studies have 

shown that this method underestimates stocks (e.g. Hendry et al., 2007).  Electrofishing and 

tagging seem to have usurped this technique as these methods access a larger number and 

proportion of individuals within a population.  Electrofishing allows the number of fish caught 

in an area to be counted and monitored for change.  Tagging can allow continual monitoring as 

tag readers at particular sites register the identity of the fish and the time they pass through. 

Fish pass counters also provide an estimate of returning adults, indicating the number of 

potential breeders, and variation in returns over time.  This method does not identify sex and 

cannot recognise the contribution from precocious parr. 

 

To compensate for this and other shortfalls, managers and scientists are more eager to take a 

genetic approach to assess population size and health.  Samples are most often taken as 

finclips or scales.  DNA extracted from this tissue can be analysed, using a variety of potential 

markers, to produce estimates such as effective population size (Ne), a crucial estimate of the 

number of breeding adults, based on the genotypes of the offspring. It is believed that an 

effective population size of 50 is the minimum for maintaining short-term heterozygosity 

(Hauser et al., 2002) while 500 is the recommended minimum for long-term sustainability (e.g. 

Jones et al., 1994; Primack, 2004).  In addition, allelic and genetic diversity can be measured, 

and differences within and among populations can be monitored.  This information can be very 

useful to identify the best way to manage a catchment and provides important guidance for 

stocking.  

 

Salmon Action Plans (SAPs) often include details of conservation limits and management 

targets, following guidance from NASCO (North Atlantic Salmon Conservation Organization; 

Environment Agency, 2003a, Fisheries and Oceans Canada, 2008, NASCO, 1998).  Conservation 

Limits are described in terms of minimum number of breeding adults or the amount of eggs 

deposited within a river (Environment Agency, 2003a).  These figures are calculated based on 

information relating to the fecundity, age of returning adults, in-river mortality and the area of 

spawning gravel available to the returning salmon (Environment Agency, 2003a).  While this 
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target is calculated theoretically, the number of breeding adults (Nb) can be calculated 

genetically and in some cases is equivalent to effective population size (Ne).  Ne and Nb are 

discussed further in Chapters 2 and 5.  

 

These counts or estimates at a particular point of time are of little use in terms of 

sustainability.  There are a few studies that have begun to address temporal biological stability 

(see section 1.6) and an extensive collection of statistical techniques and programs are 

available with which to analyse these data.  

 

1.7.1.1 Genetic methods and techniques 

Genetic techniques have been used in fisheries research and management for over 25 years 

(Nielsen, 2007).  There are many initiatives underway to use these techniques to understand 

more about this important species (Nielsen, 2007).  Some examples include The Genomics 

Research on Atlantic Salmon Project (GRASP) (VonSchalburg et al., 2008), The Salmon Genome 

Project (SGP) (Nielsen, 2007), the Atlantic Salmon Arc Project (ASAP) (Griffiths et al., 2010) and 

Advancing understanding of Atlantic salmon at Sea: Merging genetics and ecology to resolve 

stock-specific migration and distribution patterns (SALSEA-Merge) (Ellis et al., 2011a).  These 

initiatives often involve multiple techniques and international collaboration between scientists 

and researchers of different backgrounds. 

 

1.7.1.2 Marker Choice  

Allozymes, selectively neutral markers showing variation at the enzyme level, were previously 

the method of choice for population studies (e.g. Hedgecock et al., 1992, Verspoor and Cole, 

2005).  They were technically easy to use and allowed screening of up to 50 loci (Hansen et al., 

2007); however, many of these were monomorphic and those that were not suffered low 

variation with approximately two-three alleles per locus (Hansen et al., 2007, McConnell et al., 

1995, Tessier et al., 1995).  In addition, the specificity of some tissues needed involved 

destructive sampling (Hansen et al., 2007, Tessier et al., 1995), which should be avoided where 

possible. 

 

Microsatellites have largely replaced allozymes.  Their short, easy to amplify, loci and 

exceptionally higher variability make these the current favourites (Cagigas et al., 1999, Hansen 

et al., 2007).  The high variability allows these sequences of non-coding DNA to be used in a 

wide range of genetic analyses, including bottleneck detection, parentage assignment, 
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assignment of individuals to populations, estimation of effective population size, changes in 

genetic diversity and kinship (e.g. Ellis et al., 2011b, Luikart, 1999, Saenz-Agudelo, 2009, Zhu et 

al., 2009).  The drawback, however, is that mutation can occur in the region at which the 

primer would bind (Hansen et al., 2007).  If the primer does not bind, the allele is not seen and 

a heterozygote may be seen as a homozygote; these missing alleles are referred to as 'null' 

alleles (Pemberton, 1995).  

 

For phylogeographical work, Mitochondrial DNA (mtDNA) is the most regularly used marker 

(e.g. Aguilar and Jones, 2009, Asplund et al., 2004, Gum, 2009, Nilsson et al., 2001).  MtDNA 

has high mutation rates and is maternally inherited as well as being haploid (Hansen et al., 

2007, Nilsson et al., 2001).  While it needs to be interpreted with caution and understanding, 

as it only shows one locus of the female lineage, statistical advances are easing this problem 

(Hansen et al., 2007).   

 

Single Nucleotide Polymorphisms (SNPs) and Amplified Fragment Length Polymorphisms 

(AFLPs) are proving to be potential competition for microsatellites, with very high numbers of 

loci (Campbell et al., 2003, Hansen et al., 2007, Narum et al., 2008) at increasingly cost-

effective rates.  AFLPs are thought to be particularly useful in assignment studies, where they 

have been shown to work better than microsatellites in situations with weak population 

structuring (Campbell et al., 2003). 

 

Neutral markers such as microsatellite markers can indicate the difference between 

populations which has arisen as a result of mutation or genetic drift, (Ellis et al., 2011b) 

however, as these markers work with non-coding DNA they are not indicative of local 

adaptations that may have arisen as a result of selection pressures.  This information can be 

detected using microsatellites that have been identified as being linked to expressed sequence 

tags (EST’s), quantitative trait loci (QTL’s) or major histo compatibility (MHC) loci (Hansen et 

al., 2010 ; Grimholt et al., 2002) or specific single nucleotide polymorphisms (SNP’s) that are 

known to be under selection (Bourret et al., 2013).   As the purpose of this study is to address 

population structure and effective population size and not to elucidate information regarding 

adaptation and selection, it is more appropriate to assess non-coding nuclear DNA. 

 

 

 



37 

 

1.7.1.3 Potential analyses  

As mentioned when discussing potential markers, there are various analyses that can be 

conducted following the identification of alleles.  The potential of a couple of these analyses is 

described below. 

 

Assignment tests allow the assignment of an individual back to the population where its 

genotype is most likely to have come from (Campbell et al., 2003).  This could be used to 

identify a returning adult salmon as it enters the estuary before returning to its river or 

tributary or to spawn, so theoretically a spring returning salmon could be allocated back to its 

natal tributary.  This analysis requires baseline data of as many potential source populations as 

possible, and a number of highly variable markers to allow differentiation between 

populations and achieve accurate rates of assignment (Hansen et al., 2007, Vähä et al., 2011).   

 

Effective population size (Ne) has been mentioned numerous times in conservation work as an 

indicator of the stability of a population (e.g. Chevolot et al., 2008, Ribeiro et al., 2008).  As 

there is often an unequal number of males and females within a population and not all of the 

population will be of breeding age, Ne will always be less than the population size (Hansen et 

al., 2007).  Advancing statistics are making this value easier to estimate, and many different 

methods are now available for estimating Ne (e.g. Phillipsen et al., 2011, Ribeiro et al., 2008).  

One example is the temporal method, which estimates Ne by using multiple time points 

(Hansen et al., 2007, Waples, 1989).  More random genetic drift occurs in populations with 

smaller Ne estimates (Hansen et al., 2007); this is indicative of an unstable population, which is 

unlikely to respond well to stochastic changes. 

 

1.7.2 Social sustainability 

Conservationists are among the many people realising the necessity of employing sociological 

techniques to gain a broader understanding of the implications of the work they are doing.   

Wilder and Walpole (2008) point out that the use of quantitative techniques alone to gather 

information can limit the knowledge gained, missing out information from anecdotes about 

impact and change.  They implore conservationists to make use of the experience of the 

developmental sector to understand the social impact of the work they do.   

 

Multiple approaches can be used to address issues within social science.  There are three 

categories which these methods are said to lie within: qualitative participatory techniques, 
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indicator-based quantitative techniques, and non indicator-based monitoring methods 

(Wilder and Walpole, 2008).  These techniques can be used in combination depending on the 

time available and their suitability in answering the question in mind. I will discuss the validity 

and use of each group of methods below, going into more detail for one or two examples of 

methods per section.  Researchers often use multiple methods to balance the available 

resources and needs of a project and to obtain a more thorough understanding (Valentine, 

2005).  While the social aspects of this study will be fairly exploratory I will be using mixed 

methods to try to optimise my understanding of the implications for salmon conservation. 

 

1.7.2.1 Qualitative participatory methods 

Qualitative techniques can include scoping exercises, semi-structured interviews and focus 

group meetings (Barbour and Shcostak, 2007, Wilder and Walpole, 2008).  These can be 

analysed manually or using computer programs such as NVivo (see Chapter 3 for further 

details).  

 

Scoping interviews consist of a broad discussion with key stakeholders regarding their 

individual opinions on a subject and identifying the key issues within a selected topic.   The 

level of structure within these interviews can vary depending on the response of the 

interviewee.  This flexibility allows interviewees to digress somewhat from the original topic 

and open up new knowledge or ideas previously not considered (Valentine, 2005).  

 

Structured or semi-structured interviews can follow on from scoping exercises.  Once all the 

key issues have been identified and clear questions have been constructed covering all 

relevant aspects, interviews can be a useful process for identifying differences and consensus 

of opinion between individuals.  While interviews can allow a researcher a chance to become 

familiar with individual responses and obtain a deeper understanding of responses than 

quantitative methods, there are still limitations.  Interviewees may feel uncomfortable sharing 

their views on a subject or be influenced by what they feel is the researchers viewpoint 

(Valentine, 2005).  Additionally qualitative data can be more difficult or subjective to analyse. 

 

The process of gathering people together as a focus group to discuss views on a specific topic 

can help to identify the range of views held and the interaction between stakeholders 

(Conradson, 2005).  Focus groups are also a useful way of communicating research and 

receiving feedback (Conradson, 2005).  Unfortunately the process also has risks.  Group 
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discussions bring in other sociological and psychological factors such as natural dominance 

and personality issues as well as a need to decide whether to represent your own ideas or 

your organisation’s ideas.  The latter can lead to inevitable defensiveness, among potentially 

conflicting or competing groups.  The complexity of differentiating attitudes from behaviour 

can lead to inferred conclusions, a problem not dissimilar from separating cause from effect in 

quantitative methods (Barbour and Schostrak, 2007).  

 

1.7.2.2 Indicator-based quantitative techniques 

Natural scientists have a tendency to approach socio-economics from a quantitative point of 

view, using methods that can be easily replicated (Wilder and Walpole, 2008).  Examples 

include questionnaires, household surveys and material wealth rankings (Bernard, 2006). 

These methods can limit the information gained, missing anecdotal evidence and opinions as 

well as being potentially expensive and time-consuming (Marsland et al., 2001).  These data 

can lack the provision of causal links as they often do not provide the context and 

understanding gained from a qualitative insight (Parfitt, 2005, Whitehouse, 2005, Winderl, 

2005).  Awareness of the limitations, in combination with other methods, can be a good way 

of providing evidence to re-enforce qualitative research. Ultimately the methods chosen 

should reflect the question being asked, for example, Hoogland et al. (2007) explored 

customer understanding of packaging labels using only questionnaires and it suited their 

purpose.   

 

1.7.2.3 Non indicator-based methods 

Non Indicator-based methods can track subtle changes, observing community awareness, 

attitudes and behaviour, as well as changes in society in terms of interactions and power 

shifts (Wilder and Walpole, 2008).  This information can be sourced through anecdotes from 

staff, local people, and intended beneficiaries (Wilder and Walpole, 2008). 

 

The Most Significant Change (MSC) method is qualitative, using verified anecdotes of social 

and economic change.  This resource can be difficult to setup and is best suited to projects 

focusing on social change, with regular contact between the community and multiple field 

teams or staff.  It is also a situation where change is likely to occur over a longer time period 

and not as an immediate response (Wilder and Walpole, 2008).  Similar non-indicator based 

methods include: Critical stories of change (ActionAid International, 2006), Systematization 

(Phartiyal, 2006), Outcome mapping (Earl et al., 2001), appreciative enquiry, case studies and 
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vignettes (Davies and Dart, 2005), and there are many more that could be used.  Non-

indicator methods are not practical in this case due to the time-span of the study and limited 

resources for regular contact to be made, however, the principle of exploring changing 

attitudes, interaction and behaviour of stakeholders would be a valuable study in the future. 

 

1.7.2.4 Analysis of sociological data and evaluation of techniques 

The decision as to how to analyse qualitative or quantitative data is often biased by personal 

preference and experience.  Quantitative data analysis can be assessed using a range of 

programs (e.g. SPSS, Minitab) and the choice of test will reflect both the questions being 

asked and the data available. 

 

In the current study, I intend to examine the social aspects of salmon sustainability using a 

mixed method approach.  This involves qualitative participatory approaches such as scoping 

interviews and focus groups, in addition to a more quantitative and indicator–based 

questionnaire survey.  The combination of methods should be appropriate to provide a full 

overview of social sustainability.  The non-indicator methods such as MSC seem fine for 

specific conservation programs, where there is ongoing monitoring and obvious change as is 

the case in  Cambodia, where a research team was monitoring human-elephant conflicts, in 

addition to monitoring the physical damage done, in relation to their interventions (Wilder and 

Walpole, 2008).   

 

1.7.3 Economic sustainability 

There are two approaches that can be taken in assessing the economic value of Atlantic 

salmon (Hickey, 2008, Le Quesne and Selby, 2006).  The first considers the true economic 

value of the fishery, commercially this would be the profit gained from selling the fish; while 

the second examines activity as a result of the salmon fishery, for example increased 

employment (Hickey, 2008, Le Quesne and Selby, 2006).  In terms of evaluating sustainability, 

observing the impact socially and economically is the more relevant approach, and I will 

explore this further below. 

 

Economically, in considering the sustainability of Atlantic salmon, it is important to evaluate 

whether the value of Atlantic salmon is great enough to make it worth investing in.  The 

commercial value as determined by the second approach is little different to the first, with the 

initial income minus cost.  However, there may be additional activity from downstream 
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processes such as boat maintenance (Le Quesne and Selby, 2006) which would increase the 

value as a result of the fishery.  Recreationally, there is a much greater scope for additional 

activity, dependent on whether anglers are locals or visitors to the area.  Potential activity 

may come through rental of beats (as with approach 1), but in addition to this, fishing 

equipment , food and drink, accommodation and guides are all examples of increased 

economic activity as a result of the salmon fishery, when used recreationally (Le Quesne and 

Selby, 2006).  In fact the value of salmon recreationally is said to be between 25 and 260 times 

higher than that of commercial salmon (Le Quesne and Selby, 2006).  

 

Two other theories to consider when discussing salmon sustainability are the 'marginality 

issue' and the 'quarry effect'.  The marginality issue considers additional value when catching 

one extra salmon (Le Quesne and Selby, 2006).  This is fairly intuitive with regards to 

commercial value considering the true economic approach; however, for anglers 

recreationally fishing, catching five or six fish in a day may in no way harm their experience 

nor how much they would pay to have the same day again (Le Quesne and Selby, 2006).  

Contrary to this, in some cases, the rental prices of beats have been known to fluctuate 

relative to catch (see Indecon, 2003 IN , Le Quesne and Selby, 2006) and visitors may be less 

willing to travel large distances to beats where fewer fish are caught (Le Quesne and Selby, 

2006). 

  

A much greater potential concern in terms of recreational value is the quarry effect.  The main 

quarry hypothesis considered by Bell (1989) suggested that anglers were influenced more by 

whether they caught their target quarry rather than how many they caught.  For example, in 

Dulverton (Devon), two main fishing hotels have closed following a drop in rod-catch.  It is 

believed the quarry effect was the main factor in reduced use of the hotels (Le Quesne and 

Selby, 2006). 

 

Le Quesne and Selby (2006) suggest that the impact of angler visits and factors affecting them 

should also be considered to fully understand the potential effects on the local economy.  

They believe the data with which to do this are already available in England and Wales 

through Environment Agency records.  In this study I aim to unravel the non-economic value 

of S. salar if such a thing truly exists (see Chapter 4). 
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1.8 Evidence of sustainability 

Studies have now been conducted on the temporal stability of many species, with varying 

results (e.g. Chevolot et al., 2008, Heath et al., 2002, Hutchinson et al., 2003, Waples and Teel, 

1990).  Most of these studies use genetic techniques to evaluate the effective population size, 

genetic drift and change in allele frequency over time.  For example, despite a variation in 

temporal allele frequencies, the thornback ray (Raja clavata L.) in the Irish Sea was found to be 

genetically stable over a 40 year period (Chevolot et al., 2008).  Contrastingly, Hutchinson et al. 

(2003) found that the genetic diversity of North Sea Cod (Gadus morhua L.) decreased 

between 1954 and 1970, but started to recover between 1970 and 1988 by which point 

genetic divergence had occurred.  

 

Johnson et al. (2004) took a more socially interactive approach when assessing the 

sustainability of dwarf cassowary (Casuarius bennetti (Gould)).  They focused on the off-take 

rates and found them to be unsustainable in some villages and suggested that village based 

monitoring and working with the community can help to resolve this problem.  This has 

parallels with the salmon situation where anglers and netsmen may be depleting the 

population at a higher rate than that from which it can recover; it is, therefore an aspect that 

should be considered when assessing the sustainability of Atlantic salmon. 

 

In limited cases, a multidisciplinary approach has been taken.  For example, Alaskan salmon of 

Bristol Bay have been found to be biologically but not economically sustainable (Hilborn, 2006, 

Robards and Greenberg, 2007), in large part due to competition from farmed fish (Eagle et al., 

2004, Robards and Greenberg, 2007).  Similarly, Standal and Utne (2007) fear the future 

economic competition between wild and farmed cod stocks. 

 

1.8.1 Evidence of sustainability in Atlantic salmon 

With regards to S. salar, Dillane et al. (2008) found no temporal variation in populations of the 

River Moy.  Ribeiro et al. (2008) also had promising news as, despite a fairly low effective 

population size and recorded decline in angling records, temporal samples appeared stable 

with high levels of genetic diversity, suggesting a chance of recovery in the future.  Fraser et al. 

(2007) also emphasised the importance of assessing Ne (effective population size) temporally 

as they compared various estimates of Ne using a population of landlocked Atlantic salmon 

and a population of brown trout. 

 



43 

 

Potter et al. (2003) agree that controlling the exploitation of Atlantic salmon fisheries involves 

socio-economic objectives as well as biological, following a conference discussing the 'Scientific 

Basis for Management of Salmonid Stocks in the British Isles'.  They also discuss the need for 

additional indicators to be used on top of targets such as maximum sustainable yield, case 

limits and targets. The most effective in-river techniques to use would be electrofishing 

(Hendry et al., 2007) or genetics (e.g. Dillane et al., 2008, Ribeiro et al., 2008), the latter being 

a potentially cheaper and more effective long-term method of tagging (Hansen et al., 2007). 

 

1.8.2 Evidence of sustainability in South West salmon 

Previous studies in South West England took a variety of approaches, for a variety of purposes.  

For example, Solomon and Sambrook (2004) used radio-tagging to monitor re-entry of salmon 

to rivers, in four South West estuaries, dependent on water temperature and flow.  Where the 

water levels were low, there was delayed entry and those waiting in the tidal water sometimes 

died due to low dissolved oxygen or high temperatures.  Heggenes et al. (2002) considered 

habitat use of Atlantic salmon and Brown trout in south west rivers, and found variation 

between species and size class in the positions they chose, although data indicated their 

selection was potentially flexible dependent on habitat availability.  Hendry et al. (2007) found 

that, although the population in the Tamar was lower than previous counts (e.g. 1970s), it 

appeared to be stable.  This information was obtained through a combination of electro-fishing 

and use of an adult fish counter. 

 

Further studies have taken a genetic approach.  The Tamar was again shown to be stable over 

a three year study period (2003 - 5) using microsatellite data (Sumner, 2007).  A weak but 

significant genetic difference was found between some populations, but isolation by distance 

was too weak to suggest structuring.  For management purposes, it was suggested the 

catchment should be treated as one panmitic population (Sumner, 2007).  Despite being 

stocked from a Scottish population, the Dart was shown to have suffered minimum long-term 

damage with only one tributary showing a close relationship to the donor population 

(Finnegan and Stevens, 2008).  An additional study demonstrated genetic structuring in 

accordance with a metapopulation model, with spatial structuring dominant to temporal as a 

result of post-glacial processes (Finnegan et al., 2013). 

 

The Frome has been monitored for decades, with scale samples going back to the 1960s and 

adult counts since the 1970s and barriers previously blocking movement upstream have been 



44 

 

adapted or removed to allow passage (Welters et al., 2001).  The Tamar has been subjected to 

many studies due to the dramatic impact of pollution and ulcerated dermal necrosis on the 

Atlantic salmon populations (Ellis et al., 2011b, Hendry et al., 2007, Hurrell and Price, 1993, 

Lawson et al., 1991).  The River Exe is another large South West river with diverse topography.  

Previous monitoring of the catchment through rod-catch data and electrofishing indicated 

salmon populations to be low, barely meeting the Conservation Limit for the catchment 

(Environment Agency, 2003a), as did anecdotal reports (Edbrooke, 2004).  As a result, the River 

Exe and Tributaries Association (RETA) setup the River Exe Project (REP), a 10 year plan to 

begin to manage the riparian habitat and explore the population structure through genetics, to 

assess the use of the hatchery.   

 

To date, studies of Atlantic salmon in the South West have examined the effects of stocking 

from another catchment (Finnegan and Stevens, 2008), the effect of flows on salmons ability 

to move up river on return from the sea, (Solomon and Sambrook, 2004), the trend in 

populations using rod-catch data and electrofishing (Hendry et al., 2007), genetic variation and 

hybridisation with Salmo trutta L., using electrophoretic analysis of enzymes (Hurrell and Price, 

1993), and population structure and genetic variation within catchments, with a short-term 

temporal approach (Ellis et al., 2011b).  There are few published long-term biological 

sustainability studies on fish (Hansen et al., 2002, Heath et al., 2002, Jones et al., 1993, Van 

Doornik et al., 2011),  and few that consider sociology and economics (Arlinghaus et al., 2007, 

Arlinghaus et al., 2009, Cowx et al., 2010, Hilborn, 2006, Robards and Greenberg, 2007, 

Whitmarsh et al., 2006). 

  

1.9 Objectives of the study 

As has been discussed, the biological approach to salmon conservation is no longer sufficient 

on its own.  It is essential to consider long-term sustainability, which means approaching the 

problem from three perspectives: environmental, economic and sociological.  Salmon in the 

South West are important in terms of identity and the local economic impact; however, stocks 

have been in noticeable decline for decades (e.g. Environment Agency, 2003a, Hendry et al., 

2007).  Research needs to address sustainability of salmon in the South West, taking all of 

these factors into account. 

 

The overall objective of this thesis is to evaluate the sustainability of Atlantic salmon as a 

resource in South West rivers, taking into consideration potentially competing biological 
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requirements for healthy and sustainable salmon populations in the region and the needs of 

local angling communities.  This will be approached through a combination of biological and 

social methods.  The bulk of the thesis will be dedicated to a case study on the Exe catchment 

which will address three key objectives: (i) an assessment of the current genetic structure and 

effective population size of Atlantic salmon populations on the exe (Chapter 2); (ii) an 

exploration of angler opinions on current Atlantic salmon management practices on the Exe 

(Chapter 3); and (iii) an assessment of the efficacy of hatcheries as a management practice 

(Chapter 4). In addition, a further objective will address the biological stability of Atlantic 

salmon across the South West region to highlight areas of concern or common trends so 

management may be targeted or generalised across the region as necessary (Chapter 5). 

 

1.9.1 Understanding the current status of Atlantic salmon on the Exe (Chapter 2) 

Many studies have explored the population structure of Atlantic salmon within and among 

catchments (Dillane et al., 2007, Dionne et al., 2009, Ellis et al., 2011b, King et al., 2001), an 

artefact of the homing nature of the species.  A consensus has indicated that, while geography 

can be used to predict likely structuring (Dillane et al., 2008, Dionne et al., 2008, Vähä et al., 

2007), each population must be considered on a case-by-case basis (Dionne et al., 2009).  The 

Exe is currently the subject of a rehabilitation programme, with many forms of habitat 

management, stocking and education being put into practice.  Salmon populations have been 

assessed through redd and electrofishing counts, however, a genetic approach to assessing the 

population will give vital information regarding management units and the genetic integrity of 

the stock, that is lacking through these approaches. This study will assess the number of 

populations that need to be managed within the catchment and the effective population size 

at each site and for the catchment as a whole to indicate whether management targets are 

being met. The following hypotheses will be examined in this chapter:  

 

H0: Atlantic salmon within the Exe form part of a single population 

H1: The Exe catchment contains more than one population of Atlantic salmon 

 

H0: The hatchery can continue to collect broodstock from one site as representation of the 

catchment 

H1: The hatchery must collect broodstock from multiple locations in order to better represent 

the catchment 
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H0: The estimates of effective population at site level give no cause for concern 

H1: The estimates of effective population at site level give cause for concern 

 

H0: The estimates of effective population at catchment level give no cause for concern 

H1: The estimates of effective population at catchment level give cause for concern 

 

1.9.2 Exploration of angler opinions (Chapter 3) 

It is becoming clear in the literature that stakeholder involvement and an understanding of 

local communities is a vital component in the conservation of any species (Brennan and 

Rodwell, 2008, Goebel et al., 2002, Johnson et al., 2004, Jones et al., 2005).  Sustainability 

must be addressed from multiple approaches, or three pillars: environmental (e.g. the River 

Exe Project initiated by RETA), economic (Explored in Hickey (2008) and Le Quesne and Selby 

(2006)) and sociological.  The last ‘pillar’ is the component being explored in this chapter.  

Anglers are major stakeholders in the conservation of Atlantic salmon.  They have a vested 

interest in the survival of the species if they want to be able to continue their sport (Cowx et 

al., 2010) and often become involved financially, politically or through manual labour.  They 

can also be the driving force being political and financial support for further research and 

conservation efforts.  As vital stakeholders, their opinion matters.  This study takes the 

opportunity to explore the views of anglers on the current status of salmon on the Exe, 

concerns about the species, opinions on current management practices and legislation, and 

the level of communication between stakeholders and scientists.  This is a large field and 

much more detail could be extracted in the future; however, this study provides an 

exploratory indication of opinion and areas of concern, using a mixture of qualitative 

participatory methods and indicator-based quantitative techniques.  In order to prevent a bias 

in data collection at this stage, it was decided that specific hypotheses should not be set.   

 

1.9.3 An assessment of the efficacy of hatcheries (Chapter 4) 

Hatchery usage is commonplace in an attempt to buoy numbers of a variety of fish species.  

The practice is generally supported by anglers.  There are concerns regarding the necessity and 

value of this practice, given the large financial upkeep.  These are discussed widely (reviewed 

in Araki and Schmid, 2010).  The purpose of this study is not to decide whether the hatcheries 

on the Exe and Tamar (two South West catchments) are necessary given the status of the wild 

stocks, but to examine the hatchery process and practices to assess whether the juvenile fish 

stocked out are a fair addition to the wild population.  Some studies have found a sex bias in 
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broodstock to result in decreased genetic diversity (Horreo et al., 2008, Machado-Schiaffino et 

al., 2007).  This puts the stocked fish, and potentially their offspring should they survive to 

breed, at an evolutionary disadvantage.  This study aims to explore current supportive 

breeding practices at two South West hatcheries to ascertain any problems (such as sex bias) 

which could be rectified, improving the overall effectiveness of the hatchery programmes.  

Specifically, the following hypotheses will be addressed: 

 
H0: There is no indication of sex bias in current hatchery practices on the Exe 

H1: There is some indication of sex bias in current hatchery practices on the Exe 

 

H0: There is no indication of sex bias in current hatchery practices on the Tamar 

H1: There is some indication of sex bias in current hatchery practices on the Tamar 

 

H0: Sufficient broodstock are being used at the Exe hatchery to maintain genetic diversity 

H1: Insufficient numbers of broodstock are being used at the Exe hatchery to maintain genetic 

diversity 

 

H0: Sufficient broodstock are being used at the Tamar hatchery to maintain genetic diversity 

H1: Insufficient numbers of broodstock are being used at the Tamar hatchery to maintain 

genetic diversity 

 

1.9.4 Stability of Atlantic salmon across South West England (Chapter 5) 

 As described in 1.9.1, it is widely known that salmon demonstrate spatial population 

structure.  Samples in 2009 and 2010 were taken from 13 catchments across the South West of 

England and into Hampshire.  This area covers a range of geology from chalk streams in the 

east to acidic granite based rivers in the west.  An assessment of spatial structure will aid in 

identifying management units.  For example, the Rivers Taw and Torridge share an estuary, as 

do the Rivers Itchen and Test; however, the two rivers within each estuary may or may not be 

distinct.  From a management point of view this is useful information; however, to assess 

stability, it is important to compare samples across time.  For a number of contemporary 

samples, historic counterparts (at least one generation earlier) are available.  Using both time 

points, it will be possible to assess effective population size of each sample site indicating 

whether a population is currently suffering a decline and in need of for research and 

conservation efforts.  The following hypotheses will be assessed within this chapter: 
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H0: All Atlantic salmon in South West England belong to one population 

H1: Atlantic salmon in South West England belong to multiple populations 

H0: There is no distinction between Atlantic salmon from the chalk streams or the westerly 

more acidic rivers. 

H1: There is a distinction between Atlantic salmon from the chalk streams or the westerly more 

acidic rivers. 

 

H0: Effective population size (Ne) estimates of Atlantic salmon across South West England have 

not changed over time 

H1: Effective population size estimates of Atlantic salmon across South West England have 

changed over time. 

H1A: Over time Ne has declined across all sampled South West sites 

H1B: Over time Ne has increased across all sampled South West sites 

H1C: Change in Ne is variable at different sites in South West England 

 

1.9.5 Discussion (Chapter 6) 

The aims established above (sections 1.9.1 - 1.9.4) will be addressed in the following four 

chapters (Chapters 2 - 5).  The results of these four chapters will then be evaluated and 

discussed in Chapter 6 in terms of; how well they satisfy the aims stated above (sections 1.9.1 - 

1.9.4), what they mean in the context of the results from other chapters, how they relate to 

the thesis objective and how the research may be developed in the future.  
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Chapter 2. Population structure and effective population size of 

Atlantic salmon (Salmo salar L.) in the River Exe, South West 

England: Implications for management and conservation 

 

2.1. Introduction   

The widespread decline of Atlantic salmon (Salmo salar L.) has been well documented (Hendry 

et al., 2007, Klemetsen et al., 2003, Ribeiro et al., 2008, Youngson and Hay, 1996).  Factors 

contributing to this decline include predation (Friedland et al., 2012, Gladman et al., 2012), 

exploitation by commercial and recreational fishermen (Horreo et al., 2011c, Roberts, 2007), 

climate change (Horreo et al., 2011b), habitat degradation (Thorstad et al., 2008), pollution 

(Dube et al., 2005, Molls and Nemitz, 2004, Thorstad et al., 2008), disease (Bakke and Harris, 

1998) and barriers to migration (de Leaniz, 2008, Molls and Nemitz, 2004). As an iconic species 

of both social and economic importance (Verspoor et al., 2007, Youngson and Hay, 1996), 

many measures have been taken to improve salmon numbers, including habitat management 

(Hendry et al., 2003), angling restrictions, modification of netting practices (Aprahamian et al., 

2010, NASCO, 2008), education, exogenous stocking (Griffiths et al., 2011) and supportive 

breeding (Blanchet et al., 2008, Horreo et al., 2008).  

 

While it is essential to understand the anthropogenic and biotic factors that may be causing a 

decline and/or low numbers of fish in a catchment, it is also vital to be aware of the 

management units and gene diversity of each stock, as a reduction in gene diversity of a 

population reduces its ability to adapt to stochastic events (Frankel and Soulé, 1981). Thus, it is 

important to understand the genetic composition of all stocks being managed (Dillane et al., 

2008, Ellis et al., 2011b, Horreo et al., 2011c).   The anadromous nature and homing abilities of 

S. salar give rise to population structure among catchments (Dionne et al., 2009) and in some 

cases within catchments, e.g. (Dillane et al., 2008, Vähä et al., 2007), although a certain degree 

of straying by returning adults is well-documented (Griffiths et al., 2011, Horreo et al., 2011b).  

Straying can have important consequences for population structuring and can enhance gene 

flow between populations (Horreo et al., 2011b), potentially reducing inbreeding, increasing 

genetic diversity and reducing genetic differentiation between ‘populations’.  

 

While many factors have been identified as contributors to the population structuring of 

S. salar (Dillane et al., 2008, Dionne et al., 2008), the level of structure on any one river cannot 
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yet be predicted (Dionne et al., 2009, Ensing et al., 2011).  For this reason, in order to 

effectively manage a catchment it is still necessary to elucidate the unique patterns that may 

be present and, consequently, to identify appropriate management strategies (Dionne et al., 

2009, Horreo et al., 2011c).  

 

The decline of Atlantic salmon in the Exe has been well publicised (Edbrooke, 2004).  In the late 

1960s rod catch on the Exe was more than 2000 fish, however, by the 1970s this had declined 

to less than 500 with an extreme low in 1976 (Environment Agency, 2003a; Figure 2.1).  Data 

from 2002 reflect a similar value to that in the 1970s (Environment Agency, 2003a; Figure 2.1).  

Similarly net catch showed an extreme low in the mid 1970s and was similarly low in 2001-2 

(Environment Agency, 2003a; Figure 2.2).  Since the 1980s both net and rod catch data indicate 

that a greater proportion of fish were caught after the 31st May (Figure 2.1 and 2.2).  This could 

reflect a natural cycle, the reduction of spring fish following the widespread occurrence of 

Ulcerated Dermal Necrosis (UDN) in the 1970s and the introduction of a national byelaw 

stating that salmon caught before the 16th June should be released (Environment Agency, 

2003a).  An additional Byelaw introduced in 1999 stated that no salmon could be net caught 

prior to the 1st June (Environment Agency, 2003a).  

  

Figure 2.1. River Exe salmon rod catches 1956-2002. Amended from Environment Agency (2003a). 
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Figure 2.2. River Exe salmon net catches 1956-2002. Amended from Environment Agency (2003a). 

 

In this study we aim to characterise salmon within the Exe using genetic methods, with a view 

to determining: (i) whether there are multiple genetic populations within the catchment; (ii) 

the impact the existence of sub-population structuring could have on the on-going supportive 

breeding programme and (iii) the effective population size and number of breeding adults in 

the river.  Assessing population structure will allow identification of appropriate management 

units, and the assessment of effective population size and number of breeding adults will 

inform the current state of salmon populations in the Exe, in comparison with the conservation 

limit (CL) described as the minimum egg deposition target (Environment Agency, 2003a, 

Hendry et al., 2007).  For the Exe, the Environment Agency (2003a) calculated a CL of 7.14 

million eggs (253 eggs per 100m2 of total accessible area for salmon), the equivalent of 3300 

spawning adults.  A management target (MT) of 5500 spawning adults was set, where MT was 

estimated using the standard deviation of the previous ten years of egg deposition data (SEd).  

MT = CL + 0.842*SEd (Environment Agency, 2003a).  The effective population size (Ne) will also 

provide insight into the potential adaptive ability of the population (Luikart and Cornuet, 

1999).  Ultimately, this study will characterise Atlantic salmon in the Exe with a view to 

directing management decisions (e.g. regarding the supportive breeding programme) in such a 

way that will best preserve the genetic integrity and evolutionary potential of salmon 
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populations in the Exe.  Specifically, the following hypotheses will be examined as described in 

Chapter 1: 

 

H0: Atlantic salmon within the Exe form part of a single population 

H1: The Exe catchment contains more than one population of Atlantic salmon 

 

H0: The hatchery can continue to collect broodstock from one site as representation of the 

catchment 

H1: The hatchery must collect broodstock from multiple locations in order to better represent 

the catchment 

 

H0: The estimates of effective population at site level give no cause for concern 

H1: The estimates of effective population at site level give cause for concern 

 

H0: The estimates of effective population at catchment level give no cause for concern 

H1: The estimates of effective population at catchment level give cause for concern 

 

2.2. Methods  

2.2.1 Study area 

The River Exe is a 1,530km2 catchment (National Rivers Authority South West Region, 1995), 

described as essentially dendritic (Kidson, 1962), spanning a variety of habitats ranging from 

open moorland to oak woodland to floodplains (National Rivers Authority South West Region, 

1995).  In the upper reaches the main tributaries (the Barle and the Little Exe) flow southeast 

over Devonian rocks (Kidson, 1962, National Rivers Authority South West Region, 1995), 

before bending southwards to join the main river.  Twenty-seven Sites of Special Scientific 

Interest (SSSI) can be found on and around the estuary (National Rivers Authority South West 

Region, 1995), of which the River Barle is one (National Rivers Authority South West Region, 

1995). The area has also earned status as a ‘Special Protection Area’ (SPA), as a result of its 

international importance as a wetland habitat (National Rivers Authority South West Region, 

1995).  Once a top English salmon fishing river (Cowx, 2000), the Exe was stocked with fry from 

the River Tay in Scotland in 1924, the same year a now iconic 29kg salmon was caught at 

Topsham on the Exe estuary (BBC, 2008; J. Hickey, Pers. Comm.).  The Exe catchment is 

currently the focus of a 10-year management project initiated by the River Exe and Tributaries 

Association (RETA), following the decline of primarily spring running Multi-Sea-Winter (MSW) 
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fish. The management plan encompasses habitat management and restoration, education, 

electrofishing counts and a supportive breeding programme; the genetic study described in 

this chapter also forms part of the management plan.   

 

Figure 2.3. Sample sites across Southern England. Sample sites across four South West catchments 

(Teign, Exe, Axe, Frome) are indicated by circles and identified with their abbreviated codes (Table 2.1) 

 

2.2.2 Sample collection 

Sample sites on the Exe were selected following consultation with the Environment Agency 

(EA) and the Westcountry Rivers Trust (WRT); both organisations undertake annual electro-

fishing programmes across the catchment to monitor numbers of juvenile salmonids.  For the 

purposes of this study, sampling was targeted to ensure coverage of the whole catchment, 

with one site selected from each tributary where salmon are known to spawn.  No evidence 

was found of salmon spawning on the rivers Culm, Creedy, Clyst or Yeo in the lower part of the 

catchment (Environment Agency, 2003a) and, consequently, these tributaries were not 

sampled as part of this study. On the two main upper tributaries (Barle and Little Exe) multiple 

sites were sampled. These tributaries were believed to host the majority of salmon spawning 

sites in the catchment (Environment Agency, 2003a) and, consequently, are regarded as being 

of most interest to anglers, managers and conservationists. This sampling was conducted 

during a fifteen week period in the summer of 2009 to provide a concise estimation of genetic 

structuring and effective population size for the catchment at this time point. Fifty parr per site 
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were targeted; however, this target could rarely be met and in some instances 0+ fry were 

sampled (Table 2.1).  

 

Seventeen sample sites (Figure 2.3) were electrofished by the Environment Agency (EA), the 

Westcountry Rivers Trust (WRT) and the Game and Wildlife Conservation Trust (GWCT); 14 

sites on the Exe (Figure 2.4) and one site on each of the Frome, Axe and Teign (Table 2.1; 

Figure 2.3).  All samples were collected in 2009, except those from the Axe (2010).  An 

additional site ‘EXElow’ on the Lowman tributary was sampled (August 2009) following a fatal 

pollution event before scheduled electrofishing could take place.  As a result, salmon collected 

at this site were from a stretch of river believed to be approximately 1.6 km long.  Salmon 

were anaesthetised using clove oil (0.3ml/L) or MS - 222 (Tricane Methane Sulphonate; 

10mg/L) depending on the agency undertaking the sampling.  Adipose finclips were stored for 

subsequent DNA extraction at 4°C in 1.5ml Eppendorfs containing absolute ethanol.    

 

2.2.3 Microsatellite genotyping 

Genomic DNA was extracted from fin tissue using the HotSHOT method (Truett et al., 2000; 

Appendix I).  DNA was amplified using the Polymerase Chain Reaction (PCR) with a panel of 16 

fluorescently labelled primers (Appendix II), and a HotStarTaq Mastermix Kit (Qiagen).  The loci 

were selected for their wide usage and reliability, including 14 of the 15 used by the SALSEA 

consortium, as a result the findings will be more comparable with other studies (Ellis et al, 

2011a; Verspoor & Hutchinson, 2008).  Reactions consisted of a total volume of 10µl, 

comprising 5µl Qiagen 2 x Mastermix solution, 3µl distilled water, 1µl DNA (approximately 10 - 

30ng), and 1µl primer mix.  PCR reactions were conducted on a MyCycler thermal cycler 

(BIORAD) and a PXE 0.2 thermal cycler (Thermo) which were programmed with a 5 minute 

denaturation step at 95˚C, 94˚C denaturation for 30 seconds, 55˚C annealing for 30s and 72˚C 

extension for 60 s, with a final extension for 10 minutes at 72˚C, for PCR multiplexes 1 - 3 

(Appendix II).  Multiplex 4 (Appendix II) followed the same protocol with a lowered annealing 

temperature of 50˚C.  Size determination of the fluorescently labelled PCR products was 

assessed using a Beckman-Coulter CEQ8000 sequencer and associated software.  These scores 

were manually verified. 
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Figure 2.4. Sample sites on the Exe catchment. Sites sampled indicated by green circles. 

 

2.2.4 Statistical analysis 

2.2.4.1 Error checking and pooling samples 

Data were checked for duplicate genotypes using the identity analysis option in Cervus v3.0.3 

(Kalinowski et al., 2007, Kalinowski et al., 2010).  One duplicate genotype was found in the 

sample EXEhan; one of the pair was removed from the final data set.  Potential scoring errors 

were assessed using Microsatellite Analyzer v4.05 (Dieringer and Schlotterer, 2003) and 

manually re-checked and corrected as necessary.    

 

Microchecker v2.2.3 (Van Oosterhout et al., 2004) was utilised, with the ‘Corrected Bonferroni’ 

setting activated, to identify null alleles, allelic dropout and scoring errors due to stuttering.  In 

most cases consistent results were found using the standard x1000 (Monte Carlo simulation, 

bootstraps), however, for some populations the number of bootstraps undertaken was 

increased to x1500 to produce consistent replicable results. 
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Two pairs of sites (EXEgam & EXEgk and EXEkem & EXEkp) were geographically adjacent but 

sampled on different days by different electrofishing teams.  The Sherdon bridge (EXEsbr) and 

Fernyball (EXEsher) sites are both on Sherdon water, a tributary of the Barle.  To determine 

whether these three pairs of sites could be combined, pairwise FSTs were calculated for all sites 

using FSTAT v2.9.3.2 (Goudet, 1995).  These pairings revealed no significant differences and 

consequently these samples were pooled in all further analyses.  

 

Hardy-Weinberg equilibrium and linkage disequilibrium were tested before and after pooling 

samples using Genepop-on-the-Web v4.0.10 (Raymond and Rousset, 1995, Rousset, 2008). 

Results were subject to sequential Bonferroni correction (Rice, 1989) within each site.  Allelic 

richness and Nei’s unbiased gene diversity were assessed using FSTAT v2.9.3.2 (Goudet, 1995). 

 

2.2.4.2 Detecting the presence of sibling groups 

While most samples consisted of parr, some fry were also sampled (Table 2.1); at one site 

(EXEwm), no record of size or age was available for the specimens collected.   

 

The program Colony v2.0.1.4 (Jones and Wang, 2010, Wang and Santure, 2009, Wang, 2004) 

was used to identify sibling groups within each sample.  Male and female polygamy were 

assumed and no sibship prior was given.  For each sample, two medium length runs were 

compared using the full likelihood method, under medium likelihood of precision.  Results 

were consistent at this level of precision.  Only results with a probability of being a full-sib, 

where p ≥ 0.7615 when averaged over the two replicates, were considered true full-sibs. All 

others (averaging ≤ 0.598) were not considered true results.  Genotyping error rates were 

available for all 16 loci (Ellis, J., unpublished data) at the same laboratory, Exeter University.  

The ‘proportion of error due to allelic dropout’ was calculated for 15 of these loci as part of a 

multi-laboratory calibration exercise (Ellis et al., 2011a).  The value for the remaining locus, 

Ssosl417, was taken as an average of the other 15 loci.  Allelic dropout rate was calculated as 

the ‘proportion of error due to allelic dropout’ (as calculated in Ellis et al., 2011a) multiplied by 

the error rate for the locus. Following the identification of full-sib groups, two data sets were 

created using pooled data.  In the following sections, these data sets will be referred to as: 

Data set 1 (DS1), and Data set 2 (DS2).  DS1 included all samples, while DS2 contained only one 

representative of each full-sib group per sample site (Table 2.1).  
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Table 2.1.  Details of sample sites on the Frome, Axe, Teign and Exe catchments.  N indicates the number of samples with >14 of 16 markers genotyped.  DC 
indicated the date collected.  The length of the sampled salmon was measured at each site with the exception of EXEwm.  The minimum and maximum length of 
salmon found at each site is recorded in the table (Min (mm), Max (mm)) as is the number of fish sampled that were <80mm.  PC indicates the sample codes for the 
pooled samples.  Allelic richness (Ar) and Unbiased gene diversity (He) are also described. * The Lowman sample consisted of dead fish collected following a pollution 
event. 

Original data DS1 DS2 

Sample site Code Lat (N) Long (W) N DC 
Min 

(mm) 
Max 
(mm) 

<80mm PC N Ar He N Ar He 

FROME East stoke, 
grayling run 

FROesg 50° 40.807' 002° 11.488' 39 03.09.09 61 102 15 FROesg 39 6.81 ± 0.76 0.70 ± 0.05 31 6.85 ± 0.76 0.70 ± 0.05 

AXE Kit brook (2010) AXEkit 50° 47.467' 003° 24.941' 37 22.09.10 57 137 30 AXEkit 37 8.28 ± 0.77 0.76 ± 0.04 14 N/A N/A 

TEIGN Leigh house TEIleh 50° 40.609' 003°  51.971' 43 21.08.09 82 135 0 TEIleh 43 10.27 ± 1.03 0.83 ± 0.03 35 10.11 ± 1.02 0.83 ± 0.03 

Lowman EXElow N/A * 33 21.08.09 53 147 20 EXElow 33 11.54 ± 1.27 0.84 ± 0.03 31 11.3 ± 1.23 0.84 ± 0.03 

Batherm junction EXEbj 50°  58.557' 003°  29.238' 45 29.09.09 86 145 0 EXEbj 45 11.09 ± 1.13 0.83 ± 0.04 44 10.79 ± 1.09 0.83 ± 0.04 

Iron mill EXEim 50°  58.629' 003°  30.828' 47 02.10.09 86 136 0 EXEim 47 10.95 ± 1.10 0.83 ± 0.03 46 10.63 ± 1.06 0.83 ± 0.03 

Near Brockey EXEnrb 51°  00.003' 003 °  32.184' 40 30.09.09 81 137 0 EXEnrb 40 11.09 ± 1.12 0.83 ± 0.03 40 10.74 ± 1.07 0.83 ± 0.03 

Brockey EXEbr 51°  00.229' 003° .32.084' 31 30.09.09 51 156 21 EXEbr 31 10.64 ± 1.05 0.82 ± 0.04 30 10.37 ± 1.00 0.82 ± 0.04 

Perry Weir EXEper 51°  01.136' 003°  31.590' 47 02.10.09 80 162 0 EXEper 47 10.91 ± 1.07 0.83 ± 0.03 47 10.59 ± 1.02 0.83 ± 0.03 

Danes brook (Slade 
bridge) 

EXEdan 51˚  03.508' 003˚  37.915' 41 24.06.09 78 117 1 EXEdan 41 9.64 ± 1.00 0.80 ± 0.04 32 9.73 ± 1.00 0.81 ± 0.04 

Withypool EXEwit 51°  06.395' 003°  38.982' 42 13.08.09 93 120 0 EXEwit 42 10.55 ± 1.09 0.82 ± 0.04 42 10.25 ± 1.05 0.82 ± 0.04 

Sherdon water 
(sherdon bridge) 

EXEsbr 51°  06.334' 003°  42.717' 28 03.08.09 90 119 0 
EXEshr 45 10.10 ± 0.98 0.81 ± 0.04 41 9.88 ± 0.96 0.81 ± 0.04 

Fernyball EXEsher 51°  06.563' 003° 42.657' 17 03.08.09 91 113 0 

Simonsbath EXEsim 51˚  08.294' 003˚  45.474' 39 06.07.09 46 130 5 EXEsim 39 10.13 ± 1.03 0.82 ± 0.03 34 10.09 ± 1.01 0.82 ± 0.03 

Games keepers EXEgam 51˚  01.733' 003˚  31.003' 41 01.07.09 95 138 0 
EXEgmk 52 11.09 ± 1.04 0.83 ± 0.03 51 10.74 ± 0.99 0.83 ± 0.03 

Games keepers EXEgk 51°  01.786' 003°  30.925' 11 07.08.09 95 138 0 

Miltons EXEmil 51°  04.687' 003°  32.277' 45 14.08.09 99 145 0 EXEmil 45 10.79 ± 1.15 0.83 ± 0.04 42 10.57 ± 1.11 0.83 ± 0.04 

Kemps EXEkem 51˚  06.833' 003˚  35.579' 18 30.06.09 90 116 0 
EXEkmp 61 10.48 ± 1.08 0.82 ± 0.04 51 10.25 ± 1.02 0.82 ± 0.04 

Kemps EXEkp 51°  06.793' 003°  35.448' 43 01.10.09 98 139 0 
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Original data DS1 DS2 

Sample site Code Lat (N) Long (W) N DC 
Min 

(mm) 
Max 
(mm) 

<80mm PC N Ar He N Ar He 

Hantons EXEhan 51°  07.655' 003°  37.656' 37 11.08.09 45 126 10 EXEhan 37 10.35 ± 0.98 0.82 ± 0.04 28 N/A N/A 

Westermill EXEwm 51°  08.696' 003°  40.867' 45 11.08.09 N/R N/R N/R EXEwm 45 9.50 ± 0.82 0.81 ± 0.04 30 9.47 ± 0.81 0.82 ± 0.04 
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2.2.4.3 Gene diversity and allelic richness 

Gene diversity and allelic richness, corrected for the minimum number of samples, were 

calculated in FSTAT v2.9.3.2 (Goudet, 1995). 

 

2.2.4.4 Population structure 

Pairwise FSTs (Weir and Cockerham, 1984) were calculated in FSTAT v2.9.3.2 (Goudet, 1995), 

assuming Hardy-Weinberg equilibrium, to determine if there was significant genetic 

differentiation between sample sites.  Clustering of populations was assessed using the 

program BAPS v5.3 (Corander et al., 2006, Corander et al., 2008, Corander et al., 2004, 

Corander et al., 2003).  For DS1, the vectors utilised to assess the maximum number of 

populations when exploring the ‘clustering of groups of individuals’, and ‘clustering of 

individuals’ respectively were (4, 8, 12, 18) and (4, 8, 12, 18, 20). Both vectors were replicated 

three times.  For DS2, the vectors used were identical, with the exception of the parameter 18 

which was replaced with 16 as a maximum number of populations expected.  Genetic 

structuring of the samples was also assessed using STRUCTURE v2.3.3 (Pritchard et al., 2000) 

under the admixture ancestry model and the correlated allele frequency model (Falush et al., 

2003).  Five iterations of this programme were run utilising a 50,000 Markov chain Monte 

Carlo (MCMC) burn-in period and 500,000 MCMC replicates, with parameters designed to 

assume the presence of between one and 18 populations in DS1 (k = 1 to k = 18) and between 

one and 16 for DS2 (k = 1 to k = 16). The Evanno method was used to calculate the expected 

number of groups using Structure Harvester Web v0.6.92 (Earl and vonHoldt, 2011).  As 

STRUCTURE is known to highlight the uppermost level of population structure (Ensing et al., 

2011, Pritchard et al., 2007), hierarchical structure analysis was performed on DS1 with 50,000 

burn-in period and 500,000 MCMC replicates.  Hierarchical structure analysis is a way of 

looking for substructure (Ensing et al., 2011, Pritchard et al., 2010) by setting the assumed 

number of populations present to two (k = 2), forcing the programme to divide the data set 

into two clusters (where possible), then re-running each subgroup in the same way to look for 

further subdivision. 

 

A neighbour joining dendogram was produced using Figtree v1.31 (Rambaut, 2009), following 

analysis of genetic distance between samples using the program Populations v1.2.32 (Langella, 

1999), bootstrapping over loci 1000 times based on chord distance (Dc) (Cavalli-Sforza and 

Edwards, 1967). 
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Isolation by distance (IBD) was tested with a Mantel test (Mantel, 1967) through Genepop-on-

the-Web v4.0.10 (Raymond and Rousset, 1995, Rousset, 2008) using ISOLDE.  Distance 

between sites was calculated in ArcGIS using a Visual Basic (VBA) extension (Q. Rougement, 

Pers. Comm.).  Only samples from the Exe were analysed for IBD to prevent skewing of the 

results. 

 

2.2.4.5 Effective population size 

As many of the single-sample estimators of effective population size (Ne) are relatively new 

(Waples and Do, 2010), it seemed prudent to analyse and compare results from a variety of 

available methods prior to making conclusions regarding the state of salmon populations in 

the River Exe.  Effective population size was assessed, for each of the 18 sites in DS1 as well as 

for the Exe catchment as a whole using: (i) the linkage disequilibrium method (LDNE); (ii) the 

sibship assignment method; (iii) the heterozygote excess method; and (iv) a Bayesian method.   

 

LDNE (Waples and Do, 2008), produces estimates based on linkage disequilibrum (Hill, 1981); 

non-parametric confidence intervals (Jackknife) were used in LDNE as they have been shown 

to be at least equally reliable to traditional parametric confidence intervals (Waples and Do, 

2008).  As samples sizes were over 25, the minimum allele frequency was set to 0.02 (Waples 

and Do, 2010).   

 

The full likelihood sibship assignment (assuming random mating) (Wang, 2009) and the 

heterozygote excess (Luikart and Cornuet, 1999, Pudovkin et al., 1996) estimates were 

produced in Colony v2.0.1.4 (Wang, 2009).  This program was run twice for the purposes of 

assessing sibship (see section 2.4.2), consequently a mean Ne estimate was calculated for each 

sample site.  For the catchment wide estimate, the program was run only once due to the 

computational intensity at this level of precision.  Data sets were bootstrapped to produce 

confidence intervals.    

 

Estimates produced by these first three methods were tested for Spearman’s rank correlation 

in SPSS v20 (Polar Engineering & Consulting, 2007).  Where negative results were produced by 

LDNE the inverse of the value was used for correlation as in Phillipsen et al. (2011).  A 

catchment level estimate of Ne and 95% credible limits were also produced through an 

approximate Bayesian computation (ABC) method using ONeSAMP v1.2 (Tallmon et al., 2008), 

with the lower and upper limits for the estimate set initially at two and 2000, and two and 
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10,000 on a second simulation.  Unfortunately, this method was too computationally intensive 

to allow it to be used for each individual site. 

 

2.2.4.6 Number of breeding adults 

The number of breeding adults on the Exe and for each individual sample site was calculated 

based on the inferred ‘mum genotype’ and ‘dad genotype’ files produced by Colony v2.0.1.4 

(Wang, 2009) as described in section 2.4.2.  Pearson’s correlation between the number of 

breeding adults (Nb) and sample size at each site (N) was calculated in SPSS v20 (Polar 

Engineering & Consulting, 2007), following the Shapiro-Wilk test for normality.  Variation 

between sites was calculated in Excel through an ANOVA. 

 

2.3 Results  

2.3.1 Error checking  

Before the sites were pooled (Table 2.1) null alleles were found in four of 21 samples at one 

locus, and in a further two samples at two loci.  No single locus was identified as problematic in 

more than two sample sites, so no action was necessary.  Potential scoring errors were found 

for one site (EXEgam) at one locus (Ssa289).  After pooling the data, null alleles were only 

found at five sample sites, and no scoring errors were found.  Across all sample sites no one 

locus consistently showed null alleles or stuttering, in either data set, therefore all data were 

included for the proceeding analyses.   

 

Hardy-Weinberg equilibrium (HWE) was examined for both the original and pooled data sets.  

In the original dataset, one locus was out of HWE at each of three sample sites, and two loci 

were out of HWE at a further two sample sites (7/336 tests significant).  In DS1, one sample 

site was resolved (6/288 tests significant).  No loci were out of HWE at any sample site in DS2.  

LD was widely detected in the original ungrouped data set.  At AXEkit, 14/120 pairs of loci were 

found to be significant.  LD was not found at more than four sample sites for the same pair of 

loci for the original data set nor for DS1.  For DS1, 43 pairs of loci demonstrated LD in at least 

one sample site.  For DS2, LD was identified in one pair of loci at each of eight sample sites, 

and two pairs of loci at one sample site.  No linked pair of loci was found in more than one 

population.  All data tested for Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium 

(LD) were subject to sequential Bonferroni correction.  No single locus was consistently found 

to be out of Hardy-Weinberg equilibrium or showing signs of linkage disequilibrium, therefore 

no loci were removed prior to the proceeding analyses. 
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2.3.2 Siblings 

Colony v2.0.1.4 (Jones and Wang, 2010, Wang and Santure, 2009, Wang, 2004) identified 55 

full-sib groups (average p ≥ 0.7615). Between zero and nine full-sib groups were found per 

sample site, ranging in size from pairs to a group of 12 siblings.  Accordingly, data for 98 fish 

were removed.  This brought the sample size below thirty fish for two samples sites (AXEkit 

and EXEhan) which, consequently, were not included in DS2.  Of the 18 sample sites assessed, 

15 were found to include full-sib family groups, although only eight potentially included fry 

(salmon < 80mm). 

 

2.3.3 Gene diversity and allelic richness 

In both DS1 and DS2, allelic richness (Ar) and gene diversity (He) were lowest in the sample 

FROesg and highest in EXElow.  The values were very similar for both data sets (Table 2.1).  

Within the Exe catchment the lowest values for these two parameters (Ar and He), were found 

in EXEwm and EXEdan respectively.  These findings were true of both DS1 and DS2 (Table 2.1). 

 

2.3.4 Population structure 

For ease of analysis/discussion, throughout this and subsequent sections, sites on the Exe are 

referred to in terms of three regions: (i) Lower tributaries (EXElow, EXEbj, EXEim, EXEnrb, 

EXEbr); (ii) Barle (EXEper, EXEdan, EXEwit, EXEshr, EXEsim); (iii) Haddeo and Little Exe (EXEgmk, 

EXEmil, EXEkmp, EXEgmk, EXEmil, EXEhan, EXEwm).  

 

Population structure has been analysed in a number of ways for DS1 and DS2.  Significant 

differentiation (Table 2.2) was found in 104 of 153 pairwise comparisons (DS1; adjusted p = 

0.000327) and 61 of 120 comparisons (DS2; adjusted p=0.000417).  FROesg, AXEkit, TEIleh and 

EXEwm were significantly different to all other samples in both data sets. The Lower tributaries 

were not significantly different from one another in either data set.   EXEdan (a tributary of the 

Barle) was significantly different to all other sites prior to removing sibs (DS1), but not to the 

Lower tributaries after removal of full-sib groups (DS2).  There is strong support for 

differentiation between the Barle and Haddeo/Little Exe tributaries with 22/25 (DS1) and 

18/20 (DS2) comparisons found to be significant.  The non-significant values all relate to sites 

that were lower down these tributaries.  Within the Little Exe all sites were found to be 

differentiated from one another (DS1), however, following the removal of full-sib groups and 

the site ‘EXEhan’ from this data set (DS2), only the uppermost site (EXEwm) showed 

differentiation to the other sites on this tributary.  Only the uppermost site on the Little Exe 
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(EXEwm) was found to be differentiated from the neighbouring tributary, the Haddeo 

(EXEgmk).  This was true for both DS1 and DS2 highlighting the uniqueness of the EXEwm 

sample.  Global θ (95% CI’s) for DS1 was calculated to be 0.022 (0.019, 0.026), this was 

reduced in DS2 0.016 (0.013, 0.019).  Global θ, for the Exe samples only, was 0.008 (0.006, 

0.010) for DS1, and 0.006 (0.004, 0.008) for DS2. 

 

 

Figure 2.5. STRUCTURE v2.3.3 bar plot depicting population structure for DS1 when k = 2. Each bar 

represents an individual salmon. Membership to each of the two clusters is indicated by colour (red or 

green). 

 

 

Figure 2.6. STRUCTURE v2.3.3 bar plot depicting population structure for DS2 when k = 3. Each bar 

represents an individual salmon. Membership to each of the three clusters is indicated by colour (red, 

green or blue). 

 

Three clusters (p = 1) were identified in DS1 using Bayesian analysis (BAPS v5.3): (i) FROesg; (ii) 

AXEkit; (iii) TEIleh, in addition to all EXE sites.  In DS2 (in which AXEkit had been removed due 

to the presence of a high number of full-siblings), this was reduced to two clusters (p = 1): (i) 

FROesg; (ii) TEIleh in addition to all Exe sites. At the individual level, 13 clusters were found in 

DS1 (p = 0.98702). Many of these clusters were full-sib groups as identified in Colony v2.0.1.4, 

however, not all full-sib groups found in Colony v2.0.1.4 were detected by BAPS v5.3. In DS2, 

with the removal of family groups, the number of clusters of individuals was reduced to six (p = 

0.66501).  Contrastingly, using the Evanno method to estimate the optimum value of k, 

Structure Harvester Web v0.6.92 found there to be two clusters for DS1 (Figure 2.5) with 

possible substructure at four clusters.  FROesg, AXEkit and TEIleh appeared to form one group, 

while the Exe samples formed group two.  Three clusters (Figure 2.6) (with possible 

substructure at k = 5) were found for DS2: (i) FROesg; (ii) TEIleh, Little Exe, and one Lower 

tributary (EXElow); (iii) Barle, and the remaining Lower tributaries.  Heirarchical analysis of DS1 
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also reveals partitioning, first of the Haddeo and Little Exe from the Barle and Lower 

tributaries.  Within the Haddeo and Little Exe cluster, Westermill (EXEwm) is then partitioned 

from the other sites.  Similarly, the Barle and Lower tributaries also subdivide further, as 

follows: (i) the three Lower tributaries (EXElow, EXEbj, EXEnrb) and the lowest Barle site 

(EXEper); (ii) one Lower tributary (EXEbr) and the four remaining Barle sites.  EXEim (a Lower 

tributary) is classified between the two groups.  Unrooted neighbour joining dendograms also 

indicated clustering of samples within tributaries, in addition to the clustering of the Little Exe 

and Haddeo samples and separation of these samples to those taken on the Barle (Figures 2.7 

and 2.8), however, the majority of bootstrap values were less than 50 indicating poor levels of 

support for these relationships.  Isolation by distance, as calculated by a Mantel test using 

ISOLDE in Genepop-on-the-web v4.0.10 (Raymond and Rousset, 1995, Rousset, 2008), appears 

to be weak within the Exe (r2 = 0.187, DS1; r2 = 0.136, DS2).   
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Table 2.2. Matrix showing FST values for DS1 (upper diagonal) and DS2 (lower diagonal).  θ values significant after a strict Bonferroni are in italics. (DS1: Pcrit =  

0.000327 after 3060 permutations. DS2: Pcrit  = 0.000417 after 2400 permutations) 

 FROesg AXEkit TEIleh EXElow EXEbj EXEim EXEnrb EXEbr EXEper EXEdan EXEwit EXEshr EXEsim EXEgmk EXEmil EXEkmp EXEhan EXEwm 

FROesg - 0.1237 0.0972 0.0839 0.0961 0.0922 0.087 0.0963 0.098 0.1119 0.0965 0.1144 0.1055 0.0894 0.0847 0.0868 0.1035 0.1068 

AXEkit - - 0.0489 0.047 0.0476 0.0453 0.0459 0.0477 0.0432 0.0628 0.0459 0.0559 0.0512 0.0429 0.042 0.0435 0.0488 0.052 

TEIleh 0.0965 - - 0.0127 0.0174 0.018 0.0188 0.0218 0.0231 0.028 0.0255 0.0293 0.0248 0.0207 0.022 0.0223 0.0288 0.032 

EXElow 0.0795 - 0.0118 - 0.0038 0.0041 0.0031 0.0076 0.0071 0.0122 0.0078 0.0095 0.0113 0.0017 0.0051 0.0063 0.0135 0.0204 

EXEbj 0.0935 - 0.0158 0.004 - 0.0031 0.0023 0.0017 -0.0006 0.0089 0 0.0001 0.0004 0.0057 0.0049 0.0049 0.0106 0.0197 

EXEim 0.0889 - 0.0164 0.0039 0.0026 - 0.0027 0.0009 0.004 0.01 0.0049 0.0071 0.0055 0.0008 0.0036 0.0044 0.0108 0.0169 

EXEnrb 0.0836 - 0.0177 0.0025 0.002 0.0026 - 0.0031 0.0034 0.011 0.0034 0.0078 0.0044 0.004 0.0039 0.0053 0.0113 0.0208 

EXEbr 0.0929 - 0.0193 0.0066 0.0011 0.0009 0.0035 - 0.0024 0.0071 -0.0001 0.0053 0.002 0.0028 0.0033 0.0058 0.006 0.0162 

EXEper 0.0953 - 0.0218 0.007 -0.0007 0.0041 0.0034 0.0023 - 0.0082 -0.0003 0.0006 0.0023 0.0079 0.0033 0.0063 0.0092 0.0222 

EXEdan 0.0989 - 0.0233 0.0065 0.0054 0.0047 0.0072 0.0052 0.0056 - 0.0074 0.0097 0.0099 0.0124 0.0128 0.0152 0.0168 0.034 

EXEwit 0.0939 - 0.0245 0.0077 -0.0002 0.0046 0.0034 -0.0005 -0.0003 0.0041 - 0.0029 0.0008 0.0075 0.004 0.0068 0.0094 0.0209 

EXEshr 0.1118 - 0.0269 0.0091 -0.0009 0.0061 0.0071 0.0038 0.0001 0.0072 0.0027 - 0.0031 0.0106 0.0095 0.0105 0.0144 0.0264 

EXEsim 0.1027 - 0.0234 0.0096 -0.0006 0.0055 0.004 0.0019 0.0012 0.006 0.0009 0.0008 - 0.0086 0.007 0.0087 0.0115 0.0209 

EXEgmk 0.0855 - 0.0198 0.0012 0.0052 0.0003 0.0036 0.0023 0.0077 0.0081 0.0072 0.0097 0.009 - 0.0001 0.0011 0.0072 0.0116 

EXEmil 0.0797 - 0.0203 0.0043 0.0044 0.0027 0.0038 0.0022 0.0037 0.0077 0.0037 0.0089 0.0074 -0.0004 - 0.003 0.0089 0.0143 

EXEkmp 0.0845 - 0.0226 0.0083 0.0042 0.0041 0.0045 0.0044 0.006 0.0123 0.0063 0.01 0.0083 0.0004 0.0017 - 0.0071 0.0126 

EXEhan - - - - - - - - - - - - - - - - - 0.0184 

EXEwm 0.1064 - 0.0292 0.0206 0.0181 0.0161 0.0204 0.0139 0.0196 0.0292 0.0191 0.0241 0.0215 0.0116 0.0122 0.0088 - - 



66 

 

 

 

 

 

Figure 2.7. Unrooted neighbour joining dendogram based on Cavalli-Sforza & Edwards (Dc) chord 

distance (1967) for DS1. External catchments are in black (FROesg, AXEkit, TEIleh), Lower tributaries 

(EXElow, EXEbj, EXEim, EXEnrb, EXEbr) in orange, Barle sites (EXEper, EXEdan, EXEwit, EXEsher, EXEsim) 

in green, Haddeo (EXEgmk) in purple and Little Exe sites (EXEmil, EXEkem, EXEhan, EXEwm) in blue.  



67 

 

 

Figure 2.8. Unrooted neighbour joining dendogram based on Cavalli-Sforza &Edwards (Dc) chord 

distance (1967) for DS2. External catchments are in black (FROesg, TEIleh), Lower tributaries (EXElow, 

EXEbj, EXEim, EXEnrb, EXEbr) in orange, Barle sites (EXEper, EXEdan, EXEwit, EXEsher, EXEsim) in green, 

Haddeo (EXEgmk) in purple and Little Exe sites (EXEmil, EXEkem, EXEwm) in blue.   

 

2.3.5 Effective population size of the Exe 

The effective population size (Ne) for each sample site was calculated using three single-

sample methods; linkage disequilibrium, sibship assignment and heterozygote excess.  Ne for 

the catchment as a whole was also calculated using these methods in addition to a Bayesian 

method utilised in the program ONeSAMP v1.2 (Appendix III). 

 

2.3.5.1 Estimates based on the LD method 

A negative estimate of Ne was found for one sample (EXEbr).  This is indicative of sampling 

error, and occurs in either large populations or populations lacking in information (Waples and 

Do, 2010).  Four sites (EXEgmk, EXEper, EXEbr, EXEnrb) showed infinite upper limits.  Estimates 
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of Ne and jackknife confidence intervals were as follows for sites not in the Exe catchment: 

FROesg 40.8 (32.8 - 52.6), AXEkit 14.7 (12.8 - 16.9), TEIleh 119.3 (81.9 - 207.6).  On the Lower 

tributaries estimates ranged from 368.1 (180.4 - 34841.6) at EXElow to 891.2 (286.3 - infinity) 

at EXEnrb.  There was a pattern of increasing Ne moving up through the Lower tributaries 

(Appendix III).  Effective population size declined with distance up the Barle ranging from 715.3 

(332.4 - infinity) at EXEper to 88.6 (70.6 - 117) at EXEsim, with the exception of EXEdan (47.5; 

40.6 - 56.5).  Sites on the Little Exe also showed a decrease in Ne with progression up the 

tributary, ranging from 264.1 (172.2 - 537.9) at EXEmil to 30.1 (26.9 - 33.9) at EXEwm.  EXEgmk 

on the Haddeo showed a comparatively high Ne of 699.9 (311.9 - Infinity).  

 

2.3.5.2 Estimates of Ne from the full likelihood sibship assignment method assuming 

random mating 

Estimates of Ne presented here are the average of two replicates.  Estimates (and 95% CI’s) for 

external catchments were: FROesg 30 (18 - 53.5), AXEkit 6 (3 - 20.5), and TEIleh 31 (19 - 53).  

Estimates on the Lower tributaries ranged from 88 (57 - 165, EXElow) to 116 (70 - 253, EXEbr).  

With the exception of the Lowman site all others were close to 100, but there was no apparent 

pattern with respect to the way these Ne values changed further up the catchment.  On the 

Barle, estimates of Ne ranged from 88 (62 - 135, EXEper) to 44 (27 – 72.5, EXEsim), decreasing 

up-river; EXEdan was again low (30; 18.5 – 52.5).  The little Exe followed a similar pattern, with 

estimates of Ne decreasing up-river from 81 (53.5 - 127, EXEmil) to 24 (14.5 - 42, EXEwm), 

while the estimate for EXEgmk was again similar to the Lower tributaries: 109 (74.5 - 164).  The 

trends found here reflect those found when using the linkage disequilibrium method (see 

section 2.3.5.1); the effective population size decreases with distance up the tributaries, Little 

Exe and Barle. 

 

2.3.5.3 Estimates of Ne from the heterozygote excess method 

Of 18 sites, nine (FROesg, TEIleh, all Lower tributaries, EXEgmk and EXEwm) were inferred as 

having an effective population size of 2.15 billion, with 95% confidence intervals of 0 – 2.15 

billion.  EXEshr was estimated as having an Ne of 26,352 (20 - 2.15 billion). The upper 

confidence interval on all estimates produced by this method was 2.15 billion.  Eight sample 

sites demonstrated more realistic estimates ranging from 29 (5 – 2.15 billion, AXEkit) to 118 

(21 – 2.15 billion, EXEper), though the upper CI limits were still unfeasible.  No discernible 

patterns could be confidently concluded.  These extreme results highlight a documented issue 
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regarding the poor precision of this method, as indicated by wide confidence intervals, when 

assessing wild populations (Luikart and Cornuet, 1999). 

 

2.3.5.4 Correlation between methods 

Ne(HE), the heterozygote excess method, did not correlate well with Ne(LD), the linkage 

disequilibrium method, (r = 0.281; p = 0.258) or Ne(SA), the sibship assignment method, (r = 

0.507, p = 0.32).  Ne(SA) and Ne(LD) were significantly correlated (r = 0.630, p = 0.005).   

 

2.3.5.5 Exe catchment Ne 

Overall estimates for the catchment were variable dependent on the program used.  The 

sibship assignment and linkage disequilibrium methods appeared to provide the most 

conservative estimates, while estimates of Ne with the heterozygote excess method appeared 

to be excessive in this comparative study: Ne(SA) 597 (528.5 – 681.5), Ne(LD) 1277.3 (1025.6 – 

1669.3), Ne(B2-2000) 1466.17 (1069.73 – 1962.19), Ne(B2-10000) 6809.17 (2660.42 – 22029.81), 

and Ne(HE) 2,147,483,647 (0 - 2,147,483,647).  Summative estimates of the sites within the 

Exe all produced over-estimates when compared with estimates produced for the catchment 

as a whole: Ne(SA) 1126 (743.5 – 1882.5), Ne(LD) 4472.9 (2656.7 – 39963.2, not including 

infinite estimates or negative values), and Ne(HE) 15,032,412,458 (125 – 32,212,254,705).  

 

2.3.6 Number of breeding adults 

The number of breeding adults was consistent across sites ranging from 36 ± 0.0 (EXEwm) to 

61 ± 0.0 (EXEgmk).  A slight downward trend in the number of breeders with increasing 

distance up the Barle and Little Exe could be seen, though it was not as clear a trend as that 

which was seen when assessing Ne.  The sites EXEwm, EXEhan and EXEdan produced the 

lowest estimates of Nb (number of breeding adults) as they did with Ne.  Sample size appeared 

to correlate with the estimate of number of breeders at each site (r = 0.64, p =0.01) and the 

difference in number of breeders between sites was significant (F14,15 = 2.42, p < 0.0001).  The 

summative site estimate (741.0 ± 2.0) was greater than the estimate produced for all sample 

sites as one population (555.5 ± 2.5),  reflecting the possibility that adults may have spawned 

at more than one site and emphasising the importance of treating summative data as an 

overestimate for both Ne and Nb. 
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2.4. Discussion  

In this study we aimed to determine the number of Atlantic salmon populations within the 

River Exe and the effective population size of Atlantic salmon in the catchment, with a view to 

informing management decisions.  The results of the study will be discussed in five key 

sections.  First the genetic diversity of the samples will be discussed in terms of other studies 

then the population structure found on the catchment will be discussed considering the 

consistency between different analyses methods. Thirdly, different methods for estimating 

effective population size will be compared and the estimates for the catchment will be 

considered in terms of the EA conservation limit (CL) and management target (MT) for the 

catchment.  The implication of these results on management practices within the catchment 

will be discussed and finally conclusions will be made. 

 

2.4.1 Gene diversity and allelic richness  

Measures of genetic diversity such as gene diversity and allelic richness are valuable as 

indicators of a population’s evolutionary potential (Consuegra et al., 2005b, Koljonen et al., 

2002, Palstra and Ruzzante, 2011).  Gene diversity and allelic richness of Atlantic salmon 

populations on the River Exe were found to be at the low end of the range when compared 

with studies on other Atlantic salmon populations across their distribution (e.g. Dionne et al., 

2008, Ensing et al., 2011, Ribeiro et al., 2008).  However, the results found for Exe populations 

were comparable with a local catchment, the Tamar, which has been subject to extensive 

anthropogenic disturbance e.g. pollution and construction (Ellis et al., 2011b).  The Exe project 

was initiated out of concerns for salmon in the catchment, following a decline attributed in 

part to UDN (Ulcerated Dermal Necrosis) (J. Hickey, Pers. Comm.), exploitation within river and 

at sea (Edbrooke, 2004) and habitat problems such as overshading and pollution (RETA, 

Undated-a).   

 

2.4.2 Population structure on the Exe 

Despite contradictory evidence for genetic structuring of salmon within the catchment, there 

is some indication of differentiation between fish sampled on the two main tributaries; the 

Barle and the Little Exe.  Pairwise tests for genetic differentiation and FST’s indicated genetic 

differentiation between the Barle and Little Exe with the uppermost site on the Little Exe 

(EXEwm) and a tributary of the Barle (EXEdan) being particularly distinct.  Analysis carried out 

in using the program STRUCTURE v2.3.3 indicated weak differentiation between the Barle and 

Little Exe through hierarchical analysis of the complete data set (DS1) and standard analysis of 
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a reduced data set from which full-sibs had been removed (DS2). A neighbour joining 

dendogram also indicated clustering of sites within these two major tributaries.  All three 

methods of analysis indicated the Haddeo and Little Exe tributaries as being genetically similar, 

despite the Haddeo being stocked with Barle fish for three consecutive years; between 2007 

and 2009 (J. Hickey, Pers. Comm.).  Contrastingly, Bayesian clustering analysis with the 

program BAPS v5.3 inferred no differentiation among the Exe sample sites, nor between the 

Exe and the Teign. Conflicting results have been found between multiple methods of 

population structure analysis in other studies and are often attributed to limitations of the 

underlying models and assumptions within the programs (e.g. Ellis et al., 2011b, Vähä et al., 

2007).   

 

FSTs and pairwise tests for genetic differentiation are commonly used to assess population 

structure for management and conservation purposes (Apostolidis et al., 2008, Dionne et al., 

2009, Ensing et al., 2011, Okello et al., 2008).  In salmonids, within-catchment structure has 

been found using this method (Ellis et al., 2011b, Grandjean et al., 2009), although this is not 

the case for every catchment (Dionne et al., 2009).  FSTs were originally designed for use with 

allozyme data (less polymorphic than microsatellites) (Ensing et al., 2011).  There has been 

discussion as to whether estimates such as DEST or GST should replace FSTs (Hedrick, 2005, Jost, 

2008, Travadon et al., 2012, Whitlock, 2011).  Initial studies comparing the measures FST and 

DEST indicated similar results in the statistical significance of the tests, but a difference in 

magnitude of three or four when comparing test statistics’ (Ensing et al., 2011, Travadon et al., 

2012) which may provide more compelling evidence when arguing to conserve small, weakly 

differentiated populations (Ensing et al., 2011).  Hoffman et al. (2009), however, found slightly 

less significance in DEST compared with FSTs, although this study used fewer, less polymorphic 

loci, with evolution rates more similar to those observed in allozyme markers. 

 

In the current study, population structure within the Exe as described in STRUCTURE v2.3.3 

and BAPS v5.3 was more limited than that found with FSTs, however, the limitations of using 

these Bayesian programmes are well known (Corander et al., 2009, Hubisz et al., 2009, 

Pritchard et al., 2010, Rodríguez-Ramilo and Wang, 2012, Waples and Gaggiotti, 2006).   The 

efficacy of STRUCTURE to assess the number of clusters can be reduced in situations where 

there is high gene flow between populations, low sample sizes or a small number of loci used 

in the analysis (Waples and Gaggiotti, 2006).  STRUCTURE analysis may also be confounded by 

Isolation by distance, linkage disequilibrium and violation of the assumption of Hardy-

Weinberg equilibrium (Hubisz et al., 2009, Pritchard et al., 2000, Pritchard et al., 2010).  
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It is not uncommon for FSTs to indicate genetic differentiation while STRUCTURE shows little 

support (Ellis et al., 2011b, Hubisz et al., 2009).  Hubisz et al. (2009) explain that the a priori 

model assumes all partitions are equally likely.  This assumption needs to be overcome by 

strong statistical evidence for a particular partition, before structuring will be found, therefore, 

if FST indicates only weak structuring as is the case in the current study, STRUCTURE is unlikely 

to detect it (Hubisz et al., 2009). 

 

 In the current study, BAPS v5.3 inferred no population structure within the Exe catchment.  

Waples and Gaggiotti (2006) found that except in cases of extreme differentiation (Nm; 

migrants per generation = 1), BAPS v5.3 severely underestimated the actual number of 

clusters.  Two possible factors were suggested: (i) penalty for postulating extra populations; (ii) 

differences among populations obscured by recent migrants (J. Corrander., Pers. Comm. IN 

Waples and Gaggiotti, 2006).  Setting the value of k too low may also prevent detection of 

STRUCTURE v2.3.3 (Corander et al., 2009). I suspect there is high gene flow or recent migration 

within the Exe, probably accentuated by the historical stocking and the current supportive 

breeding programme.   

 

All Bayesian programmes may be affected by the presence of sibling groups within sample 

sites (Rodríguez-Ramilo and Wang, 2012).  For this reason, population structure may be falsely 

identified and k may be overestimated in the program STRUCTURE (Anderson and Dunham, 

2008, Guinand et al., 2006, Hubisz et al., 2009).  In the current study the original data were 

analysed using two Bayesian programmes (STRUCTURE v2.3.3 and BAPS v5.3) prior to using 

Colony v2.0.1.4 to identify full-sib families within each site.  Where sibs were detected, all but 

one member of each family group was removed prior to a second round of population 

structure analysis. The purpose of this was to assess the impact of family groups on this 

particular catchment.  The same overall patterns of differentiation were found using FSTs, 

STRUCTURE v2.3.3 and BAPS v5.3 before and after the removal of family groups.  Following the 

removal of family groups, more definition was identified in STRUCTURE v2.3.3, though fewer 

pairwise comparisons were found to be significant.  These results appear contradictory to 

Rodríguez-Ramilo and Wang (2012), who found Bayesian clustering analyses to over-estimate k 

when close relatives were present.  Rodríguez-Ramilo and Wang (2012) recommend removing 

sibs using Colony to increase accuracy and meet assumptions of Bayesian models.  This idea is 

supported in this study, where the results of population structure analysis appeared to be 

clearer after removal of family groups, although no major differences in the results were 

found.   
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To date, studies of Atlantic salmon have found varying levels of within-catchment structure 

(Dillane et al., 2007, Dionne et al., 2009, Ellis et al., 2011b, Grandjean et al., 2009, Vähä et al., 

2007), yet few studies have shown comparatively weak population structure (e.g. Ellis et al., 

2011b).  Ellis et al. (2011b) suggested the scale of the catchment and the time scale over which 

populations have been divided as possible contributors towards the development of weak 

structuring between populations.  These factors may certainly be true of the Exe which is 

approximately 1.5 times greater in size that the Tamar though considerably smaller than some 

highly differentiated catchments such as the Foyle, 4450km2 (Ensing et al., 2011).  Additionally, 

the Exe has been stocked with Scottish fish historically (D. Solomon, Pers. Comm.), and more 

recently has been subjected to a supportive breeding programme which has stocked multiple 

tributaries from one, the Barle, artificially inducing migration and potentially causing long term 

gene flow and admixture obscuring the boundaries of populations, and any signal of isolation 

by distance (J. Hickey, Pers. Comm.). 

 

2.4.3 Effective population size 

A conservation limit (CL) of 3300 breeding adults and management target (MT) of 5500 were 

set for the Exe catchment in 2003 (Environment Agency, 2003a).  This study found the 

effective population size (Ne) of the Exe as one population to be estimated at between 589 

(521.5 - 668.5) (sibship assignment method) and 2,147,483,647 (0 - 2,147,483,647) 

(heterozygote excess method).  The catchment was not exhaustively sampled (section 2.2.2).  

Consequently, offspring may not have been sampled from all breeding adults contributing to 

this cohort, throughout the catchment.  It is important to be aware that the Ne (effective 

population size) and Nb (number of breeding adults) estimates calculated may have been 

underestimated for this reason. 

 

In general the three single sample estimators used in this study were in agreement when 

populations were estimated as having low Ne.  The figures provided for Ne are estimates and 

not exact figures hence some variation is expected.  The key finding is to observe whether the 

Ne at a site or for a population is very small and therefore cause for concern.  All three 

programs utilised have identified some small populations within this study e.g. Frome, Axe, 

and sites on the upper tributaries of the Exe.  Despite being able to detect small populations, 

the heterozygote excess method was found to be the least accurate, and most prone to 

estimating infinity for larger populations.  Whilst these larger populations are of lesser 

concern, it is still important to have an estimate of Ne so that it can be monitored for potential 
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decline in the future, for this purpose, the sibship assignment and linkage disequilibrium 

methods are more sensitive.  With the availability of these additional methods, I would not 

recommend using the heterozygote excess method in further studies.  

 

From a methodological viewpoint, it is clear the statistical programmes utilised here did not 

produced consistent estimates.  However, Ne(LD) and Ne(SA) methods appeared to be well 

correlated based on sample site analysis.  Waples and Do (2010) also found estimates 

produced by the LD and SA methods to be comparable.  Both programmes have yet had 

limited use compared with the temporal method (Waples and Do, 2008) but have had positive 

reviews as alternatives to other methods (Wang, 2009).  The heterozygote excess (HE) method 

is regarded as being imprecise (Wang, 2009) and unreliable for use with wild populations 

(Luikart and Cornuet, 1999).  Random mating, HWE and LE are a few of the assumptions made 

by this method (Wang, 2009).  The LD method similarly assumed Hardy-Weinberg equilibrium 

(HWE), Linkage equilibrium (LE) and random mating, as well as discrete generations, closed 

populations and selective neutrality (Waples and Do, 2008, Waples and Do, 2010).  The main 

issue with this method is the inaccuracy when estimating large populations, though it is 

capable of distinguishing large and small populations (Waples and Do, 2010). Additionally, high 

migration rates may result in estimates closer to resembling those of a metapopulation than a 

local Ne, which may lead to an overestimation at the site level (Waples and Do, 2010).  The SA 

method appears to be more flexible, able to cope with non-random mating (Wang, 2009), 

though it can also be affected by direct migration, where the parents are not present in the 

sub-population; this can cause an overestimation of Ne.  Conversely, a large population could 

be underestimated if too few loci are used (Wang, 2009).  For polygamous species, 20 loci are 

recommended (Wang, 2009), but this target has not been met in the current study so the 

catchment estimate may have been slightly underestimated. ONeSAMP v1.2 was only used to 

assess the catchment level Ne.  The method has been identified as having great potential 

despite the limitation that it can only be used with microsatellites (Waples and Do, 2010).  

Prior assumptions must be made regarding the repeat units of the loci and the upper and 

lower limits suggested for Ne.  In this study these limits of Ne estimation were initially set as 2 

& 2,000, then 2 & 10,000 on two separate submissions.  The latter analysis produced a higher 

estimate.  This implied that the initial upper limit of 2,000 was too low.  Stabilisation of the Ne 

estimate should occur when it is an accurate depiction of the true Ne (Tallmon et al., 2008).   

 

Many studies utilise only one method of estimating Ne.  For example, Kanno et al. (2011) used 

the sibship assignment method as part of a study exploring the mating strategies of brook 
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trout Salvelinus fontinalis in a Connecticut catchment, whilst Ellis  et al. (2011b) employed the 

LD method in NeEstimator to assess the Ne of S.salar  in an English catchment, the Tamar.  In 

the latter study most estimates were based on pooled sample sites, however one was based 

on a single sample site (Townleigh, 65.6; 49.1-96) and appeared comparable with single sites in 

the current study on the nearby river, the Exe (e.g. Simonsbath, 88.6; 70.6-117 & perry weir, 

47.5; 40.6-56.5).  Whilst these estimates focus on specific stretches or sites within a 

catchment, these are not necessarily population level estimates.  These site level estimates are 

a useful monitoring tool to observe localised fine level changes, however, it is also important 

to consider whether or not the estimate satisfies the minimum ‘500’ criteria at a population 

level.  In the current study the catchment level estimates do exceed this figure (SA: 589; 521.5 

- 668.5 and LD: 1277.3; 1025.6-1669.3), however analysis of population structure has indicated 

that there are at least two subpopulations, therefore the Ne for each subpopulation is likely to 

be lower than the critical Ne. 

 

Two of three reliable methods of assessing effective population size provided estimates and 

confidence intervals which were lower than both the MT and CL for the Exe catchment.  

Research should be undertaken to determine the cause of the low Ne, which may be due to 

limited availability of spawning grounds or nursery habitat (low carrying capacity), exploitation 

within the catchment or at sea (lack of spawning adults), low juvenile survival,  limited 

sampling or limitations of the Ne estimation methodology.  

 

Estimates of Ne per sample site varied by statistical programme and site analysed, but a trend 

was found of stable or increasing estimates up through the Lower tributaries and the Haddeo.  

Estimates declined up-river on both the Barle and Little Exe, with EXEdan (Danes brook) being 

particularly low.  The higher values on the Lower tributaries and the Haddeo, could have been 

a result of stocking, creating more admixed populations and influencing estimates.  These sites 

are also a shorter distance to travel for returning adults, and likely to have better water flows, 

so it would be reasonable to expect more fish to spawn lower down the catchment for these 

reasons.  The decrease in Ne when moving upstream on the Barle and Little Exe is also 

intuitive.  Not all fish may be fit enough to travel such a distance when potentially faced with 

low water levels and barriers.  Alternatively, the fish that do make it further upstream may be 

better adapted to the conditions there.  Vähä et al. (2008) also found lower Ne in the 

tributaries than the main stem and headwater; they inferred that this was due to a reduced 

migration rate to the tributaries and suggest local adaptation may be occurring. 
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Ne is often calculated assuming an ideal population, closed to migration and in HWE and LE 

(Wang, 2009, Waples and Do, 2008, Waples and Do, 2010); this is rarely the case in real world 

situations.  The number of breeding adults (Nb) as inferred by parentage reconstruction 

(Colony v2.0.1.4) may be a more appropriate figure to compare with the CL/MT, though 

technically LD and HE methods are said to assess Neb (the effective number of breeding 

adults), almost equivalent to Ne in non-overlapping generations (Schwartz et al., 1998)  In the 

current study the Nb (the number of breeding adults) is comparable with the Ne estimates and 

also does not meet the CL/MT, further supporting the need for additional research into the 

cause and management action necessary to mitigate any potential decline. 

 

Despite the sometimes large confidence intervals and lack of precision of Ne in some cases, 

the figures provided indicate whether a population has a small or large Ne.  Due to the 

relationship between Ne and measures of genetic diversity, such as genetic drift and change in 

allele frequencies within a population, Ne is an important indicator of the genetic health and 

evolutionary potential of a population.  This is information that cannot be gleaned solely from 

the census size or records of redds, though these values do help to build a better picture of 

what may have happened in a population when considering them in combination with Ne. 

 

2.4.4 Management implications 

A management programme on the Exe was initiated in 2004 and habitat rehabilitation 

commenced in 2006 (J. Hickey, Pers. Comm.).  With no previous genetically assessed estimate 

of Ne it is difficult to say whether any improvement can yet be seen, though electrofishing 

estimates of juveniles appear to show improvement (J. Hickey, Pers. Comm.).  The array of 

management tactics currently in practice should enhance the numbers of S. salar spawning, 

survival as juveniles and numbers of smolts going to sea.  Based on the estimates of effective 

population size and number of breeding adults (see sections 2.3.5 and 2.3.6), the conservation 

limit of 3300 breeding adults (Environment Agency, 2003a) is not being met; however, this 

does not indicate whether Ne has increased, decreased or stabilised.  With these positive 

actions in place, Ne may improve and should be monitored at regular intervals.  If estimates 

are declining, further management action will need to be taken.  It may be necessary to 

consider legislative tactics, such as enforcing a catch and release programme beyond the 16th 

June, or restricting the angling season for salmon in the catchment until the number of adults 

reaches a sustainable level.   

 



77 

 

Given the concerning Ne estimates observed for the catchment, it is important to continue to 

assess them; however, a full-scale catchment-wide survey such as this is an expensive option 

that cannot be undertaken lightly.  As a compromise, re-analysis of a sub-sample of the current 

data set could be undertaken in order to identify the most accurate and cost effective way to 

estimate a comparable Ne in the future. At a minimum, key sites should be identified and 

monitored for decline, improvement or stability. 

 

Structural analysis of S. salar on the catchment has shown that individuals on the Haddeo are 

genetically similar to those on the Little Exe, yet they have been supplemented with fish from 

the Barle.  It is not necessary or practical to produce different stocks for every site, but this 

discrepancy highlighted the necessity to understand the genetic structure of S. salar in the 

river being managed.  If – for reasons of short-term mitigation - the Haddeo is to be stocked, it 

would be more logical to stock it with the progeny of Little Exe rather than Barle broodstock.  

As of the 2010 broodstock collection exercise, two sets of broodstock (Barle and Little Exe) 

have been used in the supportive breeding programme.  This was a management response to 

preliminary findings from the study presented here. The broodstock used were rod-caught 

from the appropriate tributary; however, salmon are known to stray and fairly small numbers 

of broodstock are used.  For this reason, in the future, both broodstock for stripping and 

offspring for release should be analysed before use to ensure that they represent the 

appropriate stock for the river into which they are being placed.  

 

2.4.5 Conclusions  

This study has found Atlantic salmon on the Exe to have weak structuring, and no isolation by 

distance.  Two differentiated tributaries were identified (Little Exe and Barle).  Distinct sites 

within the catchment were found which additionally had low effective population sizes, 

suggesting reduced gene flow to these populations.  These small populations are important to 

the overall metapopulation (Kuparinen et al., 2010) and, with the catchment wide Ne estimate 

lower than the CL in the Exe, it is even more crucial to preserve these distinct units.  

Intervention will be necessary to improve the overall Ne of the catchment.  Habitat 

management and supportive breeding programmes are in place, however, and the results of 

this study will be disseminated to the appropriate stakeholders so that further actions may be 

discussed.  Further research is needed to identify the cause of the low effective population size 

and the genetic differentiation of sites such as Westermill (EXEwm) and Danes brook (EXEdan), 

so that management decisions can be made to better protect these small populations.  The 
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effective population size of Atlantic salmon in the Exe should be monitored long term to 

ensure the stock is sustainable.  This study identified a lower than anticipated Ne as well as a 

need to treat the catchment as multiple stocks, highlighting the value of adding a genetic 

component to a catchment based management programme, and the unique requirements of 

each catchment. 

 

Methodologically, initial analysis with Colony v2.0.1.4 to assess Ne(SA) and to identify family 

groups prior to population structure analysis with FSTAT v2.9.3.2 (Goudet, 1995) and 

STRUCTURE v2.3.3, would be recommended for any similar study aiming to gain insight for 

management and conservation.  Ne(HE) should be avoided unless will be compared with an 

additional method.  This recommendation makes use of minimal programmes, while 

considering the potential validity and assumptions of the methods.   
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Chapter 3: Angler views on the management and conservation 

of Atlantic salmon (Salmo salar L.) on the Exe.  

 

3.1 Introduction  

Chapter two assessed the sustainability of Atlantic salmon (Salmo salar L.) on the Exe through 

a biological approach; discerning the population structure and effective population size of 

Atlantic salmon within the catchment.  The purpose of this chapter is to explore the views of 

anglers, as key stakeholders, on the subject of conservation and management of Atlantic 

salmon (Salmo salar L.).  An academic context is first provided, revisiting some biological 

aspects and emphasising the importance of the species and current management practices.  

The need for communication and collaboration is highlighted, as is the importance of including 

anglers as stakeholders in conservation and management. Following this introduction, a three 

stage methodology will be described and the results will be presented and discussed, prior to a 

summary of key findings and recommendations in the concluding section.  As Arlinghaus 

(2006: 46) states: 

 

“Increasing research and management efforts related to the social component of 

recreational fisheries will improve reconciliation of resource use and resource 

conservation in traditional recreational fisheries management”.   

 

The current study aims to take that advice; to highlight the benefits of obtaining social 

information to the Exe catchment and management projects therein, and to establish both 

the value of such a study and the need to include all key stakeholders in any conservation 

effort.  In order to prevent a bias in data collection at this stage, it was decided that specific 

hypotheses should not be set.  

 

3.2 Academic context 

This introductory section addresses five key areas to provide adequate background for this 

study.  First, the economic value of S. salar will be described, followed by the conservation 

status of the species and the management methods currently being utilised to improve salmon 

numbers.  Thirdly, the importance of communication between stakeholders and scientists will 

be eluded.  Agencies and associations involved in managing salmon on the River Exe will then 

be introduced and finally, the role of anglers as key stakeholders will be considered. 
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3.2.1 Value of Atlantic salmon 

Fishing for recreational purposes is popular throughout the world (Cowx et al., 2010).  Atlantic 

salmon are a biologically interesting species (Youngson and Hay, 1996) that are also 

commercially and recreationally important, with an estimated commercial value < £100 per 

fish compared with recreational estimates of up to £16825 per fish (Le Quesne and Selby, 

2006).  In addition to an indisputable economic value, this species is important socially and 

culturally (Bull, 2009), whilst there is also value in the existence of such an iconic species 

(Primack, 2004).   

 

3.2.2 Conservation status and management methods 

It is well known that Atlantic salmon populations have suffered a decline (e.g. Griffiths et al., 

2010, Horreo et al., 2011c, Parrish et al., 1998), yet Atlantic salmon are considered to be of 

‘least concern’ by the IUCN (International Union for Conservation of Nature).  This may be 

because the information was last updated in 1996 (IUCN, 2012).  WWF (2001) contradicts this, 

describing only 43% of assessed rivers in 2005 as healthy and the remaining populations as  

‘vulnerable’, ‘endangered’, ‘critical’ and ‘extinct’.  Populations near the southern edge of the 

species range have been identified as being most at risk (Verspoor, 2007).   The decline of such 

a valuable species has inspired a great amount of research and management in a bid to restore 

numbers to what they once were (Verspoor, 2007). 

 

 The anadromous nature of this fish (Klemetsen et al., 2003) means they are vulnerable both in 

rivers and at sea.  While some legislation is in place to limit exploitation at sea (e.g. fishing 

restrictions around Greenland and the Faroe Islands (NASCO, 2012) and closure of multiple 

drift net fisheries (Salmon and Trout Association, Undated), river level management and 

monitoring is much more feasible.  This is where much of the biological research to date has 

also been focused, from research into reproductive  and life history tactics (Aubin-Horth and 

Dodson, 2004) to the effects of pollution (Dube et al., 2005) and the implications of population 

genetics for management of the species (Dionne et al., 2009). 

 

River managers have employed a wide array of methods to improve salmon numbers within 

their rivers.  Methods include habitat management, education of school children and voluntary 

catch and release programmes.  Traditional stocking involved the translocation of fish from 
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one river to another with declining or low stocks; for example, salmon from the River Ellidaar, 

Iceland were translocated to the River Dart, England (Finnegan and Stevens, 2008).  Studies 

have shown that this is not the best solution.  Translocated fish are generally not a good 

genetic match to those in the river to be stocked (Ciborowski et al., 2007, Finnegan and 

Stevens, 2008).  Some fisheries managers have replaced traditional stocking with supportive 

breeding programmes for this reason (J. Hickey, Pers. Comm.).  Supportive breeding involves 

stripping the eggs and sperm from native adults, to rear and re-stock juveniles into the same 

river or population. This move from traditional stocking to supportive breeding would indicate 

that in some instances communication is occurring between the scientific community and 

those in charge of practical management of the species.   

 

3.2.3 Communication 

It has been recognised that sustainability and conservation of vulnerable species must take 

into account the views and experience of all stakeholders, including local communities 

(Arlinghaus, 2006, Cowx et al., 2010, Johnson et al., 2004, Kruger, 2005, Mace and Hudson, 

1999).  Scientific research alone is no longer enough.  Previous research indicates that conflict 

can occur between recreational fisheries and conservation bodies (e.g. Arlinghaus, 2005, 

Brennan and Rodwell, 2008).  For example, stakeholders were found to have conflicting 

opinions on the subject of culling seals to preserve salmon, but Brennan and Rodwell (2008) 

suggest that common ground can be established through workshops that allow stakeholders to 

openly discuss their opinions.  This common ground allows for agendas to be discussed and 

common goals to be achieved (Brennan and Rodwell, 2008).  Meffe (2002), agree that groups 

must work together instead of focusing on conflicts and blaming each other for inappropriate 

decisions. 

 

As demonstrated by the change in stock enhancement practices (e.g. traditional stocking to 

supportive breeding), there are clearly instances where managers, stakeholders and scientists 

are communicating with one another; however, this is not yet considered to be a 

commonplace occurrence.  There is a call for more information exchange, collaboration and 

interdisciplinary co-operation in conservation (Cowx et al., 2010, Cowx and Van Anrooy, 2010, 

Stoll-Kleemann, 2001) in a way which does not cloud the scientific research in ‘technical 

jargon’ (Verspoor, 2007). 
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3.2.4 The Exe 

The River Exe in South West England is a prime example of this collaborative progression, with 

various agencies including the Environment Agency (EA), Westcountry Rivers Trust (WRT), 

Exmoor National Park Association (ENPA), the River Exe and Tributaries Association (RETA), 

Dulverton Angling Association (DAA) and the River Exe Foundation (REF) working together to 

better manage salmon on the Exe.  RETA, for example, aims to “help restore the Exe and its 

tributaries to their former glory and represent the interests of its fishery” (RETA, undated:1).  

As an agency, RETA consults with the EA on all aspects of their projects and work with other 

agencies such as the river trusts, national parks and private sponsors (RETA, undated).  The 

membership fee goes towards these management projects.  Both RETA and DAA members 

actively volunteer for habitat management and contribute to fundraising to improve the 

quality of the catchment; they are strongly ‘encouraged’ to do so (Veale, 2007).   

 

The association, RETA, is comprised of anglers.  This association has its own website 

(http://www.riverexereta.co.uk/), produces bi-annual newsletters and holds annual general 

meetings (AGMs) for information exchange between those working on the River Exe Project 

(e.g. the Environment Agency (EA), the Westcountry Rivers Trust (WRT) and research 

scientists).   Fundraising forms a large part of these AGMs, with the funds feeding back into the 

conservation and management of the Exe.  Members are also involved in hands-on-

management and legal action against pollution on the river (e.g. BBC, 2006).    

 

3.2.5 Anglers as stakeholders 

While studies have highlighted the need for communication between various stakeholder 

groups and scientists in a more interdisciplinary approach (Arlinghaus, 2006, Brennan and 

Rodwell, 2008, Mace and Hudson, 1999, Verspoor, 2007), little consideration has been given to 

the vital role anglers play in the management of rivers  (Arlinghaus, 2006, Cowx et al., 2010). 

Yet, “the recreational fisheries sector has traditionally claimed to be the sole stakeholder 

group with a valid claim for conservation of aquatic ecosystems” (Cowx et al., 2010: 2201).  

Other studies have focused on categorising anglers to improve the fishing experience 

(Arlinghaus, 2006) or to understand the cultural importance of the activity (Bull, 2009).  These 

studies will create a profile of anglers and behaviour, but not necessarily their opinions and 

practices with regards to conservation and management of Atlantic salmon as a resource.  As 

stated in (Cowx et al., 2010: 2199), “The recreational fishing sector is one of the most powerful 

lobbies for the conservation or rehabilitation of damaged aquatic ecosystems”.  Anglers can 

http://www.riverexereta.co.uk/
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also be a driving force behind litigious proceedings (BBC, 2006).  It would be foolish not to 

involve such a powerful ally, with a vested interest, in an attempt to conserve fish and their 

habitat (Cowx et al., 2010).  Anglers could become involved in ‘participatory monitoring’ a 

programme benefiting from the local community’s help, as has been demonstrated in Africa 

(Bennun et al., 2004) and Papua New Guinea (Johnson et al., 2004).   They are in a prime 

position to inform scientific research in a way that benefits scientists, anglers and fisheries’ 

managers through ‘knowledge transfer’ sessions.  Currently, the results of habitat 

management and electrofishing monitoring and genetic studies are presented to anglers 

(members of RETA) annually with the option of questions, although the time slots are rather 

brief.  Stakeholders also gather quarterly to discuss the progress of cross-agency projects to 

monitor salmon numbers on the Exe and improve the habitat. 

 

It is unknown whether all anglers (e.g. members of RETA and DAA) have similar opinions on 

the subject of conservation, management and the role of science.  For this reason, the 

objective of this study (as outlined in Chapter 1), is to explore the opinions of anglers on the 

current management practices on the River Exe.  In particular, responses to three key themes 

will be explored: (i) salmon, trout and management; (ii) science, legislation and agencies; and 

(iii) fishing. These themes were identified through scoping interviews and a stakeholder focus 

group. The themes will be discussed in terms of personal attributes such as age and income.  

The discussion is structured into three sections: a brief description of the methods used, 

analysis and discussion of the results, and conclusions including points for future work. 

 

3.3 Methods 

The objective of this study was to explore the opinions of anglers, an influential group of 

stakeholders when considering salmon management, on the current management practices on 

the River Exe.  This was achieved through a three stage methodology:  three scoping 

interviews, a focus group consisting of eight people and a questionnaire distributed to more 

than 260 anglers.  This combined or mixed methods approach allowed for the identification of 

key themes and issues through ‘intensive’ qualitative methods (scoping interviews and a focus 

group), while also examining general or popular angler opinion on these issues through 

‘extensive’ and often quantitative questionnaires.  The iteration of intensive methods allowed 

for the identification of new issues in each round, making themes identified for the 

questionnaires as inclusive and robust as possible. 
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3.3.1 Scoping interviews 

In order to tailor a questionnaire to explore anglers’ views on the management of salmon on 

the Exe, key themes must first be identified.  Semi-structured scoping interviews allow the 

conversation to be directed somewhat by the interviewee.  In this way, topics can be identified 

that the interviewer may not have considered (Valentine, 2005).  Semi-structured and 

unstructured interviews generally consist of a more fluid conversational tone than structured 

interviews where interviewers follow a questionnaire-style schedule (Valentine, 2005).  Some 

researchers believe that there is a flaw in the method, given that the interviewer themselves 

can bias the direction and tone of the interview (Valentine, 2005), however in the current 

study the method was utilised as a preliminary exploratory method and was one of multiple 

methods; therefore any limited bias caused by the interviewer was not deemed to be of 

concern. 

 

Three Interview subjects, with different backgrounds and a role in management of the 

catchment, were identified.  All interviewees were male, reflecting the predominance of male 

anglers and stakeholders (Bull, 2009):  

(i) Conservationist: Westcountry Rivers Trust (WRT) 

(ii) Angler/ Business owner with ties to a fishing association 

(iii) Conservationist: Exmoor National Park Authority (ENPA) 

 

Three probing interviews were considered sufficient to begin the process of identifying key 

themes, especially as the later focus group meeting would aid consolidation and help to 

identify any further key issues prior to the design of the questionnaires.  Two of the three 

subjects were interviewed at their place of work, where they would feel comfortable.  The 

third subject was interviewed at the University, a location convenient and familiar to them.  All 

scoping interviews were conducted in a similar format, beginning with an outline of the PhD 

project being undertaken and prompting subjects as necessary to maintain the conversation 

(Appendix IV).  These prompts were based on participant observation and experience through 

contact with anglers, conservation and management agencies, and scientists.  Subjects were 

encouraged to digress from these points as appropriate.  All interviews were conducted in 

quiet environments and recorded on a digital Dictaphone (MP3 player), with permission from 

the subjects for playback and assessment. Interviews lasted between 20 minutes and one 

hour. 
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3.3.2 Focus group 

Following the scoping interviews, a focus group was conducted with eight key stakeholders 

involved with the River Exe Project.  The purpose was to assess opinions of stakeholders on the 

genetic study on the Exe and to further build on establishing key themes explored during the 

scoping interviews; it would also highlight any potential conflicts between individuals or 

agencies.  It is possible that participants could have adjusted their opinions based on the 

company and opinions of others, and they may have been more guarded than in one-to-one 

interviews.  However, focus groups are more time-efficient than individual interviews and 

allow some insight to be gained into the dynamics between attendees.  Four agencies - 

Environment Agency (EA), River Exe and Tributaries Association (RETA), Exmoor National Park 

Authority (ENPA), and Westcountry Rivers Trust (WRT) - were represented in unequal 

proportions at the focus group. As participants were all involved in the Exe project, they 

formed a ‘natural’ rather than ‘assembled’ group.  This could be deemed a barrier to 

conversation and people may struggle to go beyond the perceived consensus; however, it may 

also ease the flow of conversation as participants are familiar with one another’s personalities 

and views (Conradson, 2005).  The focus group was held at the Exmoor National Park offices, 

Dulverton, directly following an Exe project meeting to avoid further travel for participants.  A 

brief introduction to the purpose of the focus group was provided, along with a request to 

record the proceedings and an agreement to keep participants anonymous.  An introduction to 

the genetic work and preliminary results was provided part way through the focus group to 

elicit responses to the role of science in conservation.  Prompts by the researcher were used as 

necessary (Appendix V), to encourage stakeholders to reveal their opinions regarding current 

management practices, the status of salmon on the catchment and any conflicts on the river. 

The focus group was recorded on a digital Dictaphone for further analysis, with permission of 

the participants. 

 

3.3.3 Questionnaires 

Following the identification of key themes, an extensive surveying technique (questionnaire) 

was used to explore general trends or conflicts of opinion among anglers on the conservation 

and management of salmon.  Questionnaires are an efficient way to obtain a broad selection 

of opinions without the time pressure of interviews (Parfitt, 2005); nevertheless, they do not 

provide the same depth of understanding.  This method was also deemed more practical than 

intensive phone calls or interviews with the same number of people, given the resource 

limitations of the study. 
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A questionnaire (Appendix VI) was created on the basis of key themes identified from the 

intensive analysis; scoping interviews and the focus group.  Forty-two questions were asked, 

divided into four sections: (i) Salmon, trout and management, (ii) Science, legislation and 

agencies, (iii) Fishing and you, and (iv) About you.  Sections three and four encompassed 

questions regarding the respondents’ behaviour and status, including fishing experience, age 

and income.  Some people find personal questions to be invasive or offensive (Parfitt, 2005), 

hence the decision to locate these questions at the end of the questionnaire; indeed, this is 

evidenced in these questionnaires where some anglers chose not to reveal their age or 

income.  One 71 year old respondent even wrote “Cheeky!” next to the question regarding 

income in explanation of their lack of response. 

 

Throughout the questionnaire, a mixture of question styles was used.  Open questions help to 

provide context and explanation for the mainly quantitative responses to the closed questions; 

they also provide an opportunity for respondents to give their true unrestricted opinion. 

Closed questions took the form of: attitude batteries; ranking questions; quantitative 

questions that required a continuous numeric response, e.g. Age; and categorical or multiple 

choice questions represented by a selection of between two and four tickbox options e.g. Did 

you consider your fishing trip to have been successful? Yes      No    . Attitude batteries are 

designed to allow respondents to quickly provide their opinion on a range of subjects (Parfitt, 

2005).  The design of batteries in this questionnaire varied between two styles.  One style 

provided respondents with the options 1 to 6 where 1 = Strongly agree,   5 = Strongly Disagree 

and 6 = Don’t Know.  A second style provided options 1 to 5 where 1 = Very Ineffective and 5 = 

Very effective.  The ranking question was designed to allow respondents to rank the 

involvement different agencies should have in salmon management (see Appendix VII). 

 

A pilot of the questionnaire was conducted with five respondents: four using paper versions 

and one using an electronic version.  The questionnaire was then modified and distributed 

through the postal system with a covering letter to 260 members of RETA, along with their bi-

annual newsletter and an S.A.E. for return.  An electronic copy was also mailed to the 175/265 

members of DAA who had email addresses.  Some recipients will have been members of both 

groups.  Thus the total number of anglers contacted was between 260 and 435, and deemed 

representative of current anglers on the catchment.  These selected associations are the two 

most active groups of anglers on the Exe.  RETA is predominantly comprised of salmon anglers, 

whereas DAA is more trout orientated.  Consequently, a slight bias was expected in the 
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number of returns, particularly given the overlap of anglers in both groups and the earlier 

distribution to RETA.  The electronic questionnaire was also forwarded to members of the ‘Fish 

the Exe’ mailing list.  All DAA and RETA members are likely to be part of this group. An 

incentive was provided in the form of a prize draw for fishing access and a book about Atlantic 

salmon.  Questionnaires posted to RETA members resulted in 58 / 260 (22.3%) returns.  Only 

ten of potentially 175  (5.7%) questionnaires were returned from members of DAA, likely due 

to the predominance of trout rather than salmon fishermen, technical issues with the 

electronic questionnaire and an estimated 10% overlap between members of DAA and RETA 

(P. Veale, Pers. Comm.).  However as only 25% DAA members (approx. 44) are believed to be 

salmon fishermen (P. Veale, Pers. Comm.), 22.7% salmon fishermen in DAA may have returned 

their questionnaires.   Only three responses were received from Fish the Exe members, again 

likely due to the overlap between recipient groups.  If there are an estimated 10% DAA 

members who are also RETA members that would suggest a response rate of 16.3% (68/417) 

from these two groups combined.  When no incentive is provided, a response rate of 30-40% is 

considered typical (Parfitt, 2005); however, response rates of between seven and 50 % have 

been observed (Hayes, 2008).  Other studies demonstrate a range of response rates e.g. 29% 

(Turpie et al., 2003) and 15% for distribution through fishery owners, shops, clubs and hotels 

(Butler et al., 2009). Thus the comparatively low response rates are not unusual in studies of 

this nature. 

 

3.3.4. Qualitative and quantitative analysis 

Manual coding was utilised to extract key themes from the scoping interviews, focus groups 

and qualitative questions answered in the questionnaires.  Scoping interviews were analysed 

by transcription followed by manual identification of key themes.  As only three people were 

interviewed for the scoping interviews, all responses, even if only identified by one individual, 

were considered as being relevant for further discussion, though responses or topics raised in 

more than one scoping interview were given more importance in the design of the 

questionnaires.  Key themes raised or discussed by multiple focus group participants were also 

given more emphasis in the design of the questionnaire where appropriate.  This information 

was extracted from a manual transcription of the focus group.  When analysing the 

questionnaires, the qualitative data were manually coded; responses were listed and the 

frequency of each response was recorded.  The purpose was to determine the five most 

popular responses; the remaining responses were combined into an ‘other’ category (Parfitt, 

2005).  These results were later discussed in relation to the quantitative results.  
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In order to analyse the quantitative data obtained from the returned questionnaire, data were 

coded numerically and input into SPSS v16 (Polar Engineering & Consulting, 2007).  This 

database consisted of the responses from 71 individuals to 89 variables.  A number of these 

variables were re-coded, for example, the continuous respondent variables such as age and 

expenditure were converted to categorical data, to allow for comparison with other responses 

through Chi-squared tests.  SPSS v16 (Polar Engineering & Consulting, 2007) was used to 

observe descriptive statistics such as the mean and standard deviation of battery responses.    

In some cases, the ‘Don’t know’ responses were removed to obtain a mean score on the 

Luikart Scale (1 - 5).  Not all respondents answered all questions; therefore, calculations were 

based only on the number of responses per question.  Associations between pairs of 

statements were analysed using the crosstab function in conjunction with Chi-Squared 

analysis.  In many cases, the sample size and results caused the test assumptions to be violated 

as a result of ≥ 20% of cells containing expected values < 5.  Where this occurred, the results 

must be treated with caution.  Details of the violation will be included adjacent to the test 

results with the format (X % < 5).  Some continuous variables were transformed into 

categorical data for the purposes of analysis with crosstab.  Spearman’s rank correlation was 

also assessed in a limited number of cases and scatter graphs and bar charts were created to 

help in visualisation of patterns within the data.   

 

3.4 Results and discussion 

The results are discussed in two major sections.  In the first section the outcomes of the 

intensive efforts are discussed while in the second section the results from the questionnaire 

analysis are explored.  The intensive methods are explored in two subsections; the scoping 

interviews which divulged ten themes and the focus group which highlighted the particular 

importance of three of these themes; salmon decline, habitat management and conflict 

resolution.  Questionnaire analysis alluded to four major themes which will be further outlined 

in section 3.4.2.  

 

3.4.1 Identification of themes through intensive methods 

3.4.1.1 Scoping interviews 

Ten themes were identified through the scoping interviews: Salmon status, causes of decline, 

value of the fish, monitoring methods, management methods, stakeholders and responsibility, 
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business and community impacts, conflicts in river and land use, legislation and trust in 

scientists.   

 

With differing backgrounds, participants brought different ideas to the flexible scoping 

sessions; however, the loss of fishing hotels, an economic and social loss, was a recurrent 

theme highlighting the value of these fish to tourism in the area.  When considering the impact 

the decline of salmon in the Exe was having on the local community, one interviewee 

highlighted the reduction in the number of visitors to the area, particularly in September, a 

popular month for salmon fishing.  They believed that the fishing businesses had suffered.  This 

sentiment was supported by a second interviewee who explained that salmon fishing has long 

been dominant to trout fishing in the area, and that in the early 1980s the salmon runs were 

good enough for competition to exist between the fishing hotels due to catches made on the 

‘beats’ or stretches of river that they owned.  This interviewee also stated that September was 

the most popular month for visitors.  Another interviewee also indicated a decline in visitors to 

the area compared with numbers in the 1970s and 1980s reflecting the decline in Atlantic 

salmon numbers and the statements of the other two interviewees.   

 

Two interviewees indicated the importance of the species as an indicator of river health while 

a third noted the importance of the existence value of the species, the “value of knowing they 

are there and can’t put an economic price on that” (interviewee i).  At the same time the fact 

was acknowledged that despite this inherent value, members of the community may not want 

to contribute money to support the species’ recovery efforts, while interviewee (ii) said “I 

don’t know anyone who doesn’t get a buzz out of it” in reference to seeing salmon leap at 

weirs.  This feedback demonstrated the importance of the species economically and socially.  

This theme is discussed further in section 3.4.2.2. 

 

In terms of managing this important resource some interviewees had more to say than others 

regarding management approaches past and present as well as with respect to the groups and 

agencies involved.  Habitat management and stocking were both discussed.  One interviewee 

commented on the fact that in previous years, since WWII, riverine environments had not 

been well managed, but that in recent years this had changed to the point that now the DAA 

spends approximately 50% of its time on environmental issues and that “river management is 

probably now higher up the agenda than the actual fishing, the fishing is almost secondary” 

(interviewee ii).  This individual also stated that “what you do improves the fishing so it marries 

together very well but yes we have more discussions on the environmental aspects than we do 
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the fishing”.  This is reflected in the results of the questionnaires (see section 3.4.2).  Two 

interviewees commented that anglers views of a conservative management practice catch and 

release have also changed, with the practice now considered “the norm, not just something 

weird people did with beards and sandals” (interviewee ii).  This is reflected by the 67% 

recorded fish that were released back into the river in 2009 (interviewee i).  One interviewee 

felt that with new generations inheriting the private fishing rights on the river, there has been 

a new level of acceptance of the importance of allowing public access if there are to be 

subsidies and financial contributions made to private fisheries, although a second interviewee 

felt that the sport is still considered by some to be elitist and this view can be a barrier to 

obtaining funding towards environmental rehabilitation. 

 

Regarding the management input from different agencies, all three interviewees were very 

realistic in recognising that agencies can have conflicts of interests, agendas or policies and 

that the EA and anglers in particular may have had a historically strained relationship, but that 

the recent efforts initiated by RETA to gather stakeholders together regularly provides a forum 

to discuss these issues and this appears to be facilitating productive co-operation.  As 

interviewee (ii) states: 

 

 “There does seem to be a change of emphasis on willingness to do something or not 

obstruct what is being done....If you can get past the agency front and start dealing with 

the actual people then most of them are pretty good” 

 

Another interviewee agreed that progress made has been the result of a collaborative effort, 

not just one body.  This sentiment however is not shared by all anglers however and there 

appears to still some uncertainty about the EA (section 3.4.2.5).  There has also been some 

scepticism over the trustworthiness of scientists in the past, one interviewee explained that, 

once the feeding grounds (for salmon) were identified by scientists, trawlers targeted the fish 

contributing to the decline but that most anglers have now moved on from this and are 

interested in current research.   

 

Despite the local improvements in communication there are still concerns over the paperwork 

and legislation involved in conservation, as stated by interviewee (ii)  “so slow to get things 

done....still difficult to tick the boxes, and follow paperwork and manpower... would be nice to 

see it made a lot easier”.   
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In addition to potential conflicts between stakeholders, management and research bodies, 

interviewees also eluded to three other potential conflicts.  The first between anglers and 

canoeists, the second between anglers and predators, and the third regarding land use.  One 

interviewee indicated that the angler/canoeist conflict may, in part, be due to their 

contributions to the river.  For example, “The fishermen pay taxes that should go back into 

fisheries restoration.  Canoeists are not paying to improve the river.”  Interviewee ii suggested 

that with the improving river quality predators such as otters are likely to return and that 

“River anglers are happy to forgo fish to otters”.  Angler views on predators are discussed 

further in section 3.4.2.3.  Land-use was seen as the biggest source of conflict by interviewee i, 

as they said “Grants are available for commercial forestry improvement but this could be 

damaging for salmon spawning grounds.... conflict in policy needs looking at.”   

 

All participants recognised the need to consider salmon as part of the bigger picture, not the 

sole attraction for tourists nor the conservation priority; the river needs to be managed as a 

whole and that this is key in working towards more funding and legislative rights. 

 

3.4.1.2 Focus group 

The focus group discussion confirmed these themes, accentuating the following three issues: 

salmon decline, habitat management, and conflict resolution between agencies.  Multiple 

participants agreed that the project to rehabilitate Atlantic salmon on the Exe was prompted 

by a “call from fishermen” that “there were not enough fish”.  The degraded habitat on the 

Little Exe was deemed a good place to focus the first efforts of the project.  A focus group 

participant and member of the funding board indicated that the application for funding was 

well received as it was an “exemplar” application, incorporating excellent conservation goals, 

economic importance in terms of attracting people to the catchment and an educational 

component.  The participants openly agreed that there had been only a limited amount of 

conflict within the meetings.  One stakeholder stated there is very little conflict of interests 

within the group, while another commented on the fact that any conflict that occurs is openly 

discussed and that when issues are identified early enough a compromise can be reached that 

is acceptable to all stakeholders (Box 3.1). 

 

This highlights the benefits of having a mixed stakeholder meeting on a regular basis; providing 

a forum for open and honest discussion.  This was evident in the way differing viewpoints were 

communicated without causing offence, similar viewpoints were supported and new 
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information was openly and enthusiastically received.  Stakeholders seemed genuinely open to 

each other’s opinions and aware that the small amount of inevitable conflict may result in 

productive discussion.     

  

 

The remainder of the focus group was spent discussing: the current and preferred 

management practices, which tend to be quite traditional, and the role of genetics and 

stocking.  Following these topics participants wanted to ask more questions regarding the 

provisional results that were provided at the start of the group, regarding the provisional 

genetic analysis of Atlantic salmon populations on the catchment.  

 

In terms of the discussion of management practices, the input was mainly from two 

participants (from the WRT and the EA); enhancing the spawning gravels, moderating the 

water flows and managing riparian trees were seen as key methods.  The use of genetic 

information and stocking was a topic of broader interest, with four participants from different 

agencies participating in the discussion.  One participant explained the recent stocking 

regulations and the potential implications of the genetic research (see Chapter 2): 
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“The EA were quite happy to give us permission to rear fish in the hatchery and stock 

them wherever, ah, the improvement works or habitat improvement works had been 

done, um, to give it a kick start.  Um, obviously if we come up with different genetic 

families it complicates my life severely (chuckle) because we have to correct more 

broodstock from different areas, um, and keep them all separate and, ah, it makes it a 

bit more complicated but, um, in the wider sphere of things I guess it’s going to be very 

useful to know.” 

 

This honesty about the practical implications of the potential findings from genetic research 

combined with the understanding and genuine interest in knowing what is better for salmon 

within the catchment illustrated the general tone and interest from the group as a whole.  

Indeed, almost all participants were interested enough to ask at least one question regarding 

the provisional genetic analysis presented at the beginning of the session, demonstrating the 

will to understand and the interest in current scientific research.  It was clear that the 

stakeholders wanted more time to understand the genetic results and this should be a priority 

for scientists in the future. 

 

3.4.2 Questionnaire analysis and discussion of results 

For the purpose of analysis, it is important to understand who the respondents are, as this may 

affect their opinions.  Thus, analysis of the respondents’ characteristics occurs first, so that 

their opinions on salmon management can be placed in context.  Following this, the perceived 

value of Atlantic salmon will be explored, the decline of salmon as considered by anglers will 

be described, and views on effective management strategies will be discussed.  Angler opinion 

on agencies, scientists and current conflicts will also be explored.  The section will close with 

consideration of anglers’ final comments; at the end of the questionnaire they were given the 

opportunity to share anything that they felt was relevant to the management of Atlantic 

salmon. 

 

3.4.2.1 Demographics of the respondents 

In order to understand the context of the responses provided, it is necessary to understand the 

respondents’ demographics.  All except one respondent was British and all were aged between 

30 and 85 (mean age 59).  Based on the prize draw slips, the majority, if not all, respondents 

were male.  This portrays a certain image of anglers in this region and, indeed, this 

demographic was reflected in Bull’s (2009) study on the rural masculinities of fly-fishing, where 



94 

 

male respondents with a mean age of 52.5 dominated.  An Environment Agency (EA) survey 

assessing public attitudes to angling also found the sport to be male-dominated (Simpson and 

Mawle, 2010); however, in their survey 35% of anglers were found to be under the age of 35.  

This may reflect the limitations of the survey distribution in the current study, the geographical 

region surveyed or the target species (salmon).  The modal income category was between 

£20,000 and £50,000 (46.5%), followed by < £20,000 (20.3%), > £100,000 (16.9%) and £51,000 

to £100,000 (15.3%).  Throughout the questionnaires, some respondents chose to leave 

occasional questions unanswered, and a few chose not to divulge details of their age, income 

and expenditure.  Any averages or calculations were thus conducted without including these 

samples. 

 

 

Figure 3.1. Bar chart illustrating the number of visits respondents made to the Exe and elsewhere.  

Count indicates the number of respondents.  Those who fished the Exe less than 20 times were more 

likely to fish elsewhere.   

 

In addition to the initial demographic assessment, all respondents were asked about their 

fishing habits to understand who they were as anglers. More respondents visited the Exe (59) 

than elsewhere (46) although the number of visits were similar (Mean ± standard deviation 

(SD): 11.8 ± 15.27, 12.2 ± 16.91 respectively).  Those who visited the Exe more than 20 times 

made fishing trips elsewhere less frequently (Figure 3.1); however, no significant relationship 
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was found between these two factors, nor between age and the number of visits to the Exe 

(Figure 3.2).  An observation was made that only individuals from the age category 49 - 66 

fished the Exe on more than 20 occasions; this result can be simply explained by the fact that 

49 - 66 is the predominant age category, comprising 59.2% of all respondents.  The number of 

visits respondents made to the Exe was, however, significantly associated with whether or not 

they were riparian owners (Χ2 = 6.877, df = 2, p = 0.032; 66.7% < 5).  The mean number of 

fishing trips to the Exe made by riparian owners was higher that the number of visits made by 

non-riparian owners (Figure 3.3; Mean and S.E: 13.92 ± 4.405; 10.00 ± 1.403).  Contrastingly, 

on average, non-riparian owners visited catchments other than the Exe more often than 

riparian owners (Mean and S.E.: 13.12 ± 3.246; 9.42 ± 2.633); this difference was not found to 

be significant.   These results are intuitive; riparian owners have constant access to their 

‘beats’ or stretch of river, and can therefore fish more regularly and at a lower cost than non-

riparian owners; who generally have to pay for access.  For non-riparian owners, fishing 

elsewhere may be at least equally attractive as fishing on the Exe; it could be cheaper, closer 

or more interesting than fishing the exe resulting in a greater number of trips.  For riparian 

owners, there may be an inherent excitement or holiday feel to fishing elsewhere, which 

encourages them to take this opportunity; however, it is likely to involve travel and cost that 

would not be incurred fishing on their own beat, making it a less attractive and consequently 

less frequent occurrence.  No significant relationships were found between the number of 

visits anglers made to the Exe or elsewhere and age, income, distance travelled or whether 

respondents were local residents or not. 

 
Respondents up to the age of 35 appeared not to travel and so presumably live locally, 

possibly with their parents.  This result could also be indicative of a difference in respondents 

understanding of the word ‘travel’. For example, a journey of 17 miles may take under an hour, 

and it is possible that with people travelling more frequently for both work and pleasure, a 

journey of 30 minutes to an hour may be considered ‘local’.  Respondents travelling shorter 

distances were more likely to have travelled alone (Χ2 = 17.111, df = 4, p = 0.002; 77.8% < 5).  

This may be because the trip could be completed in a day and the petrol costs would be 

minimal.  For trips of a greater distance, respondents may car share to save travel costs or 

travel with family or friends as part of a holiday. 

 

3.4.2.2 The value of Atlantic salmon 

The value of salmon is often discussed in terms of economic or touristic value, but it is not 

clear what anglers consider necessary to experience a successful trip. Indeed, there are 
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different documented ways of assessing this, often relating to units of catch and effort (e.g. 

Bailey, 2007, Samples and Bishop, 1985, Stevens, 1966).  In the current study, 72.9% anglers 

felt their trip was a success.  No explanation was asked for; however, all anglers who caught 

their target quarry considered their trip to be a success (Χ2 = 9.669, df = 2, p = 0.008; 33.3% 

<5).  The ‘main quarry hypothesis’ suggests that failure to catch the target quarry results in a 

reduction in demand for fishing days (Bell, 1989).  When testing this hypothesis, Bell (1989) 

found it was supported by visitors fishing for salmon in Ireland where it was deemed there was 

a “low probability of catching the main quarry - the prize salmon”. Bell (1989) found that if a 

salmon was caught, anglers were more likely to add time to their trip and increase their 

expenditure (estimated at approximately $91.2 per night).  This theory supports the idea that 

catching the target quarry is a major or potentially sole contributor to what makes a successful 

trip.  In this study, 32.4% of respondents travelled between 14 and 400 miles to fish the Exe 

and stayed in the area between one and four days in caravans, B&B’s, with friends or in their 

own cottages.  The majority (81.8%) travelled alone.  As discussed in Bell (1989), anglers may 

vary the length of their stay dependent on whether they caught a salmon.  However, neither a 

successful trip nor a caught target was associated with the duration of the anglers stay in this 

study.  The duration of stay did, nevertheless, increase with distance travelled, supported by a 

chi-squared test (Χ2 = 13.037, df = 2, p = 0.001; 83.3% < 5) and Spearman’s rank correlation (r = 

0.636, p = 0.002). 

 

 
Figure 3.2. A scatterplot illustrating the age of respondents and the number of fishing visits to the Exe. 
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Figure 3.3. Box plots indicating the number of fishing trips respondents made to the Exe in 2010.  

Riparian owners on average visited the Exe more often than non-riparian owners. 

 

Fishing trips were also deemed a success by some anglers who did not, or only sometimes, 

caught their quarry. This would imply there is another component to experiencing a 

‘successful’ trip.  Based on the responses to open questions, the enjoyment of the sport and 

the environment may be enough to warrant a successful trip (Box 3.2).  Quotes in Box 3.2 were 

provided as responses to the question “If you believe it is important to conserve these fish, 

please explain why.”  This illustrates that these anglers are very passionate about fishing, the 

sport and experience and consequently do not necessarily need to catch a fish to experience 

the joy of fishing.  This idea is supported by Brown (1987) (IN Bell, 1989) who found catching 

the target quarry was secondary to the relaxation of the sport and the benefits to being 

outdoors.  Clearly, the results of the current study and other studies highlighted in Bell (1989) 

demonstrate the variety of reasons anglers choose to fish.   

 

No relationship was found between ‘successful trips’ and age, income, distance travelled or 

whether or not the respondents were riparian owners or residents.  This lack of strong 

relationships between success and demographic characteristics further supports the idea that 
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success is in part about the experience of fishing, a factor that was not directly assessed in the 

current study. 

 

 

The target quarry selected by responding anglers before and after 16th June were significantly 

associated with the distance travelled (Χ2 = 22.667, df = 4, p = 0.000; 88.9% < 5; Χ2 = 21.000, df 

= 2, p = 0.000).  In both cases, salmon were the prime target, with only the furthest travelled 

fishing other species in addition to salmon.  Prior to the 16th June, some travelling respondents 

did not fish, perhaps delaying their trip to suit the more favourable catch and release dates, 

although it could be pure coincidence that the time was more suitable to them.   The number 

of non-residents visiting early in the season may also have been affected by the anecdotal 

reports that salmon are running later in the season.  Salmon are clearly the prime quarry of 

these visiting anglers and a loss of this species would result in fewer visitors, at the detriment 

of the local economy.  This may have already occurred to an extent following the recorded 

decline in salmon catches (Environment Agency, 2003a), as evidenced by the closure of fishing 

hotels in the area (J. Hickey, Pers. Comm.). 

 

Amongst both residents and visitors, annual fishing expenditure ranged from £40 to £20,000 (µ 

= £1553.02).  There was no indication of how much of this was spent on the Exe or elsewhere.  

Analysis highlighted that the highest expenditure of £20,000 was by an individual in the > 

£100,000 pay bracket and that expenditure appeared to be limited by age.  Respondents up to 

and including 48 years of age spent < £3000 and no-one in this age group earned less than 

£20,000.  Contrastingly, respondents over the age of 48 both spent and earned across the 

range.  Only eight respondents fell within the youngest age group (30 - 48), so the low 

expenditure indicated by these results for angler of this age group may be due to the limited 

sample size.  Alternatively, this lower expenditure from younger anglers could be due to 

financial responsibilities such as mortgages, weddings and children.  Anglers with an income of 
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less than £20,000 are over the age of 48 and may have savings or fewer outgoings than 

younger anglers, allowing for a greater expenditure on angling trips and equipment. 

 

3.4.2.3 Salmon decline  

Scientific reports have documented the decline of Atlantic salmon as a species (Parrish et al., 

1998).  The Environment Agency (Environment Agency, 2003a) and news reports (Edbrooke, 

2004) have also reported on this decline within the Exe.  The majority of anglers appear to 

agree with this trend, although there are still some who believe there has not been a decline in 

salmon catches. Among the statements on salmon and trout management and the current 

state of Atlantic salmon, the three most strongly felt are given below (see Appendix VII for all 

results):  

 

1. “I do not care if salmon are unsustainable”: Strongly Disagree (µ = 4.91, SD = 0.35) 

2. “I do not think it is important to conserve salmon”: Strongly disagree (µ = 4.84, SD = 0.74) 

3. “Salmon catches on the Exe have declined”: Agree (µ = 1.41, SD = 0.63)  

 

All statements within the battery received responses ranging from 1 (strongly agree) to 5 

(strongly disagree), but were ranked based on an average of these values, to indicate the 

general feeling of the respondents.  The two statements that respondents felt most strongly 

about in this battery were “I do not care if salmon are unsustainable” and “I do not think it is 

important to conserve salmon”.  Respondents indicated their interest in preserving the species 

as well as their emotional investment.  This result is supported by Cowx et al. (2010) who 

found anglers to have a great financial investment in conservation through the purchase of rod 

licences.  Anglers were also identified as “guardians of the environment” (Cowx et al., 2010: 

2197).  Cowx et al. (2010) also point out that anglers have a vested interest in conserving 

salmon as without them they would not be able to enjoy the sport.  The majority of 

respondents are pure salmon fishermen, and, as stated in Bell (1989: 72), the motivations 

behind the “hunting of salmon” may differ from those for fishing for other game fish.  Salmon 

are described by respondents as “magical”, “iconic” and the “king of fish”.  Perhaps catching 

salmon represents the ultimate achievement in game fishing.  The five most common answers 

to the question: “If you believe it is important to conserve these fish, please explain why” are 

presented in Table 3.1.  

 



100 

 

Clearly, the majority of anglers believe there has been a decline in salmon catches on the Exe; 

however, they appear to feel more strongly about emotive statements, with strong responses 

to indicate that they care about the sustainability and conservation of Atlantic salmon.  It 

would be interesting to further pursue exploratory study with personal interviews to gain 

further insight to the lengths that anglers would go to support these statements.  For example, 

would they be willing to (i) restrict or stop fishing for a season? (ii) alter their fishing 

equipment? (iii) Practice 100% catch-and-release?  There would also be value in speaking with 

those who believe Atlantic salmon are not suffering a decline to understand where this idea 

comes from and if there is some truth to it e.g. if in their angling experience, numbers appear 

to be stabilising.  These questions have not been addressed directly within this study; however, 

one respondent indicated that due to concern over the number of fish currently on the Exe he 

had given up his rod for the season:  

 

“I feel the work of RETA is exemplary and hopefully the work being done will increase 

fish No’s. This year I have declined my rod on the Exe due to too high a rent and the 

drop in Salmon numbers.  The numbers of days we can fish should be greatly reduced 

and only 1 possibly 2 fish can be retained each season.”Resident angler, 58. 

 

While another two anglers raised concerns over the practice of catch and release; A 50 year 

old resident salmon angler, and riparian owner, felt that “both spinning and catch and release 

should be banned”, although they gave no explanation as to why, while a 69 year old resident 

salmon angler stated: 

  

“Catch and release has always been practised by responsible anglers.  But as a general 

principle it is harmful to fish which have finite resources in the river.  The EA do not 

understand the essence of game fishing and believe we should all behave like carp 

men.  They do not recognise the vast difference! C&R encourages anglers to catch fish 

after fish as long as they are returned.  This is bad for the fish and very bad for the 

sporting ethics of fishing.” Resident salmon angler, 69. 

 

Anglers provided a range of responses as to why salmon should be conserved (Table 3.1).  With 

‘sport/angling’ ranked as the 4th most important reason, it is clear that the value of this fish has 

multiple components.  Interestingly, the next most popular category related to obligation and 

responsibility, again returning to the point that anglers have a vested interest in the river that 

extends beyond salmon (see Box 3.3). 



101 

 

 

 

 

Table 3.1. Why salmon should be conserved. The five most common answers to the question: “If you 

believe it is important to conserve these fish, please explain why.”  

Rank Reasons to conserve salmon 

1 Iconic species 21/124 (16.9 %) 

2 Economic value 20/124 (16.1%) 

3 Indicator of river health and a way to preserve the river as a 
whole 

19/124 (15.3%) 

4 Sport/ Angling 12/124 (9.7 %) 

5 Keystone species 12/124 (9.7 %) 

 

 

 

 A Chi-Squared test indicated that respondents believe the decline in catch is associated with 

the decline in the salmon runs (Χ2 = 62.229, df = 20, p = 0; 100 % < 5).  This statistic is 

supported by general agreement with the statement “the decline in catch is a result of the 

decline in run” and, indeed, this statement significantly associates with the former two 

statements “catches have declined” and “the run has not declined” (Χ2 = 113.2, df = 20, p = 

0.000; 90 %< 5; Χ2 = 64.911, df = 25, p = 0.000; 88.9% < 5).  Respondents agreeing with the 

statement “the decline in catch was resultant of the decline in runs” felt that spring fish had 

declined (Χ2 = 48.106, df = 25, p = 0.004; 91.7% < 5).  Additionally, respondents agreeing with 

the statement “decline in catch was resultant of the decline in runs”, did not catch, or only 

sometimes caught, their target quarry (Χ2 = 19.958, df = 8, p= 0.01; 88.0% < 5). The majority of 
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anglers who believe salmon catches have declined do not fish more frequently now than in the 

past (Χ2 = 10.601, df = 3, p = 0.014; 62.5% < 5).   

 

Whilst the majority of anglers believed that salmon catches have declined, opinions regarding 

the sustainability of the species appeared to be more mixed (Appendix VII). Presumably this 

indicates a lack of knowledge as to where the threshold for sustainability may be; a population 

may be in decline, however so long as it is performing above a certain threshold it may still be 

deemed sustainable.  The scientific views regarding this threshold were discussed in Chapter 2.  

 

 A key aim of this thesis is to assess sustainability of Atlantic salmon on the Exe and so it is 

interesting to note the variability of angler opinion on this subject.  Angler opinion was 

affected by whether or not respondents were riparian owners (Χ2 = 12.380, df = 5, p = 0.030; 

59.3% < 5).  Most respondents felt that both salmon catches and runs have declined, and that 

the two factors are related; despite this, there is on average only a slight disagreement on the 

statement that salmon numbers are sustainable (µ = 3.13, SD = 1.37).  Respondents under the 

age of 48 did not agree or strongly agree with the statement that salmon are sustainable; 

however, respondents over the age of 48 had mixed opinions on the subject, perhaps because 

older anglers have seen cycles of salmon numbers in the past and feel they are beginning to 

recover or younger anglers may be better informed regarding the scientific concerns.  

Additionally, Riparian owners disagreed with the statement more than non-owners.  Their 

constant contact with the river and vested interests may give them more opportunity and 

need for observation and understanding of salmon as a sustainable resource.  

 

Fewer fish are being caught because less are returning to the river.  The reason fewer adults 

are returning to spawn is unclear, although scientific reports document extensive possible 

causes including: barriers to migration (Lundqvist et al., 2008), pollution (Griffiths et al., 2011, 

Ormerod, 2003) and mortality at sea  (Ellis et al., 2011a, Griffiths et al., 2010).  Anglers were 

asked to provide possible reasons for the cause of the decline and factors that may affect the 

survival of salmon on the Exe now and in the future (Table 3.2).  

 

There are commonalities in what are considered current threats and causes of decline, 

including pollution, predation and problems with water flows.  Drift nets have been closed and 

restricted (Salmon and Trout Association) and, specifically, the estuarine nets on the Exe are 

being limited (D. Solomon, Pers. Comm., J. Hickey, Pers. Comm.); this could explain the lack of 

concern over this problem as a risk for the future.  Similarly, there are restrictions in place at 
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sea (NASCO, 2012) and an increasing awareness that multiple stocks feed in the same area and 

overfishing in one area may wipe out multiple stocks or rivers (Griffiths et al., 2010, MacKenzie 

et al., 2011, Windsor et al., 2012) . The increase in concern over pollution appears to be 

explained by an increase in intensity of agriculture and development along the river, 

potentially propelled by recent publicised (BBC, 2006) and unpublicised (Lowman tributary 

2009) pollution events.   

 

Table 3.2. Current and historic factors affecting Atlantic salmon numbers on the Exe.  Coded responses 

to open questions regarding the reasons for the current decline of Atlantic salmon and the three main 

risks currently affecting salmon on the Exe. 

Rank Reasons for the Decline of Salmon Three Main Risks affecting the Exe now 

1 River flows and water control 
(e.g. abstraction and drainage) 

21/177 
(11.9%) 

River flows and water control 
(e.g. abstraction and 
drainage) 

36/191 
(18.8%) 

2 Exploitation at sea 20/177 
(11.3%) 

Farming and Agricultural 
pollution 

23/191 
(12%) 

3 Predation 16/177 
(9.0%) 

Pollution 23/191 
(12%) 

4 Netting                                            
[and Estuary netting] 

14/177 
(7.9%)  
[4/177 
(2.3%)] 

Hydropower - if not designed 
considering salmon  

16/191 
(8.4%) 

5 Pollution 13/177 
(7.3%) 

Predation  15/191 
(7.9%) 

 

Hydropower is emerging as a new concern.  This is a method of producing ‘green’ energy; 

however, the hydro turbines can alter water flow, act as a barrier to migrating fish and cause 

injury or mortality (Lundqvist et al., 2008).  Understandably, some anglers are concerned that 

salmon would not be considered in the design of these turbines.  Others are 100% against 

hydropower, as observed through an average response of 4.15 ± 1.231 (Disagree) to the 

statement “I think hydropower schemes should be encouraged”. Responses ranged from 

strongly agree to strongly disagree and this opinion was not influenced by age, income, 

distance travelled or whether or not the respondents were residents or riparian owners.  There 

is scope for knowledge exchange here.  Perhaps some anglers are not aware of the risks, while 

others may not be aware of the adaptations; specially designed fish passes can minimise the 

effect of this green energy on migrating fish.  This is a subject that may benefit from further 
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discussion between anglers, Exe project stakeholders and the Environment agency who are 

involved in releasing permits (J. Hickey, Pers. Comm.).   

 

As far as predators go, some respondents identified seals, cormorants, sawbills and mink as 

predators of concern, although one respondent pointed out that the biggest issue is that some 

of these predators are themselves protected species.  It is possible for some anglers to obtain 

a licence to cull a limited number of cormorants (D. Solomon, Pers. Comm.) and this may in 

part explain the slightly reduced ranking of predation as an issue now; it is also likely to have 

taken a back seat to more pressing concerns such as hydropower and water flows.  

 

3.4.2.4 Management 

Across the species range, there are a wide variety of in-river methods being used to try to 

improve numbers of Atlantic salmon.  Those currently used on the River Exe include: habitat 

improvement (e.g. cleaning of spawning gravels, fencing), education, supportive breeding, 

monitoring of juveniles, predator control and genetic exploration as a tool to improve current 

management procedures.  Anglers were asked to disclose the methods that they thought were 

being used on the Exe and those that they felt should be used.  The top five responses for both 

questions are shown in Table 3.3.   Most notably, four of the top five themes were the same 

(although not given the same ranking).  However, water quality and pollution was an area of 

concern that was not considered as being a current priority on the Exe, while catch and release 

was noted as a method that should be used by just 5.1% of respondents (ranked 7th).   

 

No relationship was found between respondents view on the statements ‘Catch and release is 

a bad idea’ or ‘I practice catch and release’ and demographic factors; age, income, distance 

travelled and whether or not the respondents were riparian owners or residents.  Respondents 

in the younger age category (30 - 48) only agreed or strongly agreed with the statement ‘I 

practice catch and release’ but as only eight respondents fall within this age group, it is difficult 

to infer whether the response is due to a small sample size, or if these are the views of all 

younger anglers; perhaps because catch and release has been in place as long as they have 

fished, or because they are better informed or more willing to change than some older anglers.  

However, none of the respondents from the oldest age group (67 - 85) disagreed or strongly 

disagreed with the statement about catch and release (C & R), while members of the most 

populated age group (49 - 66) have mixed opinions; these results imply that sample size is 

likely to have a greater influence on the response than age (Figure 3.4).     
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National byelaws state that ‘Catch and Release’ and ‘Fly and Spinner’ are mandatory for 

salmon prior to the 16th of June (Environment Agency, 2003b, Fish the Exe).  For this reason, 

anglers were asked about their target quarry prior to and after this date during the season of 

2010.  Those who fished ‘salmon’ or ‘salmon and another species’ prior to the 16th June did not 

change their target quarry; however, the majority of respondents who did not fish prior to this 

date fished salmon afterwards.  Some anglers fishing ‘other spp.’ before June 16th also 

switched to salmon after this date.  This indicates that the legislation may have an effect on 

what or when people choose to fish.  For example, non-residents targeted salmon (1/21 non-

residents fished ‘Salmon & other’) after June 16th.  Before this date, some did not fish (5/18).  

Presumably this reflects the time the non-residents visited, although whether by design or 

coincidence cannot be inferred.  It is difficult to say whether catch and release or fly and 

spinner regulations are the more likely cause for the increase in salmon fishing after this date.  

However, respondents were asked for their views on catch and release, and this was a more 

prominent topic in the responses to the qualitative questions than the type of fishing 

equipment used.  

 

 Catch and release was considered to be a bad idea by a small number of respondents (4/56) as 

illustrated in section 3.4.2.3.  After June 16th, all four fished salmon; prior to this date, two 

fished salmon, one did not fish and one fished another species.  Prior to the 16th June, two 

salmon fishermen admitted to not practising catch and release, while after this date the 

number increased to three respondents.  There are three potential explanations for these 

results: (i) the battery labels were read incorrectly; (ii) the respondents do not approve of 

catch and release because they would like to keep the fish; and (iii) they are concerned about 

the impact of catch and release on the fish.  Indeed, the latter point is supported through 

qualitative responses (section 3.4.2.4) and has been examined in scientific literature, 

summarised in Cooke & Schramm (2007), where a range of potential direct and indirect effects 

of catch and release are discussed with regards to a variety of fish species. 

 

In addition to the open questions, respondents assessed the effectiveness of seven 

management methods.  These responses were transformed into rankings of the methods in 

order of their effectiveness, based on the mean values per method (ranging from very 

ineffective (1) to very effective (5)).  Methods were ranked as follows: gravel, fencing, 

education, supportive breeding, traditional stocking, coppicing and legislation.  All measures 

were considered effective with the lowest score 3.61 ± 1.055 (legislation); however, all 
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responses (very ineffective to very effective) were selected by at least one respondent, 

indicating that each method was considered ineffective by a minority of respondents.  None of 

the respondents were consistently negative about multiple methods and generally a positive 

association was found where the majority of respondents felt that if one method was 

successful, the second method was also considered to be successive (see significant results in 

Table 3.4).  Only five of 21 pairwise comparisons were found not to be significant; education or 

legislation with coppicing or fencing, in addition to legislation with gravel improvements. 

Legislation was the lowest ranked management method; however, education was considered 

the third most effective, so this is not a divergence of the methods considered least and most 

effective.  Anglers appear to simply have mixed opinions on the two methods as illustrated in 

the case of a comparison between opinions on education and coppicing (Figure 3.5), 

potentially as a result of demographic factors. 

 

Angler views on these seven management methods did not vary significantly in response to 

demographic variables such as age, income and expenditure, with three exceptions.    

Education was seen as a more effective management strategy by those on a higher income (Χ2 

= 30.349, df = 12, p = 0.00; 80% < 5) and ineffective by some members of the 67 - 85 year old 

age group (Χ2 = 18.244, df = 8, p = 0.019; 73.3% < 5; Figure 3.6).   Opinions on legislation as a 

management method were also influenced by age  (Χ2 = 18.005, df = 8, p = 0.021 73.3%<5) 

with proportionally more members of the 67 - 85 age group (41.2%) considering  legislation to 

be  ineffective or very ineffective, compared with 7.3% of the middle age group (49 - 66) and 

0% from the youngest age group (30 - 48).  These results indicate that older respondents are 

more likely than the younger respondents have a negative view of the effectiveness of 

legislation and education.  Perhaps this is because they have been trying to make themselves 

heard for longer through these methods to no avail, or believe their audience may not want to 

listen?  Additionally respondents with a higher income believe education is effective.  

Respondents with a higher income are likely to be better educated and consequently put more 

trust in the idea of education; although income can reflect the field a participant works in 

rather than their level of education, or the number of hours a respondent works.  

Alternatively, they may be individuals who are aware of the current education programme 

where school children are involved in raising young salmon and made aware of the problems 

they face. 
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Figure 3.4. Bar chart showing anglers who practice catch and release in relation to their age.  

 
Table 3.3. Management methods on the Exe.  Coded responses to open questions regarding the 

management methods currently used to improve salmon numbers on the Exe catchment and methods 

that should be used. 

Rank Methods used on the Exe Methods that should be used to 
improve salmon numbers 

1 Hatchery/ Stocking 36/127 
(28.3%) 

Ban or limit nets at sea and 
in the estuary 

29/158 
(18.4%) 

2 Habitat improvement 25/127 
(11.8%) 

Hatchery/ Stocking* 26/158 
(16.5%) 

3 Spawning habitat (cleaning 
gravel, redd creation) 

18/127 
(14.2%) 

Spawning habitat 16/158 
(10.1%) 

4 Net buyout/negotiations 16/127 
(12.6%) 

Habitat improvements 16/158 
(10.1%) 

5 Catch and Release 13/127 
(10.2%) 

Improving water quality 
and pollution 

11/158 
(7.0%) 

*Four of these respondents commented on genetically sound practices 
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Figure 3.5. Bar chart illustrating how effective anglers considered coppicing and education to be in 

managing Atlantic salmon. 
 

Table 3.4. Cross tabulation of the perceived effectiveness of seven management methods. E = 

Education, L = Legislation, S = Supportive breeding, T = Traditional stocking, G = Gravel, C = Coppicing, F 

= Fencing.  χ
2
 values are provided in the upper triangle and p values are reported in the lower triangle.  

Non significant results are not included and are indicated by NS.  All tests had 16 degrees of freedom, 

except those including Gravel as only four of five categories were selected by respondents; none felt the 

method was ‘ineffective’.  For these comparisons between 70 and 88% of cells contained expected 

values < 5.  For this reason the results should be treated with caution. 

 E L S T G C F 

E - 109.365 40.715 35.828 45.712 NS NS 

L 0.000 - 29.888 29.748 NS NS NS 

S 0.001 0.019 - 84.921 55.016 52.447 48.475 

T 0.003 0.019 0.000 - 42.361 30.305 34.885 

G 0.000 NS 0.000 0.000 - 25.614 36.553 

C NS NS 0.000 0.016 0.012 - 156.980 

F NS NS 0.000 0.004 0.000 0.000 - 
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Figure 3.6.  Bar chart illustrating the influence of age on angler opinion regarding the effectiveness of 

education as a management technique. 

 

Supportive breeding and traditional stocking are considered the next most effective strategies 

and there has been change over recent years about scientifically what is considered a sound 

strategy.  The two management methods are associated with each other, both in terms of 

being effective and essential (Χ2 = 84.921, df = 16, p = 0; 84% < 5; Χ2 = 87.910, df = 25, p = 0; 

88.9% < 5). Thus, if a respondent finds one effective or essential, they also find the other to be.  

Very few respondents find either method ineffective (this is true of all suggested management 

methods provided).  Scientific reports suggest that supportive breeding is a more genetically 

sound strategy than traditional exogenous stocking, but it is not without its own drawbacks 

(e.g. Aprahamian et al., 2003, Cross, 1989, Cross et al., 2007, Ford, 2002).  The higher ranking 

of supportive breeding as a management practice suggests some anglers are aware of the 

differences between this and traditional exogenous stocking; however, this is not the case for 

all.  Comments on some questionnaires asked if supportive breeding and stocking were the 

same and, indeed, supportive breeding is a type of stocking; thus more care needs to be taken 

with the wording used when discussing this subject. Stocking is occurring on the Exe, through 

supportive breeding, meaning the fish stocked out are progeny of wild caught native fish as 

opposed to foreign broodstock, as has occurred historically (traditional stocking).  It is unclear 

whether the support towards ‘Traditional stocking’  is due to a lack of clarity in terminology, a 
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block in communication between scientific research and anglers showing the ineffectiveness of 

traditional stocking (Finnegan and Stevens, 2008, Griffiths et al., 2011)  or whether it is an 

over-riding preference to just put more fish into the river.  During the focus group one 

participant joked “fishermen always say there are not enough...”   

 

One other matter of interest is the area on which to focus conservation efforts.  One scoping 

interviewee (ii) suggested that 75% of salmon in the catchment could be found on the Barle 

tributary.   Consequently, two potentially contradictory statements were made in this battery: 

(i) All Exe tributaries are equally important to salmon and (ii) the most important tributary to 

protect is the Barle.  Both statements have similar average response values (2.3 ± 1.47; 2.04 ± 

1.04), showing a general trend of agreement.  However, a few disagree with the Barle being 

most important tributary and strongly agree that all tributaries are equally important to 

salmon.  The wording of the statements may help to understand the responses.  The fact that 

the majority agree with the first statement indicates a belief that, while salmon do not 

currently spawn in equal numbers in all tributaries or return to all tributaries, they should all 

be considered in management for the species.  The second statement was not qualified as 

being specifically for salmon.  The Barle is a SSSI (Site of Special Scientific Interest) (Natural 

England, 1997, Environment Agency, 2003) and is believed to support the majority of redds 

and breeding fish (scoping interviewee ii).  For these reasons, it is understandable that some 

anglers would prioritise it, while acknowledging that to the salmon all tributaries may 

potentially be equally important.  Those disagreeing with the second statement may well be 

seeing it from the salmon’s viewpoint, rather than an angler’s, especially as it directly follows 

the statement about ‘all tributaries’ in the battery.  Alternatively, they may either not have the 

opportunity to fish the Barle, or believe that other areas are potentially as important and in 

more need of the conservation efforts. 

 

3.4.2.5 Agencies, scientists and conflicts 

When asked which agencies were involved in managing Atlantic salmon and which agencies 

should be involved, respondents produced 29 and 34 categories respectively; the top five are 

ranked in Table 3.5. Given that the respondents were anglers and in some cases riparian 

owners, there is no surprise in their preference for wanting angling associations, anglers and 

riparian owners to be involved in management; respondents want to be involved and want to 

be heard, as indicated to an extent by their taking the time to fill in the questionnaire.  The 

change of the top two ranking responses between those who are involved and those who 
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should be indicates the will to have a group considered to have angler’s best interests at heart 

managing their species of concern.  Respondents raised concerns over the remit of the 

Environment Agency and some respondents indicated that the role the EA plays in 

management should change to a legislative role rather than practical management (Boxes 3.4 

and 3.5). However, there was also a call to have more international legislative power (Box 3.5) 

and for the EA to be involved in a role encompassing legislation and monitoring of the river, 

rather than direct involvement with fish management.  

 

Table 3.5. Stakeholder involvement in salmon management.  The top five responses to which agencies 

are involved and which should be involved. 

Rank Agencies involved Agencies should be involved 

1 EA  56/167 (33.5%) RETA  27/152 (17.8%) 

2 RETA  27/167 (16.2%) EA  23/152 (15.1%) 

3 DEFRA  12/167 (7.2%) Angling Associations  11/152 (7.2%) 

4 Angling Associations  8/167 (4.8%) Anglers  8/152 (5.3%) 

5 Don’t Know & AST tied  7/167 (4.2%) Riparian Owners  8/152 (5.3%) 

 

Additionally, respondents ranked a list of eight agencies who are involved in river 

management: RETA, Riparian Owners, Anglers, Angling Associations, EA, Scientists, Exmoor 

National Park (ENPA) and Local residents.  An option was available to select ‘no say’ and 6.3% 

of respondents selected this for local residents, 1.6% for ENPA and 1.5% for the EA.   When 

given the option to provide one additional agency, six respondents took this opportunity.  

SWRA was labelled twice: once ranked 2nd and once 7th (quite extreme). All remaining 

agencies were selected and ranked by only one individual: Game conservancy (1), River Exe 

Foundation (4), Natural England (6) and RSPB (0 - no say). 

 

In general, respondents were more emotive about their opinions on who should be involved; 

with some providing one group only e.g. EA/ RETA/ Anglers.  Some respondents stated groups 

that they specifically felt should not be involved e.g. Salmon and trout association (STA), 

DEFRA, RSPB.  There was a feeling that a new river agency should be formed of people with a 

genuine interest and not political biases (see Box 3.4).  This was true of a range of 

respondents: residents and visitors, riparian owners, non-riparian owners and those of a 

variety of ages. 
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Respondents generally had a positive view towards the use of science and genetics in salmon 

management and conservation.  In general, they did not want to abuse the capabilities of 

genetics by trying to produce larger salmon. On average, anglers disagreed strongly with the 

statement “Scientific research on salmon is pointless” (4.74 ± 0.947), although some 

respondents still strongly agreed with the statement.  Communication from scientists was, 

however, deemed to be weak with an average score bordering indifferent (2.95 ± 1.11) in 

response to the statement “Scientists communicate effectively”. 

 

When asked if there was an area of research they felt was particularly important, 64 

comments were provided encompassing 21 categories (Table 3.6).  The majority of anglers 
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responded with the statement “I don’t know”.  This may indicate a lack of awareness of past or 

current research or of the possibilities and capabilities at science can offer, or may be a lack of 

imagination or even necessity.  For example, if anglers have responded that pollution is a 

problem that has affected fish and that this has been resolved through legislation, then they 

may see no need for scientific research.  The next three most popular responses were very 

much representative of current research and capabilities.  What happens to Atlantic salmon at 

sea is a question that has been difficult to approach.  However, with the ability to physically 

tag (Adlerstein et al., 2008) and genetically identify fish (Griffiths et al., 2010) as well as the use 

of stable isotopes in identifying what fish are eating and where they may be going (MacKenzie 

et al., 2011), the secrets of marine movements and experiences can be uncovered.  The field of 

genetics has progressed rapidly over recent decades to the point where it can be used to 

assess run timing (Vähä et al., 2011) and inform about population structure for management 

(Dionne et al., 2009).  Studies have been limited to particular regions (e.g. Dillane et al., 2008, 

Dionne et al., 2009, Vähä et al., 2007) and the efficacy of the techniques will vary dependent 

on the structure of the river being assessed. Nevertheless, the management implications will 

still be informative regardless of the level of within catchment variation.  The limitations and 

benefits of such studies may not yet have been communicated well to non-scientist 

stakeholders; however, conferences such as “Ocean Silver, the Atlantic Salmon's Ocean 

Odyssey: Implications for Fishery Managers” in 2011 and a film “Atlantic Salmon – Lost at Sea”, 

documenting the current genetic work trying to assign sea caught fish to their region or river 

of origin (see http://www.atlanticsalmonlostatsea.net/index.htm), are trying to bridge this 

gap.  How and where the information would be available regarding these events and 

documentation is still limited and could be holding back communication, although a report on 

the topic is available through the NASCO website 

(http://www.nasco.int/pdf/reports_other/Salmon_at_sea.pdf).  Potential improvements on 

information exchange will be discussed in the concluding section. 

 

During the scoping interviews, one respondent felt that both the economy and the sport of 

fishing may benefit from the availability of more beats, either through open public access or 

the “Fish the Exe” scheme where riparian owners offer a beat out at a subsidised rate; the 

money raised is used to manage salmon and the river.  When anglers were asked about access, 

a greater proportion of residents (53.3%) than non-residents (40.9%) felt that more beats 

should be accessible (Χ2 = 11,226, df = 5, p = 0.047; 58.3% < 5). Almost twice as many non-

owners (58.3%) than riparian owners (26.3%) felt more beats should be accessible (Χ2 = 9.932, 

df = 5, p = 0.077; 50.0% < 5; Figure 3.7), yet in the final question only two respondents 

https://owa.exeter.ac.uk/owa/redir.aspx?C=gIzABwV7cUy46WincSYOA822AsqcP88Iw_5-A1_GUhJa-P5mLLA0HZWJYC9db1cVvpisrRt9Kis.&URL=http%3a%2f%2fwww.atlanticsalmonlostatsea.net%2findex.htm
http://www.nasco.int/pdf/reports_other/Salmon_at_sea.pdf
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commented on the issue of accessibility when given an opportunity to comment on any aspect 

of salmon management, and one of these respondents was actually a riparian owner (Box 3.6).  

Additionally, a greater proportion of riparian owners (44.5%) than non - owners have problems 

with other river users (15.6%)  (Χ2 = 10.653, df = 5, p = 0.059; 50% < 5).  This is possibly a multi-

factorial response; most riparian owners will themselves fish their beats and observe the 

limited number of salmon, and are aware of the fishing pressure.  They may generally be more 

interested and aware of the research, but it could also be that they are protecting their 

investment by keeping access private or limited.  These points are not supported by 

explanations anglers provide regarding access the responses of anglers (Box 3.7) and indeed 

one riparian owner also highlighted the need for the availability of more beats (Box 3.6). 

 

Table 3.6. Anglers five highest ranking opinions on important areas of scientific research on Atlantic 

salmon. 

Rank Important areas of Scientific research 

1 Don’t know 10/64 (15.6 %) 

2 Marine Survival 7/64 (10.9 %) 

3 What happens at sea 7/64 (10.9 %) 

4 Genetics (including run timing, hatchery management and where 
fish go) 

7/64 (10.9 %) 

5 Disease (tied with) Smolt survival  5/64 (7.8%) 

 

 

 

Public access is somewhat different to controlled access to beats and this is evident in the 

range of responses riparian owners provided when asked their opinion on the subject.  

Riparian owners comprised 23.9 % of respondents.  Due to the small sample size (17), the 

statistics are not reliable, although some observations can still be made.   The focus group and 

scoping interviews revealed that access to parts of the river were still somewhat limited and 

there were potential conflicts over river use such as canoe activities. An average on the Luikart 
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scale indicated that riparian owners in general were likely to allow access to their beats (µ = 

2.89, SD = 1.53); however, responses ranged from 1 - 6 where 1 indicated ‘strongly agree’, 5 

‘strongly disagree’ and 6 ‘don’t know’ (Appendix VIII).  Older anglers were more likely to allow 

access, (Χ2 = 23.538, df = 10, p = 0.009; 100% < 5).  Riparian owners were also asked, through 

an open question, whether they had any objections to allowing public access. Twelve different 

responses were provided from the 17 respondents; some respondents simply answered yes, 

no or generally not; however, of those who responded more fully, the answer was often 

qualified (Box 3.7). For example, one 62 year old resident said “No – as long as fishing pressure 

is light.  I object to general trespass as disturbs otters, birds etc.”  Here it is clear that the 

respondent has concern for the local wildlife and sustainability of the species but does not 

want to preclude others from experiencing this flourishing environment; other statements in 

Box 3.7 support this need for riparian owners to protect the environment and species therein. 

 

 
Figure 3.7. Boxplot showing the difference in opinion between riparian and non-riparian owners with 

regards to the availability of beats.  The Y-axis consists of a scale from 1 to 5 where strongly agree is 

represented by 1 and strongly disagree is represented by 5. 
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Respondents indicated that they would like to be informed about Exe Fish stocks, and many 

felt they were kept well informed.  The majority of respondents (if not all) were RETA 

members.  RETA provide bi-annual newsletters and have an annual general meeting every 

spring to communicate progress.  There is also a RETA website 

(http://www.riverexereta.co.uk/), although this proved not easy to find through standard 

search methods.  

 

When asked about the source of their information, 93 comments were provided covering 21 

source categories.  The five most common sources are listed in Table 3.7, with RETA being the 

dominant source.  Other sources included personal experience, newsletters and the internet. 

 

Table 3.7. The five most common sources of information for anglers.  

Rank Source of information 

1 RETA 37/93 (39.8 %) 

2 Other fishermen 10/93 (10.8%) 

3 DAA 6/93 (6.5%) 

4 Long term fishing experience 6/93 (6.5%) 

5 WRT tied with Fish the Exe 4/93 (4.3%) 

 

http://www.riverexereta.co.uk/
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Given the aforementioned ambivalent perception of communication from scientists and the 

lack of mention as a source of knowledge, strategies to improve communication will be 

suggested in the concluding section of this chapter. 

 

3.4.2.6 Final words 

When asked if there was anything else respondents wished to say, 40 anglers took advantage 

of the opportunity and produced a diverse range of responses (Box 3.8).  The majority were 

positive and productive, some re-iterated points from previous answers and others 

demonstrated alternative insight or concern.  The key observation to emerge from this open 

question was the variety and uniqueness of the responses; given the opportunity to discuss it 

anglers have a broad range of knowledge and viewpoints.  The most frequent responses (5/40) 

fell under the category of ‘encouragement’ (Illustrated in Box 3.8), this category was loosely 

followed by legislation (4/40), then equally by an interest in making more beats available,  a 

variety of management recommendations and a need for more proactive behaviour.  One 

respondent, however, feels that the RETA committee are very active (Box 3.9).  This general 

inclination from anglers for more action could be an outlet for frustration over the limited 

improvements that have been seen following extensive recent efforts to supplement stocks 

and enhance riparian habitat, communicative and legislative measures are to an extent beyond 

their control but are clearly options that could have an influence over salmon stocks and are 

consequently worth pursuing.  Clearly a committee member of RETA will be aware of the full 

extent of the action and efforts that have been undertaken politically as well as physically and 

will feel that everything that can be done is being done.  Again, further communication may 

help to reassure anglers and provide them with an opportunity to become more pro-active and 

involve themselves if they should wish to do so. 
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3.5 Conclusions 

Evidence, both scientific and through angler observation, indicates that salmon are in decline 

and that this is an issue that anglers care about.  Throughout the questionnaire, some anglers 
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demonstrated conflicting opinions with one another; however, a number of major trends 

could be observed.  

 

The economic value of the species was recognised based on the number of anglers visiting for 

the purpose of fishing salmon.  However, the iconic nature and existence value of the species 

was alluded to in the open questions, as was the value of the experience of fishing without 

necessarily catching any fish.  Anglers recognised that the species has declined although there 

is mixed opinion on whether or not the species is currently sustainable.  One angler did not fish 

in 2011 due to a combination of the low numbers of salmon and the high rent to fish.  This 

demonstrates the direct impact low numbers of salmon could have on the economy.  Anglers 

provided a wide range of suggestions on the factors that may have caused the decline of 

salmon populations in the past and those that could be affecting the stocks now.  They also 

suggested a broad range of solutions to these problems.  Generally anglers were positive 

about current management strategies on the Exe catchment though there was some 

scepticism towards the effectiveness of legislation and education.  These views were linked to 

the age and income of the participants, as discussed in section 3.4.2.4.  Opinions of habitat 

management and stock enhancement were generally positive though there was some concern 

over maintaining the genetic integrity of the stocks and using stock enhancement techniques 

as a temporary measure or last resort until the habitat can be restored to a condition where 

natural stocks can self-regulate.  

 

Conflict between agencies managing stocks on the catchment was not a predominant feature; 

however, some conflicts between agencies were considered inevitable as a result of differing 

priorities and objectives.  Some anglers do still have concerns over the role of the Environment 

Agency in managing Atlantic salmon.  They felt that only agencies with genuine interest and 

‘on the ground experience’ should be involved.  Further communication and understanding 

may help to allay these fears.  Generally attitudes towards scientists were positive however 

better communication may help to improve collaboration and understanding in the future.  

Other conflicts included: concern over the welfare of fish subjected to the practice ‘catch and 

release’; a greater accessibility of beats; and hydropower. 

 

3.5.1 Anglers as stakeholders 

In the introduction, the value of including anglers as stakeholders was discussed.  Evidence in 

this study suggests they do care about conserving Atlantic salmon and want to remain well 
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informed on matters of management and conservation.  Conflicts are inevitable within any 

group of people; however, the majority of respondents had similar opinions and indeed may 

learn from those who do not (see section 3.4.2.4 on the subject of catch and release).  

Differing opinions will allow for discussion and new ideas or compromise on the best way 

forward regarding renewable energy sources such as hydropower and accessibility for anglers 

and the public.  The concerns come from a place of caring for the environment and the ‘king of 

fish’, and this is the common ground that discussions and compromise can build on.  However, 

there needs to be some kind of forum or event where these discussions can occur. 

 

3.5.2 Communication 

The majority of respondents are members of RETA; an agency who already communicate well 

through newsletters and annual meetings.  At these meetings issues concerning the 

association can be raised and progress on the Exe project is communicated by members of the 

Environment Agency, Westcountry Rivers Trust and scientists.  Given that not all members will 

be local and some may not be fit to travel, this forum will not be available to everyone.  

Additionally, to communicate a year’s work into one evening is challenging and may not allow 

for a full explanation of the findings or procedures.  Stakeholders must be well prepared and 

clear with their communication; it is important to be clear and avoid unnecessary terminology; 

the aim is to share the knowledge with stakeholders who are interested in the work. 

 

There may be benefit in allowing more information flow from the anglers back to the 

stakeholders involved in the Exe project on a more regular occurrence.   More active members 

of RETA and DAA do contact representatives of RETA with issues or queries they may have, but 

it would be better if there was a standard channel for doing this.  For example, it would be 

useful if meetings were more regular, perhaps twice a year, and anglers had an opportunity to 

quiz the stakeholders and researchers directly involved with the project, or if there was a 

postal or electronic way to ask questions.  Indeed, on the RETA website contact information is 

available for the EA, in case of concerns over pollution and poaching, and for a RETA 

committee member who is involved with and available to question on water planning (e.g. 

abstraction and hydropower). 

 

An ideal way to exchange information would be on the internet through a forum where 

different strands of the Exe project could be updated.  A link to the forum could be provided 

on the website of all associations involved e.g. RETA and WRT.  Similar forums already exist - 
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for example, ‘the fishing forum’ (http://www.fishing-forum.info/).  The idea of this would be to 

keep all of the Exe project-related information in one easily accessible place.  Links about new 

research and political or legislative changes could be added and anglers could both discuss 

matters of interest or concern and ask directly those involved.  The benefit to using a forum is 

that stakeholders, researchers and project managers do not need to give out their email 

addresses and are not bombarded with emails, but can provide updates that may incite useful 

discussion and insight.  Anglers can ask questions as they feel necessary; for example, in this 

survey one angler said they “would like to better understand the role of genetics in assessing 

population size”.  This is a question that could be posed on the forum, discussed by all, 

answered by an ‘expert’ and followed up with links to supporting documentation.  Another 

benefit is that anglers will feel more involved and that there opinion is important; it was 

surprising to see a respondent say “Flattered I should be asked, I’m no expert but ...”  This 

would indicate some anglers don’t feel they have a voice, or the knowledge to make a 

difference; however, this respondent made sensible suggestions.   Allowing anglers this chance 

to voice their opinions and make a difference should improve understanding between all 

stakeholders, including the Environment Agency with whom some anglers still have some 

concern and a lack of understanding. One respondent actually queried whether the 

Environment Agency and Scientists were indeed the same group of people.   The pollution 

event in 2004 caused by a sub-contractor of the Environment agency may not have ingratiated 

the agency with anglers, but they are involved in the Exe project and co-operate and 

compromise with the other groups and agencies involved with the same aim of improving 

salmon numbers on the Exe.  Increasing communication about the roles of different groups 

may improve understanding and support from the anglers.  

 

The drawback of such a concept is that not all anglers will be ‘online’ and have access to the 

internet.  For stakeholders such as these, and others even if a forum was created, it is 

important to continue the postal contact and ‘human’ events such as the AGM.  Perhaps one 

point of contact could be assigned to field any postal queries about the Exe project, answering 

the occasional letter publicly in a page of the bi-annual newsletter (perhaps increased to 

quarterly).  It may also be worth considering posting newsletters summarising the progress 

discussed at the quarterly stakeholder meetings.  

 

Either of these improvements will have resource implications (both time and financial).  For 

example, if the forum were to run, all stakeholders (including research scientists) would need 

to make the effort to monitor and interact with it.  This takes time, just as it takes time to 

http://www.fishing-forum.info/
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conduct experiments and produce the results, and this would need to be communicated with 

understanding and patience.  Financially, there could be a small fee for those wishing for more 

regular postal updates or subscribing to the forum for maintenance and time costs, although 

this could limit the anglers who would access the facility.  A better option would be to obtain 

sponsorship. 

 

3.5.3 Changing the demographics? 

Regarding the demographics, respondents say they want to preserve the species for the next 

generation, yet access is limited and angling appears dominated by males over the age of 30.  

Some trial days/ family days on Lower tributaries water (potentially with a small supervision or 

training fee, if volunteers to teach cannot be found) may improve interest and get more 

people involved with volunteering on the river.  It could also raise the profile of the work.  

However, one riparian owner stated “There is a lot of public demand for salmon fishing which 

means more beats need to be made available”.  If there is currently limited availability, 

promoting fishing to new anglers will put additional pressure on the limited numbers of beats 

and the limited number of fish.   

 

3.5.4 Future work 

Anglers have made some valid points about their concerns for salmon, particularly what 

happens to salmon at sea and their uncertainty over the motives of the agencies involved.  The 

results from this study will be passed on to the stakeholders in an anonymous format to allow 

them to consider this input in their future management decisions.  However, much more could 

be done to further understand the reasoning behind the responses anglers have given and to 

improve knowledge transfer between anglers, scientists and other Exe project stakeholders. 

For example, one-to-one interviews with anglers would allow more detailed qualitative 

insights into the motivations and knowledge patterns of anglers.  A focus group with 

stakeholders, presenting and discussing the angler opinions identified in this survey, may help 

to inform management decisions and a demonstration of this interest may improve volunteer 

rates and communication between stakeholders and anglers.  Additionally, a question panel or 

mixed focus group consisting of a small number of anglers and key stakeholders could also 

help to clear up any ambiguities or concerns.  As Brennan and Rodwell (2008: 1072) suggest, 

“areas of common ground... lay the foundation for a sustainable way forward”.  Ultimately, 

everyone involved wants to improve the river environment and increase the number of 

salmon; with this common ground, progress is already being made.  
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Chapter 4: A tale of two hatcheries: An assessment of the 

efficacy of supportive breeding programmes for Atlantic salmon 

(Salmo salar L.) in South West England  

 

4.1. Introduction 

Atlantic salmon, (Salmo salar L.) have declined across their range due to a variety of factors 

both in river and at sea.  In South West England, potential causes include pollution, as a result 

of mining, construction (Ellis et al., 2011b) and agriculture (Hendry et al., 2007), historic 

exogenous stocking with Scottish and Icelandic fish (Ellis et al., 2011b and references therein, 

Finnegan and Stevens, 2008, D. Solomon, Pers. Comm.), exploitation in river and at sea 

(Aprahamian et al., 2010, Consuegra et al., 2005a, Klemetsen et al., 2003, Roberts, 2007) and 

disease, for example, ulcerated dermal necrosis (UDN), which was prevalent in the 1960-70s 

(Roberts, 1993). 

 

Due to the socio-economic importance of sport fish such as Atlantic salmon, stock 

enhancement activities including exogenous stocking, captive and supportive breeding have 

been commonplace (Horreo et al., 2011a, Kitada, 2009, Solomon et al., 2003).  However, an 

increasing number of studies show exogenous stocking to have been largely ineffective, with 

studies demonstrating a lack of success in improving the number of returning adult fish 

(Ciborowski et al., 2007, Griffiths et al., 2011), and indicating natural recolonisation from 

nearby catchments to be the dominant process in salmon population recovery (Griffiths et al., 

2011) following removal of the cause of the decline (e.g. pollution, fishing pressure).  In some 

cases the stocked fish can persist in a new environment (e.g. Finnegan and Stevens, 2008), 

however, it is now deemed more appropriate to stock with ‘local’ fish which are genetically 

compatible (Solomon et al., 2003).  For this reason, supportive breeding using native stripped 

broodstock is a more logical option than utilising exogenous or captive bred fish which are at 

an adaptive, reproductive and genetic disadvantage (Araki et al., 2007).  In some hatcheries 

these broodstock are collected once and maintained for generations (e.g. Koljonen et al., 

2002), whereas in other situations the broodstock are taken from the wild annually, so that the 

offspring to be released are all first generation hatchery stock (e.g. Horreo et al., 2008).  

However, even this can result in reduced survival in the wild.  Hatchery reared fish will 

undergo selection to optimise survival in a hatchery environment, not for survival in the wild 

(Blanchet et al., 2008); thus, hatchery offspring often suffer reduced genetic diversity (Araki & 
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Schmid 2010; Horreo et al. 2008; Koljonen 2002) and potentially reduced fitness, though this is 

not always the case (Araki and Schmid, 2010).   

 

In this study we compared the effectiveness of two hatcheries operating supportive breeding 

programmes in South West England, with a view to informing management decisions on 

hatchery practice in future years.  We examined (i) the effectiveness of the hatchery at 

preserving genetic diversity, and (ii) the pairing strategies and parental contribution through 

parentage analysis of the broodstock and estimation of effective population size.  These results 

will guide further management decisions in the catchment, whilst also highlighting potential 

issues and points of good practice for supportive breeding.  More specifically, the following 

hypotheses will be addressed in this chapter: 

 
H0: There is no indication of sex bias in current hatchery practices on the Exe 

H1: There is some indication of sex bias in current hatchery practices on the Exe 

 

H0: There is no indication of sex bias in current hatchery practices on the Tamar 

H1: There is some indication of sex bias in current hatchery practices on the Tamar 

 

H0: Sufficient broodstock are being used at the Exe hatchery to maintain genetic diversity 

H1: Insufficient numbers of broodstock are being used at the Exe hatchery to maintain genetic 

diversity. 

 

H0: Sufficient broodstock are being used at the Tamar hatchery to maintain genetic diversity 

H1: Insufficient numbers of broodstock are being used at the Tamar hatchery to maintain 

genetic diversity 

 

4.2. Methods 

The Exe and Tamar are Devonian catchments in the south west of England (Figure 4.1) with 

acidic moorland geology and a history of pollution, abstraction and UDN which has affected 

the Atlantic salmon stocks (BBC, 2006, Ellis et al., 2011b; J.Hickey, Pers. Comm.).  The Tamar 

catchment consists of an area of 928 km (Ellis et al., 2011b) and the dendritic river flows 

through both Cornwall and Devon into the Plymouth sound.  The Exe is larger dendritic river 

covering an area of 1,530km2 (National Rivers Authority South West Region, 1995) which flows  

through Somerset and Devon, meeting the ocean at Exmouth.  Both rivers have tributaries or 

sub-catchments that are believed to be particularly productive (Ellis et al., 2011b); on the Exe 
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this is the River Barle and on the Tamar it is the Lyd sub catchment. Neither catchment is 

regularly meeting its conservation limits (Environment Agency, 2003a, Hillman, 2011), a target 

based on expected egg deposition (see Chapter 2), so supportive breeding has been initiated at 

the local hatcheries in an attempt to boost salmon stocks. 

 

4.2.1 Hatchery set-up and sample collection 

Some hatcheries are designed such that broodstock are collected from the catchment to be 

stocked, but are then maintained for generations in captivity (e.g. Koljonen et al., 2002).  Both 

the Tamar and Exe hatcheries operate supportive breeding programmes where wild 

broodstock are collected, stripped at the hatchery and then returned to their native river.  The 

offspring are reared from the ova stage until the time of release; this stage of release is 

variable and offspring have been stocked out at any stage from ova to smolts (Aprahamian et 

al., 2003, McGinnity et al., 2004, Saltveit, 2006).  Both the Exe and Tamar hatcheries release 

the majority of juveniles as 0+ parr; however, in the past some 1+ parr and smolts have also 

been released.  

 

 

Figure 4.1. Map showing the locations of the Exe and Tamar hatcheries.  The river mouths are also 

marked with the catchment names. 

 

4.2.1.1 Exe catchment 

Until 2009 broodstock for the Exe hatchery (Figure 4.1) were collected from Perry Weir leat on 

the Barle tributary (SS 93029 25510); however, following the results of a population genetics 

study demonstrating within catchment population structuring (Chapter 2), two separate 
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strains are now being reared annually.  In 2010/11 fourteen broodstock were collected by rod 

and line from two areas: (i) the main river between the junction with the Barle and the 

Brockey tributaries - these ten broodstock were utilised for the Barle strain; (ii) the first mile of 

the Little Exe – these four broodstock were stripped to produce the Little Exe strain.  One-

hundred juveniles were sampled: 50 of Barle heritage, and 50 of Little Exe heritage (10th 

August 2011; Table 4.1).  The mating design at the hatchery was such that each raceway 

sampled contained the offspring from two females who had each been paired with at least two 

males.  In some cases a third male was utilised as a ‘precaution’. No further information was 

recorded regarding the parental crosses (H. Cox, Pers. Comm.). 

 

4.2.1.2 Tamar catchment 

For the Tamar hatchery, 13 adult broodstock salmon from two rivers were used to found the 

hatchery strains. Adult fish were net-caught or caught by rod and line in November and 

December 2009.  Lyd fish (seven broodstock) were caught in the main river of the Lyd (a 

separate sub-catchment of the Tamar), while Tamar fish (eight broodstock) were collected 

throughout the Tamar catchment.  Each female was crossed with two males, in case one was 

infertile, and each male was crossed with more than one female; the scientific merits of this 

approach are open to debate, but this protocol does represent standard hatchery practice and 

thus we chose to use it as a basis for our subsequent analysis of hatchery-reared genetic 

diversity. Eleven adults (three females and three males from the Tamar; two females and four 

males from the Lyd sub-catchment) were recorded in hatchery records as contributing to these 

two raceways, with some adults contributing to both (Appendices I and III.) Raceway F6 was 

said to contain progeny of only Lyd fish, while F1 contained progeny of Tamar fish and Tamar x 

Lyd crossed fish.  Based on electrofishing surveys on juvenile salmon the Lyd sub-catchment is 

described as performing well (Environment Agency, 2010; B. Stockley, Pers. Comm.) and as 

such would be expected to contribute naturally to the recolonisation of the Tamar; for this 

reason, the Tamar x Lyd cross was specifically implemented by the hatchery manager.   

 

4.2.1.3 Tissue collection 

At both hatcheries, tissues for genetic analysis were taken by adipose fin-clipping (Buckland-

Nicks et al., 2012, Griffiths et al., 2010, Hansen, 1988).  Fin tissue was clipped from 

anaesthetised fish and stored in absolute ethanol at approximately 4°C prior to DNA 

extraction.  All fish were anaesthetised using MS222 (10mg/L).  Adult salmon were allowed to 

recover in tanks prior to release.  Adults from the Exe hatchery were released back into the 
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Lower Barle next to the Hatchery, while male fish from the Tamar were released near the 

hatchery and females were released below the Gunnislake weir in brackish water to optimise 

their chances of returning to the sea (J. Jeffery, Pers. Comm.).  Juvenile fish were returned to 

their raceways or tanks prior to release into their respective catchments. 

 

Table 4.1. Details of S. salar juveniles sampled at the Tamar and Exe hatcheries.  NR indicates the 

number of fish per raceway while NS indicates the number samples and NG the number that were 

successfully genotyped. 

Catchment Strain Raceway NR NF NG Size (cm) 

Exe Barle BR3 9000 22 21 4.4 - 6.6 

Exe Barle BR4 4500 11 11 4.2 - 7.5 

Exe Barle BR5 6500 17 16 4.5 - 8.2 

Exe Little Exe LER1 Unknown 25 24 5.0 - 7.2 

Exe Little Exe LER2 Unknown 25 25 4.7 - 6.8 

Tamar Tamar x Lyd* F1 20,000 50 50 Unknown 

Tamar Lyd F6 8,000 50 50 Unknown 

*The offspring in this raceway being utilised to stock the main Tamar catchment were 

produced using both Tamar and Lyd broodstock. 

 

4.2.2 Microsatellite analysis 

Genomic DNA for microsatellite analysis was extracted from adipose fin tissue using the 

HotSHOT protocol (Truett et al., 2000; Appendix I).  A panel of 19 loci, in five multiplexes, was 

used to characterise each fish; 16 markers as in Chapter 2, two expressed sequence tags (ESTs: 

CA060177 and CA048828) and an MHC linked microsatellite (Sasa-TAP2A; Appendix IX).  

Polymerase chain reaction (PCR) amplification was performed in a 10µl reaction mixture 

consisting of 1µl DNA (approximately 10 - 30ng), 1µ primer mix, 3µl water and 5µl 

2xMastermix from a Quigaen HotStarTaq mastermix kit.  One PCR was run as a singleplex (4) 

while the other four (1, 2, 3, 5) were PCR multiplexes (Appendix IX).  Each of the five 

polymerase chain reactions (PCR) were run on a Thermo PXE 0.2 thermal cycler or a BIORAD 

MyCycler thermal cycler under one of three sets of conditions; panels (1) and (4) operated 

under PCR conditions ‘salmon55’, panels (2) and (3) operated under PCR conditions ‘TDlong’ 

and panel 5 operated under conditions ‘TD60’.   
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‘Salmon55’ consisted of an initial five minute denaturation step at 95 ° C, followed by 35 cycles 

of: denaturation at 94°C for 30 seconds, annealing at 55°C for 30 seconds and a one minute 

extension at 72°C.  This was followed by a ten minute extension step at 72°C.  Touchdown 

programme ‘TD60’ commenced with a five minute denaturation step at 95°C, followed by 30 

cycles with a 30 second denaturation step at 94°C, 30 seconds of annealing, beginning at 60°C 

and decreasing 0.5°C every cycle, and a 30 second extension at 72°C.  This was followed by 15 

cycles with a 30 second 94°C denaturation step, 30 second 50°C annealing step and a 30 

second 72° C extension.  A final extension step of 72°C was conducted for 10 minutes before a 

10°C hold.  Finally, touchdown programme ‘TDlong’ consisted of a 95°C five minute 

denaturation step, followed by 35 touchdown cycles comprising 30 seconds of denaturation at 

95°C, 90 seconds at a variable annealing temperature dependent on the cycle (62°C x 2; 58°C x 

3; 55°C x 5; 53°C x 10; 51°C x 5; 49°C x 5; 47°C x 5) and three minutes of extension at 72°C.  An 

extension step of ten minutes at 72 °C was performed followed by an additional extension step 

of 60°C for 25 minutes.  Full details of the touchdown steps are recorded in Appendix X.   

 

Allele size determination of fluorescently labelled PCR products was performed using a 

Beckman-Coulter CEQ8000 automatic DNA sequencer and the associated software (Beckman-

Coulter, Inc., Fullerton, California).  Automatically assigned sizes were manually checked.  One 

pair of primers (Sasa-TAP2A) was discarded due to the nature of the chromatogram; scoring 

was inconsistent to impossible.  This primer set is better suited to trout (Salmo trutta L.).  All 

subsequent statistical analyses were conducted using only 18 loci. 

 

4.2.3 Statistical analysis 

4.2.3.1 Quality control 

Prior to statistical analysis, any questionable samples were removed.  The data were then 

screened for any genetic irregularities such as the presence of null alleles or the violation of 

Hardy-Weinberg equilibrium, as described below, which could affect the results of further 

statistical analyses, such as the assessment of effective population size of measures of genetic 

diversity.  

 

Following allele scoring of the data, one juvenile sample (LER2.11.23) was removed prior to 

statistical analysis as it appeared to be amplifying as two individuals at eight loci (CA060177, 

SsaF43, SSsp2210, Ssa197, SSsp2216, SSsp1605, Ssa171, SsaD157) even following re-
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extraction.  This may have been the result of contamination during sample collection or could 

reflect the tetraploid evolutionary history of S. salar (Morán et al., 2007), though samples from 

other fish analysed in this study did not amplify in this way, which might have been expected if 

the result was due to tetraploidy at the loci being studied.  Two other samples (BR3.11.17 and 

BR5.11.05) failed to amplify at more than two loci, leaving 97 genotyped juveniles and twelve 

broodstock for analysis at the Exe hatchery; each genotyped at 15 or more loci.  All Tamar 

samples (broodstock and offspring) amplified at more than 15 of the 18 loci studied. 

 

Two strains were analysed at each hatchery.  Within the Tamar, strains were coded as F1 

(Tamar/Lyd) and F6 (pure Lyd), while at the Exe hatchery, Barle (raceways BR 1–3) and Little 

Exe (raceways LER1 & 2) strains were studied.  For the purpose of quality control, these four 

groups were analysed separately.  The broodstock groups BB (Barle broodstock), LEB (Little Exe 

broodstock), F1B (broodstock for F1), F6B (broodstock for F6) (Appendix XI) used in all quality 

control and genetic diversity analysis, were based on a combination of hatchery records 

(Appendix XII and XV) and genetic inference from parentage analysis (see section 4.3.3).  

 

Microchecker v2.2.3 (Van Oosterhout et al., 2004) was utilised to identify allelic dropout, null 

alleles, and scoring errors in the broodstock (B) and juveniles (J) of each strain: BB, BJ, LEB, LEJ, 

F1B, F1J, F6B, F6J.  Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) for the 

adults and offspring of each strain were calculated in Genepop-on-the-Web v4.0.10 (Raymond 

and Rousset, 1995, Rousset, 2008).  Both HWE and LD analyses were performed using standard 

parameters (de-memorisation number 1000, 100 batches, 1000 iterations per batch) and 

subjected to sequential Bonferroni correction (Rice, 1989).   

 

4.2.3.2 Genetic diversity of parents/offspring 

The number of alleles (Na), allelic richness (Ar), gene diversity (He) and inbreeding coefficient 

(Fis) were calculated in FSTAT v2.9.3.2 (Goudet, 1995) for the adults and juveniles of each of the 

four hatchery strains.  These measures of diversity were compared between the adults and 

juveniles of each strain using the Shapiro-Wilk test for normality and the Wilcoxon signed-rank 

test or paired t-test as necessary; all tests were performed in SPSS v16 (Polar Engineering & 

Consulting, 2007).  Sequential Bonferroni correction (Rice, 1989) was applied to all multiple 

tests.  Pairwise FSTs within hatchery were also calculated in FSTAT v2.9.3.2 (Goudet, 1995).  
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4.2.3.3 Parentage 

Records of parental crosses were not maintained at the Exe hatchery, so all broodstock were 

considered as possible parents for the 97 offspring genotyped.  To ensure consistency between 

the analyses of the fish at the two hatcheries, the Tamar hatchery analysis was conducted in 

the same manner. 

 

Genotypes of all adults and progeny were collated in Excel and manually assigned.  Analysis 

was conducted by first identifying alleles unique to one parent.  Where parentage was not 

resolved in this way, each locus was checked with consideration to the identified parental 

genotypes until parentage was resolved.  Results were corroborated using Cervus v3.0.3 

(Kalinowski et al., 2007, Kalinowski et al., 2010) and Colony v2.0.1.4 (Jones and Wang, 2010, 

Wang and Santure, 2009, Wang, 2004).  Colony v2.0.1.4 was run assuming male and female 

polygamy, no inbreeding, dioecious and diploid individuals and no sibship prior.  Runs were of 

medium length using the full likelihood method with a medium likelihood of precision.  The 

output of both Cervus v3.0.3 and Colony v2.0.1.4 were compared and each parentage 

assignment was manually checked to verify or rectify the parentage inferences.  Manual 

assignment at this stage also resulted in the inference that not all broodstock used were 

provided as tissue samples from the hatchery.  Any genotyping errors –as evidenced by a 

single allelic discrepancy between assigned parents and offspring– were checked and resolved.   

 

Two parental samples were missing from the Exe hatchery.  The genotypes were inferred 

following the analysis above and manual determination of the missing individual’s genotypes.  

The analysis for the Exe hatchery was then re-run as described above, with one amendment; 

assuming broodstock sexes to be unknown. 

 

4.2.3.4 Effective population size  

While the number of breeders (Nb) could be calculated manually and verified through Cervus 

v3.0.3 and Colony v2.0.1.4, LDNE (Waples and Do, 2008) and Colony v2.0.1.4 were employed 

to assess the effective population size (Ne(LD) and Ne(SA) respectively) of the hatchery juveniles.  

LDNE results were taken for minimum allele frequency 0.02, as recommended for sample sizes 

greater than 30 (Waples and Do, 2010).  Measures of effective population size (Ne) and the 

number of breeders (Nb) were assessed for correlation using Excel 2007. 
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4.3. Results   

4.3.1 Quality control  

Homozygote excess, indicative of null alleles, was found at Ssa289 (BJ), SsaF43 (F1J) and Ssa14 

(F6J).  Additionally, Ssa289 (BJ) was identified as possibly demonstrating scoring errors due to 

stuttering as indicated by the shortage of heterozygote genotypes.  These errors were not 

consistent across populations and given the small number of broodstock, issues in the juvenile 

sample are not unexpected.  

 

Hardy-Weinberg equilibrium was met for all four broodstock groups (BB, p = 0.6707; LEB, p = 

0.9675; F1B, p=0.9817; F6B, p=0.641); however, the juvenile groups all displayed some highly 

significant departures from HWE, with seven (LEJ), eight (BJ), ten (F1J) and 18 (F6J) of the 18 

tested loci significantly out of Hardy-Weinberg equilibrium.  Whilst three of these loci 

(SSsp2216, SsaD144, Ssa197) were consistent across all four juvenile strains they were not out 

of Hardy-Weinberg equilibrium in the broodstock analysis.  This indicates that the deviation 

found in the offspring was an artefact of analysing related individuals.  Of 153 pairs of loci 

compared, no linkage disequilibrium was found in any of the broodstock groups; however, no 

information was available on 87 of 153 pairs (for BB and F1B) and 108 of 153 pairs (for LEB and 

F6B).  The juvenile groups showed a large number of linked loci: 104/153 (BJ), 88/153, plus 17 

for which there was no contingency table (LEJ), 95/153 (F1J) and 98/153 (F6J).  Given the lack 

of LD and conformity to HWE in the broodstock groups and the relatedness of the juveniles, LD 

and HWE were not deemed to be of concern. 

 

4.3.2 Genetic diversity 

All data with the exception of gene diversity were normally distributed.  Wilcoxon signed-rank 

test indicated significant decline in gene diversity (He) in all strains between adults and 

juveniles (Table 4.2).  Allelic richness also indicated a significant decline between parents and 

offspring, while the number of alleles was significantly lower in the juveniles of each strain in 

all except F6, while Fis showed no significant difference between adults and juveniles in any of 

the strains (Table 4.3).  Pairwise FSTs within hatcheries indicated no significant difference 

between the offspring and broodstock of any strain, but highlighted the differentiation 

between offspring of different strains within each hatchery (Table 4.4).  
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4.3.3 Parentage 

4.3.3.1 Exe hatchery 

Following the inference of the missing broodstock genotypes (section 4.2.3.3), the parentage 

programmes (Cervus v3.0.3 and Colony v2.0.1.4) confirmed manual analysis of parentage on 

the Exe, with one exception.  Cervus v3.0.3 continuously identified BC5 as the paternal 

contributor, where all other analysis and manual checks indicated BC1 was the father, and that 

BC5 had not contributed to any offspring at the hatchery.  Each female produced viable 

offspring with between one and three males and each male was mated with two to five 

females (Figure 4.2).  One ‘Barle caught’ male (BC1) contributed to all raceways, both the Little 

Exe and Barle strains.  Whilst the individual sizes of hatchery broodstock were not recorded, 

one male was reported to have been widely used because it was a ‘particularly large individual’ 

(H. Cox, Pers. Comm.); the parentage analysis suggests this individual may have been BC1.  

Some pairings (e.g. BC1 & BH2A) were present in multiple raceways within strain; however, no 

pairings were common to both the Little Exe and Barle strains (Figure 4.2). While twelve 

pairings were made in the Barle strain, there were only four in the Little Exe strain (Figure 4.3), 

one of which (LEC1 x LEH2) contributed to approximately 50% of all Little Exe juveniles.  

Another example of uneven contribution that can arise in hatcheries can be seen in raceway 

BR5, where, despite four successful crosses occurring, one dominated (BC2 x BH4), 

contributing to approximately 75% of the offspring in the raceway.  Raceway LER1 highlights 

the potential variation in male contribution with two pairings (LEC1 x LEH2 and BC1 x LEH2) 

contributing approximately  80% and 20% to the raceway respectively, though considering the 

use of BC1 across all five raceways, this may have more to do with hatchery process rather 

than the varied reproductive success of the fish caught.  

 

4.3.3.2 Tamar hatchery 

Manual analysis of parentage at the Tamar hatchery identified parent-pairs for all 100 

offspring.  The results were again confirmed using the parentage programmes (Cervus v3.0.3 

and Colony v2.0.1.4), though Colony v2.0.1.4 was unable to infer a small number of fathers. 

Results indicate that of the 15 broodstock sampled, twelve broodstock contributed to the two 

raceways sampled (Figure 4.4), not 11 as suggested by the hatchery records (Appendix XII).  

Raceway F1 was dominated by two crosses LC2 x TH4 (40%) and TC2 x TH3 (36%), while 

crosses TC2 x TH2 and TC1 x TH3 contributed 20% and 4% respectively (Figure 4.5).  Progeny of 

two crosses recorded at the hatchery (TC1 x TH2 and LC1 x TH4) as being in raceway F1 are not 

represented in this sample of 50 offspring.  It is possible that this may be because the offspring 
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are present in comparatively low proportions compared to the other crosses and consequently 

that the sample was not large enough to detect them.  All four broodstock have been detected 

as parents in other crosses, so it would seem infertility is not an issue.  Raceway F6 was 

dominated by one cross (Figure 4.5), LC1 x LH1 (70%).  The next largest contributing cross LC2 x 

LH3 (14%) was not recorded as being present in this raceway (Appendix XII).  The remainder of 

the samples can be attributed to LC4 x LH2 (10%), LH1 x LC2 (4%) and LC3 x LH2 (2%).   

 

Table 4.2. Wilcoxon signed-rank test comparing the gene diversity (He) between broodstock and 

offspring.  BHeJ –BHeA represents the comparison of gene diversity between adults and offpsring from 

the Barle strain, LEHeJ –LEHeA represents the comparison of gene diversity between adults and 

offpsring from the Little Exe strain, F1HeJ –F1HeA represents the comparison of gene diversity between 

adults and offpsring from the F1 Tamar strain, and F6HeJ –F6HeA represents the comparison of gene 

diversity between adults and offpsring from the F6 Tamar strain.  The p-values are in bold. All within 

strain comparisons of gene diversity between broodstock and offspring were found to be significant. 

Test Statistics b         

  

BHeJ - 

BHeA 

LEHeJ - 

LEHeA 

F1HeJ - 

F1HeA 

F6HeJ - 

F6HeA 

Z -3.63645 -3.59333 -3.59333 -3.50622 

Asymp. Sig. (2-tailed) 0.000276 0.000326 0.000326 0.000455 

a. Based on positive ranks.         

b. Wilcoxon Signed-Rank Test         

 

Table 4.4. Genetic differentiation between samples within hatcheries.  The upper triangle shows the FST 

values while the lower triangle show the p values.  Both hatcheries” p values were obtained after 120 

permutations”. and at both hatcheries “Indicative adjusted nominal level (5%) for multiple comparisons 

is :   0.008333” Significant values are in italics.  BB = Barle broodstock, BJ =  Barle juveniles, LEB = Little 

Exe broodstock, LEJ = Little Exe juveniles, F1B = F1 Tamar broodstock, F1J = F1 Tamar juveniles, F6B = F6 

Tamar broodstock, F6J = F6 Tamar juveniles. 

  BB BJ LEB LEJ 

BB 0 -0.0124 -0.006 0.0805 

BJ 0.975 0 0.0255 0.0925 

LEB 0.88333 0.00833 0 -0.0213 

LEJ 0.00833 0.00833 0.31667 0 

  F1B F1J F6B F6J 

F1B 0 -0.0104 -0.0246 0.0488 

F1J 0.43333 0 0.0529 0.1275 

F6B 0.925 0.00833 0 0.0084 

F6J 0.00833 0.00833 0.11667 0 
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Table 4.3. Paired t-tests of genetic diversity.  Adults and juveniles were compared in each strain with respect to the number of alleles (Na), al lelic richness (Ar),  and 

Inbreeding coefficient (Fis).  Significant p-values are in bold,  t is the test statistic, df indicates degrees of freedom within the test and p (2 - tailed) gives the p value 

for the 2-tailed paired t-test. 

 

 

 

Adult-juvenile pairs 

 

Paired Differences t df p (2 - tailed) 

Mean Standard error 

Std. Error 

mean 

95% CI of the difference 

   Lower Upper 

Pair 1 BNaA - BNaJ 0.722222 0.894792 0.210905 0.277252 1.167192 3.424402 17 0.003232434 

Pair 2 BArA - BArJ 2.168222 1.626243 0.383309 1.359511 2.976934 5.656588 17 0.0000284297 

Pair 3 BFisA - BFisJ 0.038833 0.168264 0.03966 -0.04484 0.122509 0.979154 17 0.341233743 

Pair 4 LENaA - LENaJ 0.777778 0.732084 0.172554 0.413721 1.141835 4.507446 17 0.000310763 

Pair 5 LEArA - LEArJ 1.762444 1.037637 0.244573 1.24644 2.278449 7.206197 17 0.00000146892 

Pair 6 LEFisA - LEFisJ 0.158941 0.236425 0.057342 0.037382 0.2805 2.771832 16 0.013608884 

Pair 7 F1NaA - F1NaJ 0.777778 0.942809 0.222222 0.30893 1.246626 3.5 17 0.002744045 

Pair 8 F1ArA - F1ArJ 2.463889 1.103121 0.260008 1.91532 3.012458 9.476204 17 0.0000000338657 

Pair 9 F1FisA - F1FisJ 0.058278 0.126113 0.029725 -0.00444 0.120992 1.960552 17 0.066528838 

Pair 10 F6NaA - F6NaJ 0.333333 0.685994 0.16169 -0.0078 0.67447 2.061553 17 0.054883413 

Pair 11 F6ArA - F6ArJ 2.646722 1.565391 0.368966 1.868271 3.425173 7.173344 17 0.00000155888 

Pair 12 F6FisA - F6FisJ 0.158778 0.252293 0.059466 0.033315 0.28424 2.670057 17 0.016152504 
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Figure 4.2. Exe parentage per raceway based on the results of genetic analysis.  Circles represent 

females and squares represent males. Raceways BR3, BR4 ,BR5 from the Barle and LER1 and LER2 from 

the Little Exe are presented seperately, although some broodstock are common to more than one 

raceway (e.g. BC1). 

 

4.3.4 Effective population size 

For each strain, the inferred number of parents through manual and statistical parentage 

assignment closely resembles the hatchery records, though Ne(LD) and Ne(SA) are lower than the 

Nb (Table 4.5). Pairwise comparisons of Ne and Nb indicate strong correlations particularly 

between Ne(LD) and Ne(SA) (Table 4.6). The Ne for the hatchery as estimated by Ne(SA) in Colony 

v2.0.1.4, is lower for the Tamar hatchery than the Exe despite the use of an equal number of 

breeders at each hatchery; given that the progeny of only a limited number of parental crosses 

were sampled at the Tamar, this can be easily explained.  
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Figure 4.3. Parent-pair contribution to each raceway and strain at the Exe hatchery.  Columns indicate 

the proportion of each parent-pair to raceways BR3, BR4, BR5, LEH1, LEH2, and the Barle (BR3-5 

combined) and Little Exe (LER1, LER2) strains as a whole. 

 

 

 

Figure 4.4. Parentage inferred at the Tamar hatchery.  Circles represent females and squares represent 

males. Raceways F1 and F6 are presented seperately, although some broodstock are common to both. 
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Figure 4.5. Parent-pair contribution to each raceway sampled (F1 and F6) at the Tamar hatchery.  

Columns indicate the porportion of each parent-pair to raceways F1 and F6 respectively. 

 

 

Table 4.5. Estimates of Ne and Nb. The table includes the number of broodstock used per strain as 

recorded by the hatchery (N), the number of breeders per strain as infered using the program Colony 

v2.0.1.4 including the male: female ratio (Nb(M:F)), the effective population size (and jackknife 

confidence intervals) of each strain as estimated by the linkage disequilibrium method in the program 

LDNE (Ne(LD)), the effective population size (and 95% confidence intervals) of each strain as estimated 

by the sibship assignment method method in the program Colony v2.0.1.4 (Ne(SA)) and the effective 

population size (and 95% confidence intervals) of each hatchery as estimated by the sibship assignment 

method method in the program Colony v2.0.1.4 (Ne(SA)hatch). 

Strain N Nb (M:F) Ne(LD) Ne(SA) Ne(SA) hatch 

Barle (BJ) 9 10 (6:4) 6 (5.2-6.7) 8 (4-24) 10 (5-28) 

Little Exe (LEJ) 4 4 (2:2) 2.8 (2.6-3.1) 4 (2-12) 

F1 (F1J) 7 7 (4:3) 3.3 (3.1-3.6) 5 (2-20) 8 (4-24) 

F6 (F6J) 6 7 (4:3) 2.7 (2.5-3) 4 (2-12) 
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Table 4.6. Correlation of estimates of effective population size (Ne) and the number of breeders (Nb).  

Measures of effective population size, the number of breedeers and the numbers of fish recorded at the 

hatchery have been abbreviated in this table to: LD, Ne(LD); SA, Ne(SA); N, number of broodstock 

recorded as used by the hatchery; Nb, number of broodstock inferred using Colony v2.0.1.4. 

  LD SA N Nb 

LD 1 
   SA 0.996116 1 

  N 0.854354 0.888205 1 
 Nb 0.839782 0.862662 0.980581 1 

  

4.4. Discussion 

4.4.1 Genetic diversity and quality control 

It is essential for stock enhancement programmes to consider the genetic integrity of the wild 

stock.  Hatcheries have been shown to produce offspring with a reduced genetic diversity 

when compared with wild stocks and hatchery broodstock, even after one generation, in a 

variety of species (Allendorf and Phelps, 1980, Horreo et al., 2008, Koljonen et al., 2002).  

Reduced genetic diversity can minimise the ability of a population to adapt to stochastic 

changes, limiting its evolutionary potential (Koljonen et al., 2002). 

 

Given the small number of broodstock used at the Exe and Tamar hatcheries, it is not 

surprising that some loci are out of HWE and demonstrate LD in the juvenile samples.  Van 

Doornik et al. (2011) suggest HWE departures can be resultant of non-random sampling or 

sampling of multiple populations as one.  Given that one of the four strains analysed here was 

actually the product of only four broodstock, family groups were undoubtedly sampled.  This is 

likely to have caused the departures from HWE observed and potentially led to the alleles 

being inherited in such a way as would suggest linkage between loci which, based on other 

studies (e.g. Ellis et al., 2011b, Horreo et al., 2011c, Ikediashi et al., 2012) and analysis of the 

broodstock, are not actually physically linked.  

 

The broodstock used at both the Exe and Tamar hatcheries showed gene diversity (He) 

approximating to that of wild fish (see Chapter 2 and Ellis et al., 2011b), however, the 

broodstock used had much lower values of allelic richness (Ar) than the wild populations (in 

some cases by a factor of 4), though the minimum sample size of Ar is different in both wild 

and hatchery analysis, so caution should be taken when interpreting this. Additionally, the 
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study of wild Tamar fish (Ellis et al., 2011b) was conducted using a different panel of 

microsatellite marker so these results are not directly comparable, and, while 15 broodstock 

were collected and used at the Tamar hatchery, by design not all of them contributed to the 

two (of six) raceways sampled. Finally, the wild populations were sampled between 2003 and 

2005, at least four years and approximately one generation prior to the broodstock collection 

which underpins this analysis.   

 

Within each strain, both He and Ar were found to have undergone a significant reduction 

between the broodstock and offspring (Tables 4.2 and 4.3).  Aho et al. (2006) found both to 

decline as a result of the hatchery process in brown trout (Salmo trutta  L.) and also found Ar 

and He to be correlated; however, this system involved re-using the same broodstock or 

offspring of the broodstock, whereas at the Tamar and Exe hatcheries the broodstock are wild-

caught and released after spawning on an annual basis.  Other hatchery studies have also 

shown a greater reduction in Ar than He, e.g. in the Rivers Sella (Horreo et al., 2008, Machado-

Schiaffino et al., 2007) and Cares (Horreo et al., 2008), though not all hatcheries are affected in 

this way, e.g. Narcea (Horreo et al., 2008).  The more significant decline in Ar may be due to 

the loss of rare alleles, which have a lesser effect on heterozygosity (Kitada, 2009).  

 

4.4.2 Parentage 

Results in this study show no significant FST or FIS results within strains, though there are 

differences in FSTs between strains, an encouraging result for the Exe hatchery, for which this 

year (2010/11) was the first year multiple strains were maintained.  Unfortunately, this 

differentiation could also indicate solely the differentiation between family groups which 

constitute the strains, so this is far from conclusive.  Horreo et al. (2008) found differences in 

genetic variability between the adults and broodstock at one of three hatcheries and 

attributed this to the low number of contributing female broodstock at the River Sella.  

Conversely, (Machado-Schiaffino et al., 2007) discerned a lack of males as the source of a sex 

bias at the same hatchery in a previous year.  Sex bias, however, does not seem to be an issue 

at the Tamar or Exe hatcheries, where inferred contributing parents also closely approximates 

hatchery records.  In this case, the number of broodstock is more likely to be contributing to 

the decline in genetic diversity of the offspring; between four and eight broodstock were used 

per strain and 14 to 15 per hatchery.  In comparison with Spanish hatcheries, which used a 

minimum of 37 broodstock on the Cares and maximum of 112 on the Narcea (Horreo et al., 

2008), these figures are low. However, pedigree analysis of these Spanish hatcheries 
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highlighted that despite the higher number of broodstock used, few contributed (Horreo et al., 

2008); so clearly, while the hatcheries studied here (Exe and Tamar) have utilised fewer 

broodstock than the Spanish hatcheries, the proportion of broodstock contributing is higher; 

this may be indicative of broodstock fish being caught closer to spawning and in better 

condition.  Horreo et al. (2008) state that their broodstock were ‘randomly caught’.  The 

majority of Exe and Tamar broodstock were caught by rod and line, a few were caught by 

electrofishing and others were sampled from a leat, thus providing a broad cross-section of 

returning adults.   

 

4.4.3 Effective population size 

In the UK there is not currently a standard guideline for the number of broodstock to be used 

in hatchery programmes, although the Environment Agency (EA) do provide catchment-

specific guidelines and regulations following an application from a hatchery to remove fish for 

utilisation as broodstock in a supportive breeding programme.  Elsewhere in Europe, the 

process is far more regulated. The Finnish Game and Fisheries Research Institute suggest a 

minimum effective population size of 50 individuals (Aho et al., 2006), while Pante et al. (2001) 

suggest a ‘moderate effective population size’ to be between 25 and 94 individuals based on a 

study of inbreeding in rainbow trout (Oncorhynchus mykiss (Walbaum)); Meuwissen and 

Woolliams (1994) suggest 31 to 250 broodstock following mathematical modelling and 

Blanchet et al. (2008) recommend more than 20 broodstock as a minimum.  All of the above 

recommendations are for a greater number of productive broodstock than were used in the 

Exe and Tamar hatcheries; however, the reasons for selecting so few broodstock could be two-

fold: (i) the desire not to over-sample from the resident wild populations; (ii) logistics.   

 

Consideration should be taken as to the impact of removing potential breeding adults from the 

wild; for example, Saltveit (2006) explained that the value of using a surplus of adults to 

produce smolts when the river is already at carrying capacity due to habitat limitations. The 

Tamar and Exe rivers appear to not be working to carrying capacity (Environment Agency, 

1997, Environment Agency, 2003a), so consideration must be given to the negative impacts on 

the resident populations when hatchery offspring are introduced – their reduced reproductive 

capability, survival and competitive ability are well-documented (Araki et al., 2007, Blanchet et 

al., 2008, Cross et al., 2007, McGinnity et al., 2009, Wachirachaikarn et al., 2011).  However, 

the benefits of undertaking hatchery rearing also need to be considered; for example, hatchery 

fish will have a plentiful food supply and shelter from predation that will allow more of these 
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(potentially disadvantaged) young to survive until the point of stocking (Jonsson and Jonsson, 

2009).   

 

Each catchment will have its own issues, whether these are hydroelectric power and limited 

suitable habitat (e.g. Saltveit, 2006) or pollution and degraded habitat such as the case in Exe 

and Tamar catchments.  When mitigating procedures are in progress to improve the habitat, 

temporary supplementation is reasonable, but the necessity of supportive breeding long-term 

on these catchments is questionable; it should be monitored and decisions should be taken on 

a case-by-case basis.  Assuming then that it is appropriate for stock enhancement to occur on 

these catchments, it is important to select the most appropriate stock enhancement methods 

and operate it as efficiently as possible to maintain the genetic integrity of the stocks.   

 

At both the Exe and Tamar hatcheries the number of broodstock was lower than 

recommended (Aho et al., 2006, Meuwissen and Woolliams, 1994, Pante et al., 2001) and the 

effective population size (Ne) was assessed as being even lower; similarly, Machado-Schiaffino 

et al. (2007) also found Ne to be lower than the number of broodstock used.  Koljonen et al. 

(2002) found the effective population size of juvenile hatchery fish to be 68% of that of their 

founders, while Mace and Lande (1991) assumed Ne to be < 50% of census sample size.  In the 

current study Ne was found to be between 38.6% and 70% of the number of contributing 

broodstock for the LD method and 57.1% and 100% using the SA method. For the Little Exe 

strain the Ne was estimated at 2.8 using the LD method; this estimate is lower than that found 

after 12 generations of captive breeding in Finland (Aho et al., 2006).  Ne is an estimation of 

the number of breeders assuming random mating, HWE and Linkage equilibrium (Waples and 

Do, 2010).  Consequently it can be affected by variation in population and family size, and 

biased sex ratios (Koljonen et al., 2002 and references therein) as identified as a cause for low 

Ne in Spanish hatcheries (Horreo et al., 2008) and the ‘population size’ represented by the 

broodstock in the current study.  A small number of broodstock or low Ne acts as a bottleneck 

with low levels of variation from the start; this can cause a further loss of genetic diversity 

(Aho et al., 2006, Pante et al., 2001) as indicated by the converse results that a tenfold 

increase in founding Ne could instigate a 27% increase in allelic richness (Aho et al., 2006).  

Aho et al. (2006) believe mating designs are crucial in preventing these bottlenecks, 

accentuating the importance of optimising the number and relatedness of breeders.  Clearly in 

these hatcheries (the Exe and the Tamar) the low number of breeders is an issue.  Lack of 

contribution, due to infertility, sperm competition or genetic incompatibility, are factors which 

are rarely discussed yet could contribute to a reduction in Ne.  Additionally, the boldness of 
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offspring may bias the sampling to particular family groups inferring a lower Ne as estimated 

through genetic means.  All of these factors are relevant to the assessment of hatcheries and 

should be explored further in future studies. 

 

4.4.4 Hatchery records 

Of the twelve parents genetically inferred to have contributed to the offspring sampled from 

the Tamar hatchery, one individual was not expected to have contributed to the sampled 

raceways based on the information obtained from the hatchery records.  Meanwhile, at the 

Exe hatchery genetic analysis indicated that one additional (unsampled) fish was used, while 

another which was recorded as having been used as broodstock, apparently did not contribute 

at all; this latter fish may have died before it could be stripped.  The analysis of parentage at 

both hatcheries highlights the ability of genetic analysis to identify missing parents and to 

confirm or correct hatchery records.  In general, there is value in keeping records of 

broodstock and crosses undertaken as no genetic analysis is completely infallible, and with the 

small numbers of broodstock involved in this study it is quite feasible to keep such records. 

Indeed, one of the potential difficulties at both of the hatcheries involved in this study is the 

limited number of broodstock utilised per strain.  The Environment Agency provides an outline 

of the number of fish that each hatchery is allowed to catch annually for the purposes of 

supportive breeding; both hatcheries work to these limits.  There are no standard rules for 

hatchery practices across the UK, however the EA regulate applications for supportive 

breeding programmes on a case-by-case basis and CEFAS inspections and veterinary oversight 

are implemented to ensure the welfare of the fish (B. Stockley, Pers. Comm.).  Additionally, a 

group of hatchery managers in South West England discuss best practice and share their 

experiences through an informal forum (B. Stockley, Pers. Comm.).  At both the Exe and Tamar 

hatcheries guidelines recommended pairing each female with two males (Jeffery, J. Pers. 

Comm.; H. Cox, Pers. Comm.).  At the Exe hatchery there were times when a third male was 

utilised (H. Cox, Pers. Comm.); this may explain the use of the Barle male (BC1) across both the 

Barle and Little Exe strains of fish.  Guidelines should be in place to promote an ‘ideal’ best 

practice that could subsequently be modified to suit each catchment.   

 

4.4.5 Management implications and conclusions 

The purpose of this study was to identify points to be considered for best practice hatchery 

guidelines, not to say whether hatcheries should (or should not) be used. The decision as to 

whether supplementation of any kind is necessary, as well as amendments to how the practice 
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should be conducted must be decided on a case-by-case basis, as is currently the practice in 

England through the EA.  These two English catchments have shown a one-generation 

supportive breeding programme to result in juveniles with a reduced genetic diversity.  Studies 

have considered sex bias (Horreo et al., 2008, Machado-Schiaffino et al., 2007), relatedness of 

broodstock (Aho et al., 2006) and number of broodstock (Aho et al., 2006).  The latter factor 

(number of broodstock) was identified as the main factor contributing to the reduction in 

genetic diversity in the current study.  Aho et al. (2006) highlighted the importance of 

appropriate pairing designs within a hatchery and in the current study sensible polygamous 

breeding designs were being followed.  The remaining factors; relatedness of individuals and 

Ne can also be monitored genetically.  Pairing decisions can be made following immediate 

testing of the broodstock.  This will be particularly important when dealing with small numbers 

of broodstock, but less important and less practical in cases where hundreds or indeed 

thousands of broodstock are being used.  Monitoring the Ne and sex bias of the offspring 

annually will allow catchment specific observations of the methods employed, to improve on 

the methods each year until the analysis demonstrates good practice through maintenance of 

genetic diversity and adequate effective population sizes. 
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Chapter 5: Spatio-Temporal Characterisation of Atlantic salmon 

(Salmo salar L.) in South West England 

 

5.1 Introduction 

It is well known that Atlantic salmon (Salmo salar L.) are valuable, nutritionally, commercially 

and socially (Crisp, 2000, Lackey, 1998, Ormerod, 2003). Within South West England, the 

species is seen as particularly important in terms of angling and tourism.  The region has an 

interesting geology ranging from upland, hard rock in the west to chalk streams further east 

(Milan et al., 2000).  The rivers vary as a result.  The chalk streams tend to be wider, deeper 

and straighter in formation than those rivers running over the harder rock.  This may have 

implications for the way salmon populations are structured (Griffiths et al., 2010). 

  

Salmon have been in decline across their range for decades (Klemetsen et al., 2003) and South 

West England is no exception (e.g. Hendry et al., 2007).  Various management techniques have 

been implemented to compensate for this decline, though they are not without problems.  

Fish farming was initiated to support the commercial food industry but has since been 

recognised as a source of genetic pollution and disease, with both factors negatively affecting 

wild salmon stocks (Naylor et al., 2000).  Currently, this practice does not occur in South West 

England (Cross, 1989, Mills et al., 2003).  Stocking, however, was a widespread means to 

boosting salmon numbers to try to improve the experience of fishing for anglers and South 

West England is no exception.  Previously fish were imported from external catchments.  The 

Dart, for example, has been stocked with Scottish and Icelandic fish and still shows evidence of 

a residual Icelandic genetic signature forty years later (Finnegan and Stevens, 2008),  however, 

it is not often that the genetic signature of stocked fish persists in this way, through breeding 

or interbreeding with the native fish (e.g. Griffiths et al., 2011). 

 

Atlantic salmon are known to show population structuring to varying degrees as a result of 

their ability to home to their natal river and tributary (Dillane et al., 2008, Dionne et al., 2009, 

Grandjean et al., 2009, Vähä et al., 2007).  Salmon are also believed to be locally adapted 

(Dionne et al., 2008, Stewart et al., 2006), for example, in the south west of England where 

some rivers have suffered pollution from mining (Ellis et al., 2011b, South West Regional 

Assembly, 2004), Atlantic salmon may be adapted to corresponding pH’s. This is why the 

current preferred stock enhancement practice is supportive breeding, i.e. stocking with the 
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progeny of locally caught broodstock which, ideally, have not been affected by stocking in the 

past (MAFF, 2001 IN Finnegan & Stevens, 2008).  Increasingly consideration is also being given 

to the influence of time on population structure, although generally populations are found to 

be temporally stable and population structure is predominantly affected by spatial variation 

(e.g. Dillane et al., 2007, Garant et al., 2000, Griffiths et al., 2010, Vähä et al., 2008). 

 

When trying to assess the genetic health or stability of a population an important parameter to 

consider is effective population size (Ne).  It can indicate the level of genetic drift, the rate of 

change in genetic diversity, migration rates and the potential for inbreeding within a closed 

population (Crow and Kimura, 1970, Reed and Frankham, 2003).  High levels of genetic 

diversity are crucial in ensuring the evolutionary potential of a species (Reed and Frankham, 

2003).  Consequently, Ne has been used to assess conservation efforts or approaches in a 

range of species (Alasaad et al., 2011, Groombridge et al., 2000, Teacher et al., 2011, 

Therkildsen et al., 2010) including Atlantic salmon (Horreo et al., 2011c, Tessier et al., 1997, 

Vähä et al., 2008).  A number of methods are available to assess this parameter, depending on 

the available information, and suitability of the study species.  Three of these methods; linkage 

disequilibrium (LD), sibship assignment (SA) and temporal (TM) will be described and discussed 

in this study. 

 

Limited information is available regarding evidence that Ne impacts negatively on the 

sustainability of populations.  Some evidence of the impact of a reduced Ne can be observed in 

studies evaluating the effectiveness of supportive breeding practices.  In these instances, an 

artificially reduced number of breeders is utilised, consequently the Ne is lower than would be 

expected in a wild population.  For example, Tessier et al., (1997) evaluated the impacts of 

supportive breeding on wild populations of land-locked Atlantic salmon (Salmo salar) and 

found that after one generation of supplementation, the susceptibility of the wild population 

to genetic drift and inbreeding had increased two-fold.  Naish et al. (2013) also found that as N 

(total number of fish) increased in a hatchery environment Ne remained stable and inbreeding 

increased, resulting in a reduced body length and weight of the steelhead trout (Oncorhynchus 

mykiss) being observed. 

 

The primary aim of this study is to provide an overview of salmon populations across the 

region -the South West of England- assessing the differences in genetic variation as well as 

identifying areas of concern as indicated by a temporal comparison using 16 microsatellite 

markers.  These markers are an extension of the West Virginia 14, selected for their common 
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usage (e.g. Horreo et al., 2008, Koljonen et al., 2002, Vidar et al., 2004), which will allow the 

results generated to be more comparable with other studies.  In addition, catchments in need 

of further research and management could be identified.  The aims will be addressed through 

a two-step procedure.  First, Atlantic salmon from south west England will be spatially 

characterised.  Secondly, using a select set of sample sites and markers, population structure, 

temporal stability and effective population size will be assessed.  Specifically, the following 

hypotheses will be assessed within this chapter: 

 

H0: All Atlantic salmon in South West England belong to one population 

H1: Atlantic salmon in South West England belong to multiple populations 

 

H0: There is no distinction between Atlantic salmon from the chalk streams or the westerly 

more acidic rivers. 

H1: There is a distinction between Atlantic salmon from the chalk streams or the westerly more 

acidic rivers. 

 

H0: Effective population size (Ne) estimates of Atlantic salmon across South West England have 

not changed over time 

H1: Effective population size estimates of Atlantic salmon across South West England have 

changed over time. 

H1A: Over time Ne has declined across all sampled South West sites 

H1B: Over time Ne has increased across all sampled South West sites 

H1C: Change in Ne is variable at different sites in South West England 

 

5.2 Methods  

5.2.1 Sample collection 

Samples were collected over two distinct time periods that will be referred to as historic (2004 

- 2006) and contemporary (2009 - 10).  The majority of contemporary Atlantic salmon return to 

spawn as grilse (one Sea-Winter fish; 1SW) with a smaller proportion returning as Two Sea-

Winter fish (2SW) (Solomon et al., 1999), potentially spawning for a second time, although 

90% - 95% die following their first spawning (Mills et al., 2003).  The age of smolting, and the 

number of years spent at sea vary both among and within populations (ICES, 2010, McGinnity 

et al., 1997, Rossignol et al., 2011, Vähä et al., 2011) and are influenced by a number of factors 

including temperature, density and time (Aprahamian et al., 2008, Bal et al., 2011, ICES, 2010, 
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Metcalfe and Thorpe, 1990, Stearns, 1992).  In the South West of England, most juveniles 

smolt at around the age of one; as 98% of Frome fish do (A. Ibbotson, Pers. Comm.), or at the 

age of two; as observed on the Exe (Hickey, J. Pers. Comm.).  The age of returning adults also 

varies across the region (Table 5.1).  The proportion of Multi-Sea-Winter (MSW) fish caught by 

rod and line ranged from ten to 71% with an average of 33.2%.  A similar value (37% MSW) 

was recorded for the net catches in the South West region (CEFAS and the Environment 

Agency, 2012). The proportion of precocious parr is variable among populations (Martinez et 

al., 2000, McGinnity et al., 1997); however, on the River Frome approximately 10% of 1+ male 

parr have been observed as being precocious (A. Ibbotson, Pers. Comm.)  Based on this 

information it would appear that fish on the Exe are likely to have a generation of three to four 

years, and salmon on the Frome are likely to have a generation time of approximately two to 

three years.  Given the variability of these factors across the region and that the generation 

time may be slightly lower than expected due to the influence of precocious parr it would be 

reasonable to assume a generation time of three to four years for the south west of England.  

Given this generation time (average time from birth to spawning) of Atlantic salmon, this study 

provides a comparison of samples at least one generation apart. 

 

Contemporary samples were collected in a combined effort through the Environment Agency 

(EA), Westcountry Rivers Trust (WRT), Game and Wildlife Conservation Trust (GWCT) and the 

Exeter University Electrofishing Team.  Across the South West of England, 16 sites were 

sampled from 13 catchments, from the Itchen on the South Coast to the Taw on the North 

Devon Coast (Figure 5.1; Table 5.2).  Samples were collected by electrofishing and salmon were 

anaesthetised prior to sampling of an adipose finclip or scales.  Fish were allowed to recover in 

an aerated bucket prior to being returned to the river.  A minimum of 28 samples were 

genotyped per site (Table 5.2).  Sites were chosen to maximise coverage across the region, 

rather than to assess within catchment variation; it was not possible to address both within 

and among catchment variation; firstly, due to a lack of resources to meet such a heavy 

sampling schedule, and secondly, due to the limited numbers of fish collected at some survey 

sites further reducing the available spatial and temporal sample scheme.  Two factors affected 

sample site choice: (i) existence of an historic sample, and (ii) a need to expand the spatial 

coverage. 

 

Historic samples, of which 343 parr were used in this study, were collected by the Environment 

Agency (EA) to provide samples for the Atlantic Salmon Arc Project (ASAP).  Samples were 

obtained from eight sites spread over seven catchments.  Further sites were sampled; 
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however, the sample size was lower than 25 individuals and deemed statistically unreliable 

(Hale et al., 2012).  Catchments sampled covered four counties across the South West region 

of England (Figure 5.2; Table 5.3): Cornwall (Camel, Fowey), Devon (Taw, Torridge, Dart, Exe), 

Somerset (Exe) and Hampshire (Itchen).  Sites were initially chosen to provide a baseline data 

set as part of an assignment study (the ASAP project) with catchments chosen due to their 

large catchment wetted area and rod-catch (Griffiths et al., 2010).   

 

Table 5.1. Proportion of grilse and Multi-Sea-Winter rod-caught fish.  Grilse return after one winter at 

sea, Multi-Sea-Winter fish spend longer at sea and were characterised based on size.  Salmon > 8lb are 

considered to be MSW fish.  The data in this table was taken from CEFAS and the Environment Agency 

(2012) where the Itchen and Test were considered to be Southerly catchments while the others were 

referred to as being in the South West. 

Catchment % Grilse % MSW 

Itchen 68 32 

Test 71 29 

Avon 29 71 

Frome 48 52 

Exe 79 21 

Teign 76 24 

Tamar 70 30 

Fowey 90 10 

Camel 88 12 

Taw 60 40 

Torridge 55 45 

Average 66.7 33.2 
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Figure 5.1. Map of the study area.  Samples collected from across the South West region in 2009 and 

2010 are indicated using their sample codes consisting abbreviations of the catchment and sample site.  

See Table 5.2. for further information. 

 

 

Figure 5.2. Map of spatio-temporal samples.  Samples collected from across the South West region 

between 2004 and 2010 are indicated using their sample codes consisting abbreviations of the 

catchment and sample site.  See Table 5.3. for further information. 
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Table 5.2. Sample information.  Details of the catchment, site, code, site number (No.), location of the site (GPS coordinates), the year of sample collection (Year), 

the number of genotyped samples (N), allelic richness based on 14 diploid individuals (Ar 14), and gene diversity (He).  The code represents the site, in the form of six 

letters, and the year the sample was taken, as two digits.  All samples were taken between 2009 and 2010. 

Catchment Site Code No. GPS Year  N Ar 14 (µ ± SE)  He (µ ± SE) 

Itchen Bishopstoke Barge ITCbis10 1 N51 05.767 W1 49.100 2010 46 5.84 ± 0.69 0.70 ± 0.05 

Test Memorial park TESTmem10 2 N50 47.467 W3 24.941 2010 31 5.58 ± 0.52 0.67 ± 0.06 

Avon Avon bridge AVONbrd10 3 N50 34.167 W4 41.983 2010 44 5.59 ± 0.66 0.69 ± 0.05 

Frome East Stoke Grayling Run FROesg09 4 N50 35.733 W3 54.817 2009 39 6.15 ± 0.66 0.70 ± 0.05 

Axe Kitbrook AXEkit10 5 N51 03.550 W3 37.983 2010 38 7.34 ± 0.65 0.76 ± 0.04 

Exe Danes Brook EXEdan09 6 N51 04.687 W3 32.277 2009 41 8.54 ± 0.84 0.80 ± 0.04 

Exe Simonsbath (Barle) EXEsim09 7 N51 08.367 W3 45.267 2009 39 8.97 ± 0.84 0.82 ± 0.03 

Exe Miltons EXEmil09 8 N50 28.100 W4 40.750 2009 45 9.47 ± 0.92 0.83 ± 0.04 

Teign Leigh House TEIleh09 9 N50 28.833 W4 31.767 2009 43 9.04 ± 0.84 0.83 ± 0.03 

Dart Postbridge (East Dart) DARpos10 10 N50 40.807 W2 11.470 2010 48 8.53 ± 0.71 0.82 ± 0.03 

Tamar Bealsmill (Inny) TAMbea10 11 N50 57.950 W1 20.267 2010 28 9.74 ± 1.00 0.82 ± 0.04 

Fowey Margate ford FOWmar10 12 N50 34.217 W4 19.050 2010 32 8.55 ± 0.82 0.81 ± 0.03 

Fowey Treverbyn FOWtre10 13 N51 07.583 W3 53.483 2010 28 8.92 ± 0.85 0.80 ± 0.04 

Camel Gam CAMgam10 14 N50 40.609 W3 51.971 2010 29 9.42 ± 0.94 0.83 ± 0.03 

Torridge Okehampton castle, West Okement TORWok09 15 N50 59.250 W1 30.317 2009 40 9.45 ± 0.90 0.84 ± 0.03 

Taw Bray (Leworthy) TAWbra10 16 N50 43.883 W4 00.333 2010 40 9.10 ± 0.82 0.82 ± 0.03 
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Table 5.3. Sample site information for spatio-temporal data.  Samples were numbered (No.) and coded 

using abbreviations of the catchment, sample site and year collected.  The year, number of genotyped 

samples (N), allelic richness corrected for 19 diploid individuals, and gene diversity (He) are provided for 

these samples, a subset of the sites in Table 5.2, where information relating to the catchment, site 

names and GPS coordinates are available. 

No. Code Year N Ar 19 (µ ± SE) He (µ ± SE) 

1 ITCbis05 2005 29 6.46  ± 0.85 0.74  ± 0.03 

2 ITCbis10 2010 46 6.80  ± 0.93 0.75  ± 0.03 

3 EXEdan04 2004 42 9.49  ± 1.00 0.83  ± 0.03 

4 EXEdan09 2009 41 9.61  ± 1.09 0.82  ± 0.04 

5 EXEsim04 2004 30 9.77  ± 1.20 0.80  ± 0.04 

6 EXEsim05 2005 38 9.64  ± 1.02 0.81  ± 0.04 

7 EXEsim09 2009 39 9.90  ± 1.16 0.83  ± 0.03 

8 DARpos05 2005 39 9.74  ± 1.03 0.84  ± 0.02 

9 DARpos06 2006 45 9.77  ± 0.96 0.84  ± 0.02 

10 DARpos10 2010 48 9.70  ± 0.96 0.84  ± 0.02 

11 FOWtre04 2004 36 10.52  ± 1.15 0.84  ± 0.03 

12 FOWtre10 2010 28 10.33  ± 1.08 0.84  ± 0.03 

13 CAMgam05 2005 30 10.32  ± 1.21 0.83  ± 0.03 

14 CAMgam10 2010 29 10.78  ± 1.33 0.85  ± 0.03 

15 TORWok05 2005 29 8.39  ± 0.69 0.80  ± 0.03 

16 TORWok09 2009 40 11.02  ± 1.21 0.86  ± 0.03 

17 TAWbra04 2004 25 10.72  ± 1.30 0.86  ± 0.02 

18 TAWbra10 2010 40 10.34  ± 1.07 0.85  ± 0.02 

 

5.2.2 DNA extraction and microsatellite amplification   

DNA was extracted from contemporary samples using the HotSHOT Protocol (Truett et al., 

2000; Appendix I), while DNA was extracted from historic samples using a Chelex resin 

protocol (Estoup et al., 1996, Griffiths et al., 2010; Appendix XIV).  The alleles scored 

historically during the ASAP project were converted to scores corresponding with the current 

Exeter panel (Ellis et al., 2011a).  An additional ‘top-up’ PCR multiplex containing four 

microsatellite markers: SSsp3016 (Gilbey et al., 2004), Ssa14 (McConnell et al., 1995), 

SSsp2216 (Paterson et al., 2004), and SsaF43 (Slettan et al., 1995) was utilised to increase loci 

genotyped from twelve to 16 markers in the historic samples (Appendix XV).  Contemporary 

samples were subjected to three multiplex and two singleplex PCR protocols pooled into three 

multiplexes (Appendix XVI) for the purpose of capillary electrophoresis using a CEQ 8000 

Beckman-Coulter sequencer and genotyped using the associated software prior to manual 

checking.  Polymerase chain reaction (PCR) DNA amplification was performed in a 10µl 
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reaction mixture consisting of 1µl DNA (approximately 10 - 30ng), 1µ primer mix, 3µl water 

and 5µl 2xMastermix from a Quigaen HotStarTaq mastermix kit, as in Chapters 2 and 3. 

 

5.2.3 Statistical analysis 

5.2.3.1 Quality control 

Microsatellite Analyzer v4.05 (Dieringer and Schlotterer, 2003) was utilised to assess any 

inconsistencies in allele scores.  Any potential errors were manually checked and corrected. All 

populations were tested for Hardy-Weinberg equilibrium and linkage disequilibrium (Raymond 

and Rousset, 1995, Rousset, 2008), and corrected for multiple tests within each site using a 

sequential Bonferroni correction (Rice, 1989).  Null alleles, allelic dropout and scoring errors 

due to stuttering were assessed using Microchecker v2.2.3 (Van Oosterhout et al., 2004) under 

standard settings (95%, x1000).  Gene diversity and allelic richness for all populations were 

calculated using FSTAT v2.9.3.2 (Goudet, 1995) and Tables 5.2 and 5.3. 

 

5.2.3.2 Spatial analysis of contemporary samples 

Population differentiation within contemporary samples (2009 - 10; 16 sites) was assessed in a 

number of ways.  First, pairwise FSTs were calculated through 10,000 permutations at the 95% 

level assuming Hardy-Weinberg equilibrium, utilising the program FSTAT v2.9.3.2 (Goudet, 

1995).  Then, two differing Bayesian approaches were used to assess contemporary population 

structure in the region; STRUCTURE v2.3.3 and BAPS v5.3.  Five iterations of STRUCTURE v2.3.3 

(Pritchard et al., 2000) were run with parameters set as k = 1 to k = 16 and a burn-in of 50,000 

followed by 500,000 MCMC replicates. The admixture ancestry model and correlated allele 

frequency models were selected as recommended in Falush et al. (2003).  Structure Harvester 

Web v0.6.92 (Earl and vonHoldt, 2011) was utilised to estimate the optimum value of k, that is 

the optimum number of groups that the samples fit into assuming minimum deviations from 

Hardy-Weinberg and linkage equilibrium (Latch et al., 2006).  This is also the premise behind 

the clustering performed in the programme BAPS (Latch et al., 2006).  Using BAPS v5.3 

(Corander et al., 2009, Corander et al., 2003) clustering of groups of individuals was assessed 

using a vector (4, 8, 12, 16) where each value was replicated three times.  Admixture analysis 

was performed using the adapted variables as recommended in the manual: minimum size 

population taken into account when admixture estimated (5), number of iterations reset to 

(100), ref. individuals from each population (200), number of iterations for reference 

individuals (10).  An unrooted neighbour joining dendogram was produced in Figtree v1.31 

(Rambaut, 2009) following calculation of Cavalli-Sforza & Edwards (Dc) 1967 genetic distance, 
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bootstrapping 1000 times over loci, in Populations v1.2.32 (Langella, 1999).  A PCA was 

produced in following calculations of Nei’s genetic distance (Nei, 1978) and an AMOVA was 

performed with 999 permutations (GenAlEx v6.4; Peakall and Smouse, 2006). 

 

Gene diversity (Hs) and allelic richness (Ar) were tested for normality utilising the Kolmogorov-

Smirnov and Shapiro-Wilk tests in SPSS v20 (Polar Engineering & Consulting, 2007).  As these 

measures were not normally distributed over loci at some sites, two non-parametric tests 

were conducted to observe any differentiation between sites; the independent samples 

median test and the independent samples Krukal-Wallis 1 way ANOVA.  The former test 

indicates any difference in the median values across the sites, while the latter compares the 

distributions of gene diversity or allelic richness between the sites.  Both tests were conducted 

in SPSS v20 (Polar Engineering & Consulting, 2007).  In addition to comparing Hs and Ar 

between site, further analysis was undertaken to compare these measures between samples 

from chalk rivers and samples from more acidic westerly rivers.    

   

5.2.3.3 Spatio-temporal variation 

All temporal samples were statistically analysed at twelve loci rather than 16; following the 

removal of four loci from the historic panel (Ssosl417 (Slettan et al., 1995), SSspG7, SSsp2210 

(Paterson et al., 2004), Ssa197 (O'Reilly et al., 1996)).  A number of historical DNA samples 

were rerun using the contemporary microsatellite panel to assess the effectiveness of the 

conversion factors.  These conversion factors were utilised to transform the historic allele 

scores; making them compatible with the scores produced for the contemporary samples.  For 

locus Ssosl417, the conversion factor appeared to work inconsistently; therefore, to prevent 

the comparison of false scores, the locus was removed from the data set prior to statistical 

analysis.  Comparisons between transformed historical data and the scores produced using the 

same DNA with the contemporary microsatellite panel highlighted the inconsistent calling of 

heterozygotes and homozygotes at loci SSspG7, Ssa197 and SSsp2210; these loci were also 

removed.  All subsequent statistical analyses were performed using twelve loci; Ssa202, Ssa171 

(O'Reilly et al., 1996), SSsp3016 (Gilbey et al., 2004), Ssa14, Ssa289 (McConnell et al., 1995), 

Ssosl85 (Slettan et al., 1995), SSsp2216, SSsp1605, SSsp2201 (Paterson et al., 2004), SsaF43 

(Sanchez et al., 1996), SsaD144, SsaD157 (King et al., 2005). 

 

Spatial analysis of temporal samples (Table 5.3) was performed as in section 5.2.3.2 with the 

following amendments.  The five STRUCTURE v2.3.3 iterations were performed with 
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parameters set as k = 1 to k = 18.  BAPS v5.3 was run with the following vector (3, 6, 9, 12, 15, 

18) with each value replicated three times.  Temporal stability was assessed through pairwise 

FSTs (as described in section 5.2.3.2) and a Fisher’s exact test in Genepop-on-the-Web v4.0.10 

(Raymond and Rousset, 1995, Rousset, 2008).  Sequential Bonferroni correction for repeat 

testing (Rice, 1989) was applied to the latter test. 

 

5.2.3.4 Effective population size 

Two single-sample estimators were used to assess the effective population size of each sample 

at each time point.  These estimators were (i) Ne(SA); sibship assignment (Wang, 2009) and (ii) 

Ne(LD); linkage disequilibrium (Hill, 1981).  The sibship assignment Ne(SA) method was applied 

in Colony v2.0.1.4 (Jones and Wang, 2010, Wang, 2004).  Colony v2.0.1.4 was run on a medium 

length run of the full likelihood method under medium likelihood precision and the 

assumption of male and female polygamy.  Error rates utilised were taken from Ellis et al. 

(2011a).  The linkage disequilibrium method Ne(LD)LDNE was assessed in LDNE (Waples and Do, 

2008) using the recommended jackknifed, rather than parametric, confidence intervals and a 

minimum allele frequency of 0.02 (Waples & Do 2008).  The linkage disequilibrium method 

Ne(LD)NeEst  was replicated in NeEstimator v1.3 (Ovenden et al., 2007, Peel et al., 2004).  This 

replication allowed for the comparison of a method across different platforms.  In addition to 

the single-sample estimator, a temporal moment-based estimator, Ne(TM) (Waples, 1989) was 

also calculated in NeEstimator v1.3 (Ovenden et al., 2007, Peel et al., 2004).  For the purposes 

of the temporal estimator, Ne required an assessment of the number of generations between 

two samples.  All samples tested were collected between four and six years apart.  An average 

generation time (birth to time of first spawning) of salmon in South West England is assumed 

to be approximately three to four years (see section 5.2.1).  All samples were analysed twice, 

the first time assuming one generation between sample times, the second assuming two 

generations.  It is unlikely that even a six year gap would represent more than two generations 

and as the program only allows integers for the generation time it was not possible to indicate 

a more likely generation span (e.g. one generation: approx. = 3.5 years; therefore, four years = 

1.1 generations). 

 

Correlation between single-sample estimators and statistical programs was calculated in SPSS 

v16 (Polar Engineering & Consulting, 2007), following Shapiro-Wilk and Kolmogorov-Smirnov 

tests for normality and any necessary transformations. 
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To test for a statistically significant change in effective population size, contemporary (2010) 

and historic (2005) years were selected to optimise repeated sample sites.  Three sites (ITCbis, 

DARpos, and CAMgam) were selected as replicates, to represent the potential change in Ne in 

South West England.  The data were tested for normality using the Shapiro-wilk test for 

normality in SPSS v.20 (Test stat = 0.907, df=3, p=0.407).  Following this, Paired t-tests were 

performed. 

 

5.3 Results 

5.3.1 Quality control 

No data errors were detected by Microsatellite Analyzer v4.05 (Dieringer and Schlotterer, 

2003). Microchecker v2.2.3 identified homozygote excess indicative of null alleles in seven of 

the 16 contemporary populations.  In one population (TORWok09) two loci were affected 

(Ssosl417 and SSsp2216), while only one locus was affected in the other six populations 

(ITCbis10, Testmem10, AVONbrd10, FROesg09, TEIleh09, EXEmil09).  One locus was indicative 

of null alleles in two of 16 populations (SSsp2210; AVONbrd10 and TORWok09), all other loci 

were only affected in one population.  The lack of consistency across populations indicated null 

alleles were not a problem in the contemporary samples.  Stuttering, indicating a significant 

shortage of heterozygote genotypes, was only found at one locus of one population (2210, 

AVONbrd) and therefore gave no cause for concern.  Samples checked for the purposes of 

temporal comparison at twelve loci also identified no consistent errors; five loci were indicated 

as having null alleles over three populations (EXEsim05: SSsp2201, SSosl85; DARpos06: 

SSsp1605, SSa202; TORWok09: SSsp2216). 

 

Hardy-Weinberg equilibrium (HWE) was not affected consistently at any one locus in either the 

contemporary or spatio-temporal data sets.  Nine loci were out of HWE over seven 

contemporary populations.  Within any one population the maximum number of loci affected 

was four of 16 (AVONbrd10; SSsp2210, SsaD144, SSsp2201, SSsp3016) and in 18 populations 

the most common locus out of HWE was SSsp2201 (in three populations: FOWmar10, TEIleh09 

and AVONbrd10).  Hardy-Weinberg equilibrium was not calculated for ITCbis10 or AVONbrd10 

in the contemporary data set and ITCbis05 or ITCbis10 in the spatio-temporal data set, due to 

the homogeneity of the locus in these populations. Five populations indicated one locus out of 

HWE and a sixth indicated two of twelve loci out of HWE.  These seven loci were each only out 

of HWE in one population, again, giving no cause for concern. 
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Linkage disequilibrium was found in 15 of 16 contemporary populations.  In each population 

between one and 27 of 120 tested pairs of loci were found to be significant after sequential 

Bonferroni (Rice, 1989) correction.  No pair of loci demonstrated linkage disequilibrium over 

more than four of the 16 contemporary populations.  Of 18 spatio-temporal populations, 

linkage disequilibrium was identified in between one and eight pairs of loci out of 66 in each of 

14 populations.  The most common pairs of linked loci appeared in four of the 18 temporal 

populations. Importantly, no pairs of loci consistently demonstrated LD in either the 

contemporary or temporal data sets.  

 

Gene diversity ranged from 0.67 ± 0.06 (TESTmem10) to 0.84 ± 0.03 (TORWok09), and allelic 

richness (based on 14 individuals) ranged from 5.58 ± 0.52 (TESTmem10) to a high of 9.74 ± 

1.00 (TAMbea10), over the spatial contemporary data (Table 5.2).  In the spatio-temporal data 

set gene diversity ranged from 0.74 ± 0.03 (ITCbis05) to 0.86 ± 0.03 (TORWok09) and allelic 

richness (based on 19 individuals) ranged from 6.46 ± 0.85 (ITCbis05) to 11.02 ± 1.21 

(TORWok09) (Table 5.3).  These results are not directly comparable due to the differing 

number of loci in each data set.  

5.3.2 Spatial analysis of contemporary samples 

All pairwise FST comparisons were significant with the exception of TAMbea10 & EXEmil09 and 

TAMbea10 & TORWok09 (Table 5.4).  The region appeared to be divided into two distinct 

clusters as indicated by Structure Harvester Web v0.6.92 (Figure 5.3), a PCA (Figure 5.4), and a 

neighbour joining dendogram (Figure 5.5).  The first cluster comprised the chalk streams 

(Itchen, Test, Avon and Frome), while the remainder of the sample sites comprised the second 

cluster. BAPS v5.3 indicated three clusters, with a probability of one; again the chalk streams 

formed one cluster, the second cluster was the Axe (AXEkit10) and the remaining sites 

comprised the third cluster (Figure 5.6).  Little admixture was found between these clusters 

(Figure 5.7).  An AMOVA indicated that 12% of genetic variation was found to occur among 

populations and 88% within. 

 

Gene diversity was found to be significantly different between all sites (Kruskal-Wallis test : p = 

0.000; Median test : p = 0.000) and between chalk sites and non-chalk sites (Kruskal-Wallis test 

: p = 0.000; Median test : p = 0.000).  Allelic richness was also significantly different between 

sites (Kruskal-Wallis test : p=0.000; Median test : p=0.001) and between chalk and non-chalk 

sites (Kruskal-Wallis test : p=0.000; Median test : p=0.000). 
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Figure 5.3. STRUCTURE v2.3.3 bar plot of South West contemporary samples.  ITCbis10 (most south 

east) is to the left and TAWbra10 (north Devon coast) is to the right of the diagram.  The population 

order follows the coastline and is labelled in Table 5.2. 

 

 

 

Figure 5.4. A PCA plot of the South West contemporary samples. The image indicates the clear divide 

between the chalk streams (on the right) and the remainder of the South West rivers (on the left).
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Figure 5.5.  A neighbour joining dendogram indicating the clustering of chalk streams separately from 

other South West rivers. Bootstraps were permuted 1000 times over loci. 
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Figure 5.6.  BAPS v5.3 clustering diagram of contemporary samples. ITCbis10 (most south east) is to the 

left and TAWbra10 (north Devon coast) is to the right of the diagram.  The order of the populations 

follows the coastline.   

 

Figure 5.7.  Admixture of contemporary samples as assessed in BAPS v5.3. ITCbis10 (most south east) is 

to the left and TAWbra10 (north Devon coast) is to the right of the diagram.  The population order 

follows the coastline and is labelled in Table 5.2. 
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Table 5.4. Pairwise FSTs based on contemporary salmon samples from South West England. FST values as indicated in FSTAT v2.9.3.2 are in the upper triangle of the 

table.  P–values (lower triangle) were obtained after 2400 permutations.  The adjusted p-value for multiple comparisons is 0.000417.  All pairwise comparisons were 

significant, except those in italics. 

  ITCbis10 TESTmem10 AVONbrd10 FROesg09 AXEkit10 EXEdan09 EXEsim09 EXEmil09 TEIleh09 DARpos10 TAMbea10 FOWmar10 FOWtre10 CAMgam10 TORWok09 TAWbra10 

ITCbis10 0 0.0433 0.0279 0.0271 0.1163 0.1043 0.1004 0.0801 0.0868 0.1048 0.0781 0.09 0.0803 0.0803 0.0994 0.0841 

TESTmem10 0.00042 0 0.0573 0.0377 0.1433 0.1216 0.12 0.0997 0.107 0.1256 0.0972 0.116 0.1131 0.1072 0.1257 0.1098 

AVONbrd10 0.00042 0.00042 0 0.0455 0.1262 0.1093 0.108 0.0873 0.0959 0.1121 0.0868 0.1059 0.0965 0.0928 0.1104 0.0961 

FROesg09 0.00042 0.00042 0.00042 0 0.1241 0.1119 0.1055 0.0847 0.0972 0.1137 0.0875 0.1018 0.0932 0.0924 0.1086 0.0905 

AXEkit10 0.00042 0.00042 0.00042 0.00042 0 0.0632 0.0516 0.0428 0.0496 0.0578 0.0429 0.0624 0.0577 0.0533 0.0578 0.0583 

EXEdan09 0.00042 0.00042 0.00042 0.00042 0.00042 0 0.0099 0.0128 0.028 0.039 0.0197 0.0335 0.0194 0.023 0.02 0.019 

EXEsim09 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0 0.007 0.0248 0.0343 0.0135 0.0294 0.0216 0.017 0.0125 0.0171 

EXEmil09 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0 0.022 0.0313 0.0083 0.0233 0.0151 0.0141 0.013 0.0137 

TEIleh09 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0 0.0252 0.0237 0.0235 0.0255 0.0188 0.0202 0.0265 

DARpos10 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0 0.0263 0.0295 0.037 0.0265 0.0239 0.0355 

TAMbea10 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00125 0.00042 0.00042 0 0.0273 0.0124 0.0199 0.0191 0.0172 

FOWmar10 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0 0.0215 0.0137 0.0189 0.0246 

FOWtre10 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0 0.0155 0.0158 0.0232 

CAMgam10 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0 0.0098 0.0135 

TORWok09 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00083 0.00042 0.00042 0.00042 0 0.0172 

TAWbra10 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0.00042 0 
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Table 5.5. Pairwise FSTs for spatio-temporal samples from South West England.  FST values as indicated in FSTAT v2.9.3.2 are in the upper triangle of the table. P–

values (lower triangle) were obtained after 3060 permutations.  The adjusted p-value for multiple comparisons is 0.00033.  All pairwise comparisons were significant, 

except those in italics. 

  
ITCbis 
05 

ITCbis 
10 

EXEdan 
04 

EXEdan 
09 

EXEsim 
04 

EXEsim 
05 

EXEsim 
09 

DARpos 
05 

DARpos 
06 

DARpos 
10 

FOWtre 
04 

FOWtre 
10 

CAMgam 
05 

CAMgam 
10 

TORWok 
05 

TORWok 
09 

TAWbra 
04 

TAWbra 
10 

ITCbis05 0 0.0126 0.1125 0.1134 0.1157 0.1082 0.113 0.1043 0.1134 0.1201 0.0968 0.0917 0.0962 0.0948 0.1235 0.1141 0.0898 0.0976 

ITCbis10 0.00392 0 0.1017 0.1051 0.109 0.0944 0.1037 0.0919 0.0983 0.1071 0.0845 0.0795 0.0863 0.084 0.1102 0.1034 0.0816 0.0862 

EXEdan04 0.00033 0.00033 0 0.0111 0.0262 0.0168 0.0149 0.0471 0.0459 0.0488 0.0328 0.0207 0.0241 0.0324 0.0464 0.0259 0.0246 0.0229 

EXEdan09 0.00033 0.00033 0.00033 0 0.0148 0.0129 0.0088 0.0384 0.0415 0.042 0.0283 0.0121 0.0274 0.023 0.0396 0.0175 0.0211 0.0147 

EXEsim04 0.00033 0.00033 0.00033 0.00033 0 0.0118 0.0083 0.0457 0.0417 0.0459 0.0433 0.0208 0.0213 0.0313 0.0482 0.0253 0.0324 0.0265 

EXEsim05 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.0072 0.0365 0.0387 0.0385 0.027 0.0132 0.0255 0.0217 0.0355 0.0239 0.0228 0.0161 

EXEsim09 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.0337 0.0337 0.0355 0.0258 0.0152 0.0225 0.0154 0.031 0.0101 0.023 0.0153 

DARpos05 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.014 0.0176 0.0318 0.0309 0.0297 0.022 0.0533 0.0226 0.0277 0.034 

DARpos06 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.0154 0.039 0.0325 0.0255 0.0254 0.0624 0.0248 0.0284 0.0297 

DARpos10 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.0339 0.0377 0.031 0.0308 0.0554 0.0265 0.0281 0.0356 

FOWtre04 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.0116 0.0259 0.0134 0.0321 0.021 0.0196 0.0227 

FOWtre10 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.0221 0.0168 0.0313 0.0142 0.0164 0.0209 

CAMgam05 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.0168 0.0362 0.0201 0.022 0.0232 

CAMgam10 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.0297 0.0107 0.016 0.0138 

TORWok05 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.0284 0.0351 0.0367 

TORWok09 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.0158 0.0174 

TAWbra04 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 0.0094 

TAWbra10 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0.00033 0 
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5.3.3 Spatio-temporal variation 

Bayesian clustering analysis performed in STRUCTURE v2.3.3 indicated two distinct clusters 

comprising (i) the remaining chalk streams (Itchen; ITCbis05, ITCbis10) and (ii) all remaining 

‘South West’ samples (Figure 5.8).  A PCA supports this result but also shows a slight 

divergence of the Dart (DARpos) from the other South West samples (Figure 5.9).  The 

neighbour joining dendogram supports strong clustering within the Taw, Dart, Exe, and Itchen 

catchments and moderate clustering of samples within the Fowey.  Spatial structuring 

dominated over the temporal structuring (Figure 5.10).  BAPS v5.3 indicated three clusters; (i) 

The chalk stream (historic and contemporary Itchen populations, ITCbis05, ITCbis10), (ii) The 

Dart (DARpos05, DARpos06, DARpos10) (iii) all remaining samples (the Exe, Fowey, Camel, 

Torridge and Taw catchments). The clustering appeared to be influenced by spatial rather than 

temporal factors (Figure 5.11).  Little admixture was observed between the three clusters 

(Figure 5.12).  An AMOVA indicated that 8% of genetic variation was found to occur among 

populations and 92% within.   

 

Neither gene diversity nor allelic richness were found to be significantly different between 

samples (each site and year compared) utilising the Kruskal-Wallis and median tests.  The site 

results may have been confounded by sites being sampled multiple times.  When repeating the 

analysis, comparing genetic diversity between sites and combining multiple year classes, gene 

diversity was found to be significant (Kruskal-Wallis test : p = 0.028).  When samples were 

divided into chalk or non-chalk, gene diversity was found to vary significantly between these 

two categories (Kruskal-Wallis test : p = 0.000; Median test : p = 0.006), as was allelic richness 

(Kruskal-Wallis test : p = 0.001; Median test : p = 0.017).   

 

Despite the apparent dominance of spatial over temporal influence on population structuring 

evidence indicated a lack of temporal stability at the sites in the current study. According to 

Fisher’s exact test temporal stability did not exist at any of the sites sampled here, and 

significant pairwise differentiation was found between all historic samples, with the exception 

of ITCbis05 and ITCbis10 (Table 5.5).  There may be some element of temporal stability at this 

site (ITCbis) on the Itchen.   
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Figure 5.8. STRUCTURE v2.3.3 bar chart illustrating the spatio-temporal variation over six South West 

catchments.  ITCbis05 (most south East) is to the left and TAWbra10 (North Devon coast) is to the right 

of the diagram.  The populations are ordered by the order along the coastline and the year sampled, as 

labelled in Table 5.3. 
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Figure 5.9.  A PCA of the South West spatio-temporal samples.  The chalk stream (Itchen) can be seen 

towards the right of the image while the remaining sites are on the left. 
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Figure 5.10. A neighbour joining dendogram based on Cavalli-Sforza chord distance (Cavalli-Sforza and 

Edwards, 1967).  The dendogram indicates temporal stability and the separation of the Itchen (chalk 

stream; ITCbis) from the other South West rivers.  Bootstraps were permuted 1000 times over loci.
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Figure 5.11. BAPS v5.3 clustering diagram of spatio-temporal samples.  ITCbis05 (most south east and 

oldest) is to the left and TAWbra10 (north Devon coast and newest) is to the right of the diagram.  The 

order of the populations follows the coastline, compounded by the year of collection.   

 

 

Figure 5.12. Admixture analysis of spatio-temporal samples from South West England as assessed in 

BAPS.  ITCbis05 (most south east and oldest) to the left and TAWbra10 (north Devon coast and newest) 

to the right of the diagram.  The order of the populations follows the coastline, compounded by the year 

of collection.  The population order follows the coastline and year sampled, as labelled in Table 5.3.
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5.3.4 Effective population size 

Three single-sample estimates were calculated for each site and year sampled (Table 5.6).  To 

assess the efficacy of these measures the estimators were tested for correlation.  Pearson’s 

product moment calculation indicated that all three of the normally distributed (Table 5.7) Ne 

estimators were significantly correlated: Ne(SA), Ne(LD)Col and  Ne(LD)NeEst (Table 5.8).  In most 

populations sampled, the error bars for Ne(SA), Ne(LD)LDNE and Ne(LD)NeEst overlapped (Figure 

5.13); this was to be expected given the high levels of correlation found between these 

methods (Table 5.8), although correlation is not predicated on overlapping confidence 

intervals.  For example, one estimator could have been double the other with non-overlapping 

confidence intervals and a correlation would still have been found.  

 

Effective population size estimates over time are illustrated in Figures 5.14 to 5.16 for the 

three most reliable methods studied (Ne(SA), Ne(LD)LDNE and Ne(LD)NeEst).  Based on the sibship 

assignment method, Ne(SA), the majority of surveyed populations in South West England 

demonstrated a slight increase in estimated effective population size (Ne) over time (Figure 

5.14).  Sample TORWok showed the most dramatic increase from 7(4 - 21) in 2005 to 38 (24 - 

62) four years later (approximately one generation) in 2009. Two of the eight sites sampled 

indicated a decline in Ne over time: FOWtre [32 (19 - 59) in 2004 to 23 (13 - 46) in 2010] and 

DARpos [21 (12 - 42) in 2005, 30 (18 - 51) in 2006 and 18 (11 - 28) in 2010].  Both sites 

demonstrated overlapping confidence intervals and the Dart site (DARpos) indicates an initial 

increase in Ne between 2005 and 2006 before declining again by 2010.  A similar pattern 

emerges from the estimates produced by LDNE (Ne(LD)LDNE; Figure 5.15).  Again TORWok 

demonstrates a higher Ne in 2009 than 2005, while FOWtre has an Ne in 2010 (20.8; 24.2-40.8) 

less than 50% of that in 2004 (59.7; 45.4 - 83.9) with non-overlapping confidence intervals and 

estimates further apart than those produced by the sibship assignment method, Ne(SA).  A 

slight decline can be observed in the Itchen (ITCbis) and the Dart (DARpos) which again 

illustrates the increase between 2005 and 2006 followed by a reduction by 2010 (Table 5.5).  

The TAWbra population appears very stable (Figure 5.15).  Ne(LD)NeEst appears to increase over 

time for EXEsim, CAMgam, EXEdan, TAWbra and TORWok (Figure 5.16).  FOWtre, ITCbis, and 

DARpos appear to be in decline. All three sets of samples show non-overlapping error bars 

between the sample years, and again the Dart (DARpos) follows a pattern of increase 2005 - 

2006 and decrease 2006 -2010.  There is a consensus between the three programs that Ne 

estimates for the sites FOWtre and DARpos have become lower over time and that the site 

ITCbis may be of concern.  However, despite these visual trends of increase and decline of Ne 
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at various sites, a statistical comparison of the three sites sampled in 2005 and 2010; ITCbis, 

DARpos and CAMgam, indicated that there was no significant difference in the estimates of Ne 

over time regardless of the method utilised to estimate Ne (Table 5.9).   In all cases the sibship 

assignment estimates, Ne(SA), produced the lowest and most conservative estimates of Ne 

(Table 5.5).   

 

As both Ne(LD)NeEst and Ne(SA) were most strongly correlated with Ne(LD)LDNE, the latter was 

used as a comparative measure against contemporary estimates of Ne (Figure 5.17; Tables 5.5 

and 5.8).  The most striking differences over time as estimated by Ne(LD)LDNE were a decline at 

FOWtre between 2004 and 2010, and increases at EXEsim and TORWok between 2005 and 

2009.  In all cases jackknifed confidence intervals were non-overlapping, and the increase 

observed at TORWok was particularly pronounced.  It is important to note however that 

estimates at EXEsim in 2004 were comparable with those in 2009, despite the production of a 

lower estimate in 2005.  

 

A comparison of contemporary estimates when assuming a one or two generation gap for 

samples taken between four and six years apart, indicated an approximate doubling of Ne and 

the confidence intervals (CIs) when assuming two generations rather than one (Figure 5.17; 

Table 5.10).  While the error bars overlap when assuming one and two generations for the 

temporal moment-based estimator, the two sites that stand out are TORWok and FOWtre.  

The low Ne(LD)LDNE estimate for 2005 (TORWok) corresponds with the one generation TM 

estimate, but is much lower than the two generation TM estimate, while the 2009 (TORWok) 

sample is higher than either of the temporal estimates (one or two generations).  For FOWtre 

both the 2004 and 2010 Ne(LD)LDNE estimates fall within the confidence intervals of the 

temporal estimates (one and two generations).  In these extreme cases, the two generation 

temporal estimates appear to be intermediary to the two single-sample estimates, while the 

one generation estimate seems to approximate the time point with the lower Ne(LD)LDNE 

estimate.  This pattern is not true of the other sites.  
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Table 5.6. Single-sample effective population size (Ne) estimates. Estimates of Ne (and 95% Confidence 

intervals) using two single-sample methods, sibship assignment, Ne(SA), and linkage disequilibrium, 

Ne(LD), with the latter method replicated over two programmes.  N.B. Confidence intervals for 

Ne(LD)LDNE  are jackknifed rather than parametric.  

Population Ne(SA) 
Colony 

Ne(LD) 
LDNE 

Ne(LD) 
NeEstimator 

Ne CI(L) CI(U) Ne CI(L) CI(U) Ne CI(L) CI(U) 

ITCbis05 14 7 30 49.5 31.3 99.7 44.7 33.9 63.5 

ITCbis10 22 13 41 45.8 33.4 67.4 14.9 13.6 16.3 

EXEdan04 21 12 41 33.9 29.4 39.5 40.4 35.7 46.1 

EXEdan09 24 14 44 42.3 34.8 52.6 53.9 46.2 64 

EXEsim04 31 18 59 73.1 47 146.2 93.3 68.7 141.3 

EXEsim05 24 14 45 44 35.5 56.3 55.4 47.1 66.5 

EXEsim09 36 22 59 80.3 60.6 114.9 92.3 73.2 122.7 

DARpos05 21 12 42 28.7 24.6 33.7 37.3 33.1 42.5 

DARpos06 30 18 51 44.9 36.8 56.3 51.7 44.9 60.4 

DARpos10 18 11 28 35.4 30.5 41.7 21.8 20.2 23.7 

FOWtre04 32 19 59 59.7 45.4 83.9 64.9 54.2 80.1 

FOWtre10 23 13 46 30.8 24.2 40.8 37.3 31.8 44.6 

CAMgam05 23 13 44 34.3 27.2 45.1 37.7 32.5 44.5 

CAMgam10 28 16 53 55.4 39.1 89.3 59.7 48.3 76.8 

TORWok05 7 4 21 8.4 7.3 9.7 16.3 14.7 18.2 

TORWok09 38 24 62 58.5 45.8 78.6 50.6 44.2 58.8 

TAWbra04 19 11 40 45.4 35.3 61.9 37.7 31.9 45.6 

TAWbra10 22 12 41 44.4 36.7 55.1 51.3 44.5 60 
 

Table 5.7. Testing single-sample Ne estimators for normality.  SA = Ne(SA), LDNE = Ne(LD) as 

calculated in LDNE,  and LDNeEst = Ne(LD) as calculated in NeEstimator v1.3.    

  Kolmogorov-Smirnova Shapiro-Wilk 

  Statistic Df Sig. Statistic Df Sig. 

SA 0.17 18 0.184 0.968 18 0.755 

LDNE 0.154 18 .200* 0.963 18 0.669 

LDNeEst 0.145 18 .200* 0.924 18 0.153 
a. Lilliefors Significance Correction  

*. This is a lower bound of the true significance. 
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Table 5.8. Pearson correlation between single-sample Ne estimators. SA = Ne(SA),  LDNE = Ne(LD) as 

calculated in LDNE, LDNeEst = Ne(LD) as calculated in NeEstimator v1.3.    

  SA LDNE LDNeEst 

SA Pearson Correlation 1.000 .794** .722** 

Sig. (2-tailed)  .000 .001 

N 18.000 18 18 

LDNE Pearson Correlation .794** 1.000 .839** 

Sig. (2-tailed) .000  .000 

N 18 18.000 18 

LDNeEst Pearson Correlation .722** .839** 1.000 

Sig. (2-tailed) .001 .000  

N 18 18 18.000 

**. Correlation is significant at the 0.01 level (2-tailed).  

 

 

Figure 5.13. Comparison of three single-sample effective population size estimators. SA = Sibship 

assignment method, LD(LDNE) = LD method performed in LDNE, LD(NeEst) = LD method performed in 

NeEstimator v1.3.  Confidence intervals as provided are marked on the figure.   
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Table 5.9.  Paired t-tests comparing Ne estimates from three South West England rivers in 2005 with those in 2010. 

Paired Samples Test 

 Paired Differences t df Sig.  

(2-tailed) Mean Std. 

Deviation 

Std. Error 

Mean 

95% Confidence Interval of 

the Difference 

Lower Upper 

Pair 1 SA2005 - SA2010 -3.33333 5.68624 3.28295 -17.45874 10.79207 -1.015 2 .417 

Pair 2 LDNE2005 - LDNE2010 -8.03333 12.45365 7.19012 -38.96991 22.90324 -1.117 2 .380 

Pair 3 
LDNeEst2005 - 

LDNeEst2010 
7.76667 26.75188 15.44521 -58.68870 74.22203 .503 2 .665 
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Table 5.10. Temporal moment-based Ne estimates.  Estimates were made assuming one or two 

generations between the first and second samples.  95% confidence intervals are provided. 

Pop1 Pop2 

One Generation Two Generations 

Ne CI (L) C (U) Ne CI (L) C (U) 

ITCbis05 ITCbis10 32.7 15.3 115.3 65.5 30.6 230.6 

EXEdan04 EXEdan09 26.9 16.2 49.6 53.7 32.5 99.2 

EXEsim04 EXEsim09 32.3 17.7 76 64.5 35.5 152 

EXEsim05 EXEsim09 35.8 19.9 82.1 71.6 39.7 164.1 

DARpos05 DARpos10 16.9 11.2 26.6 33.9 22.4 53.2 

DARpos06 DARpos10 21.1 13.6 34.8 42.2 27.1 69.5 

FOWtre04 FOWtre10 26.4 14.9 57.6 52.9 29.8 115.3 

CAMgam05 CAMgam10 20.7 12.3 40.1 41.4 24.5 80.2 

TORWok05 TORWok09 13.5 9 20.9 26.9 17.9 41.7 

TAWbra04 TAWbra10 29.9 16.3 71.7 59.8 32.7 143.4 

 

  

  

Figure 5.14. Ne(SA). Sibship assignment estimates of Ne for each sample site and year sampled.   
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Figure 5.15. Ne(LD)LDNE. LD estimates of Ne for each sample site and year sampled as calculated in the 

program LDNE. 

 

   

Figure 5.16. Ne(LD)NeEst. LD estimates of Ne for each sample site and year sampled as calculated in the 

program NeEstimator v1.3.   
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Figure 5.17. Temporal vs. single-sample Ne estimator.  A single-sample estimator (LD as calculated in 

LDNE) was compared with the temporal method (TM) of estimating Ne.  Temporal estimates are 

provided for each site assuming either one or two generations (1 gen and 2 gen, respectively).  

Confidence intervals are included. 

 

5.4 Discussion  

This spatio-temporal study of Atlantic salmon (Salmo salar L.) in South West England has 

highlighted the variation in gene diversity, allelic richness and population structure across the 

region.  Temporal instability was identified across the region, however, it appeared 

inconsequential in comparison with the spatial variation detected.  These results are discussed 

below. 

 

5.4.1 Gene diversity and allelic richness 

Allelic richness (Ar) of the contemporary samples at 16 loci was lowest in TESTmem10 (5.58 ± 

0.52) and highest in TAMbea10 (9.74 ± 1.00), while contemporary gene diversity (Hs) ranged 

from 0.67 ± 0.06 (TESTmem10) to 0.84 ± 0.03 (TORWok09).  The chalk streams (TESTmem10, 

AVONbrd10, ITCbis10, FROesg09) had the lowest genetic diversity as estimated by both Ar and 

gene diversity.  The Axe, the next sampled catchment to the west provided intermediate 

estimates between the chalk streams and the remaining South West samples.  A similar 

pattern was observed in the spatio-temporal analysis.  Both datasets highlighted a significant 

difference in genetic diversity (Hs and Ar) between fish sampled in chalk streams (e.g. the 

Itchen) and those sampled elsewhere.  Generally, Cornish and north Devon (Camel, Fowey, 
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Taw and Torridge) rivers were at the higher end of these measures of diversity, with the 

exception of TORWok05, which was lowest in both measures with the exception of the 2005 

and 2010 ITCbis samples, reflecting its extremely low Ne.  TORWok05 was also found to have 

an extremely low Ne and Ne is known to affect measures of genetic diversity such as Ar and 

heterozygosity (Wang, 2009).  The temporal component had a limited impact on any trend 

affecting genetic diversity.   

 

In a study encompassing Atlantic salmon from the Irish sea to the Bay of Biscay, Finnegan et al. 

(2013), identified populations in South West England as being highly genetically diverse (Ar = 

12.276, He = 0.86), while those in the chalk streams were the lowest observed (Ar = 7.396, He 

= 0.767) in their study.  Yet even these chalk stream populations with limited diversity (both in 

this study and Finnegan et al. (2013)) are equally diverse to Ellidaar in Iceland (Ar = 6.521; 

Finnegan and Stevens, 2008) and more so than the River Teno of Norway and Finland (Ar = 

4.23; Vähä et al., 2007).  Contrastingly, sites in Ireland (Dillane et al., 2007, Dillane et al., 2008, 

Ensing et al., 2011), North America (Dionne et al., 2008) and Spain (Horreo et al., 2008) have 

shown higher diversity than was found in S. salar in South West England in both the current 

study and Finnegan et al. (2013).  In depth studies of South West catchments (e.g. Exe, Tamar, 

Dart) indicated genetic diversity comparable with and higher than that found in the current 

study (Chapter 2, Ellis et al., 2011b, Finnegan and Stevens, 2008). The range of Ar found in 

these catchment-wide studies exceeds the Ar found in the current study, despite the samples 

being collected from the same catchments.  This result highlights the limitations of sampling a 

limited number of sites as representation of a catchment; information can be lost.  In order to 

gain that depth of coverage, the focus of sample collection would have to have shifted, and the 

breadth of the current study would have been lost.  Given that the current study aimed to 

assess the sustainability of Atlantic salmon across the South West region, the sacrifice was 

deemed acceptable and to be in balance with the focus of this study.  

5.4.2 Contemporary spatial structure 

A clear divide was identified by multiple measures between the southerly chalk streams (S) 

and the remaining South West (SW) rivers.  BAPS v5.3, which runs a Bayesian clustering 

analysis, identified the Axe as a separate third group.  Local adaptation and drift can result in 

differentiation between populations and indeed physical and anthropogenic disturbances are 

indicated as selective pressures (Garcia de Leaniz et al., 2007).  In particular, the geology, 

temperature, substrate and water chemistry vary between the southern chalk streams and the 

South West rivers so this may be a contributing factor to the divide seen in the current study.  
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In a radio-tracking study comprising 1514 radio-tagged fish from the rivers Taw, Torridge, Exe, 

Hampshire Avon and Tamar, (Solomon et al., 1999) 73 fish were found in alternate rivers, in 

some cases, rivers sharing an estuary, in other cases more distant.  Only one of these 73 fish 

(an Avon tagged fish, recaptured in the Exe) appeared to cross the S/SW divide that is 

observed in this study (Solomon et al., 1999). 

 

While adaptation may partially explain some divergence between the catchments, it is so 

absolute a divide that there may be another factor which has influenced this.  Phylogeography 

may go some way to clarifying this.  While many studies have indicated that Baltic (Nilsson et 

al., 2001, Saisa et al., 2005, Verspoor et al., 1999) and Iberian (Consuegra et al., 2002) refugia 

may have been the sources for salmon recolonisation in northern Europe; lineages arising from 

these refugia are referred to as ‘Baltic’ and ‘Atlantic’ respectively (Consuegra et al., 2002, 

Verspoor et al., 1999).  A more recent study has provided evidence of an additional refuge in 

north west France (Finnegan et al., 2013).   Finnegan et al. (2013) analysed samples ranging 

from the Irish Sea to the Bay of Biscay and also identified a distinction between UK South (S) 

and UK South West (SW) samples using microsatellites and mtDNA.  Their results indicate that 

the Spanish populations, the Dart and the Boyne demonstrated predominately the haplotypes 

BBBB and BBBA, described as ‘Atlantic’ haplotypes by Nilsson et al. (2001).   Southern English 

and French populations predominately show haplotypes considered to be ‘Baltic’ (AAAA and 

AABA; Finnegan et al., 2013, Nilsson et al., 2001).  The remainder of the UK and Ireland 

indicated an equal distribution of both sets of haplotypes suggesting that the area was a 

contact zone for salmon colonising from both Spanish and French refugia (Finnegan et al., 

2013).  The divergence between British and French populations was indicated as having 

occurred 16,000 years ago while divergence from the Spanish populations was indicated to be 

approximately 20,000 years ago (Finnegan et al., 2013).  This French colonisation of the 

southern English rivers could at least in part explain the divide seen in the current study.  

Additionally, the river Dart was identified as more closely approximating the haplotype 

proportions of a Spanish river (Finnegan et al., 2013).  While the Dart is not differentiated in 

this spatial study, there is evidence for differentiation in the spatio-temporal analysis (see 

sections 5.4.3 and 5.3.3).  The Axe may have differentiated in this study because it is the 

proximal river to the southern chalk streams and more likely to gain strays from this area.  

Given that Avon fish have strayed as far as the Exe (Solomon et al., 1999) it is not unlikely that 

they may also stray to the Axe, potentially on a more frequent basis.  However, analysis in 

Chapter 2 also indicated a high proportion of siblings in this Axe sample, so the population 

structure analysis may have been affected by these family groups in the sample used.  
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Statistical analyses did not consistently identify the Axe as a third group so this is of little 

consequence in addressing concerns at the regional level. 

 

5.4.3 Spatio-temporal variation  

Pairwise genetic differentiation was found between the majority of sites sampled, with the 

exception of the two chalk stream samples (ITCbis05 and ITCbis10), indicating some level of 

temporal differentiation.  This was further supported by a Fisher’s test performed in Genepop-

on-the-Web v4.0.10 which indicated a significant genic differentiation between all populations.  

The 2005 and 2010 ITCbis samples were the least differentiated but this was still a highly 

significant result (χ2 = 51.71299, df = 24, p = 0.000853).  All other methods of analysis indicated 

spatial variation in population structure was dominant to temporal.  The dominance of spatial 

to temporal influence over population structure has been widely found and temporal stability 

has been commonly observed (e.g. Blanco et al., 2005, Dillane et al., 2007, Ellis et al., 2011b, 

Ensing et al., 2011, Garant et al., 2000).  Garant et al. (2000) found mixed results with temporal 

stability at four of seven sites over two consecutive years in a Canadian river.  However, in the 

current study pairwise comparisons indicated significant differences between the majority of 

the temporal samples, potentially indicating a lack of temporal stability in allele frequencies 

between the cohorts (Ellis et al., 2011b).  This temporal variation may be a result of 

inconsistent sample sizes, different environmental conditions possibly affecting returning 

adults, or natural variation between cohorts of a cyclical nature. This is something that should 

be investigated further with a greater number of sites and temporal samples.  

 

Results indicated a clear differentiation between the chalk streams (S) and other South West 

(SW) rivers.  This supports the initial broader contemporary analysis, the findings of which 

were discussed in section 5.4.2.  In this spatio-temporal analysis, the Dart was seen by some 

methods to diverge from the other populations, and, while STRUCTURE v2.3.3 analysis 

(Bayesian clustering) did not support this result as replicated in this study, provisional results 

based on three structure replicates as opposed to five, did identify three clusters rather than 

two, indicating some tendency for divergence.  Finnegan et al. (2013) found the Dart salmon to 

reflect Spanish heritage, rather than the French heritage of the Southern samples (chalk 

streams) or the mixed heritage of salmon in the remainder of South West England and indeed 

the rest of the UK.  

 

 



177 

 

5.4.4 Effective population size 

Two single-sample methods were found to be correlated: linkage disequilibrium and sibship 

assignment. The temporal method of assessing effective population size was also in a similar 

range.  The benefits of single-sample estimators are obvious, and many of the limitations are 

common across the methods, The TM method estimates Ne by comparing allele frequencies of 

samples taken at different points in time (Waples, 1989).  Sample size (S), the number of 

generations between samples (G) and the number of loci studied (L) were found to affect the 

estimate of Ne (Waples, 1989).  In the current study this pattern was observed through a two-

fold increase in Ne on a doubling of the generation time.  This was tested as the generation 

time may be variable across the region (approximately 3.5 on average), and, as the programme 

NeEstimator v1.3 allows only integers for generation time, the analysis was run twice, 

assuming first one generation then two generations.  The method is also said to be best suited 

for organisms with high juvenile mortality and limited Ne and assumes Ne does not change 

over time (Waples, 1989).  As in other methods, alleles should be under neutral selection, 

generations should be discrete and no mutation or migration is considered (TM - Waples, 

1989, LD - Waples and Do, 2010).  Additionally, a minimum of 50 individuals is recommended 

for each sample (Waples, 1989), a pre-requisite not met in the current study.  England et al. 

(2006) also encourage large sample sizes for the LD method.   The LD and SA methods were the 

simplest to use and given their correlation appear to have produced reasonable estimates and 

consistent results.  All of the samples were estimated as having relatively low Ne.  The LD 

method is deemed reliable for low estimates of Ne, and less so in cases of higher estimates 

(Chapter 2, Waples and Do, 2010).  The main error identified when utilising the LD method, an 

upward bias in Ne when low frequency alleles are present (England et al., 2006, Waples and 

Do, 2010), was corrected in the program LDNE (Waples, 2006, Waples and Do, 2010).  Recent 

changes in population size are also thought to affect Ne estimates in this program, however, 

the effect is thought to be limited (Waples and Do, 2010).  In the SA method, samples are 

assumed to have been taken at random from a single cohort of a single population (Wang, 

2008). If multiple cohorts are sampled there is a risk the parents may have also been sampled 

(Wang, 2008).  With the exception of precocious parr, this would be obvious in the sampling of 

Atlantic salmon.  This method (SA) has been assessed as being more accurate than both the 

TM and HE methods (Wang, 2009), and no evidence in the current study disputes this 

assessment.  All estimates of Ne in this study were made assuming the populations sampled 

were closed, an assumption Atlantic salmon are only likely to satisfy in land-locked 

populations.  This will have had some effect on the estimates obtained here. 



178 

 

 

Estimates of Ne ranged from 7 (4 - 21; TORWok05) to 38 (24 - 62; TORWok09) using the SA 

method, 8.4 (7.2 - 9.7; TORWok05) to 90.3 (60.6 - 114.9; EXEsim09) using the LDLDNE method 

and 13.5 (9 - 20.9; TORWok) to 35.8 (19.9 - 82.1; EXEsim) using the TM method (assuming that 

4-6 years between samples represents one generation).  These results illustrate the benefit of 

running multiple methods when analysing effective population size.  The temporal method 

indicates that the site TORWok has an Ne of at most 20.9, while the single-sample estimates 

highlight the historic sample for the site (TORWok05) as a particularly low estimate and the 

contemporary (TORWok09) is estimated as one of the highest sampled across the region.  This 

multiple method approach is suggested by Pudovkin et al. (1996) as a way to ensure an 

accurate estimation.  Comparable estimates of Ne have been observed in wild Atlantic salmon 

populations (e.g. Consuegra et al., 2005b, Ellis et al., 2011b, Koljonen et al., 2002, Vähä et al., 

2008), though the lowest estimated sites in these studies ranged from twelve to 65.5.  Some of 

these studies also found populations with much larger Ne estimates; for example, Vähä et al. 

(2008) found the mainstem and headwater of the Teno to maintain populations much larger 

(Ne: 340 - 1200) than those in the tributaries of the river (Ne: 35 - 160), while Ellis et al. 

(2011b) found multiple sites on the Tamar to be genetically indistinct and so pooled them 

obtaining an Ne of 904.9 for the population.  The Ne estimates in the current study are at the 

lower end in comparison with these studies.  This could be a cause for concern or simply a 

pointer for further exploration.  While the sites analysed in this study have all been considered 

as separate populations, a detailed study of any of these catchments may identify the sites as 

part of a larger population, similar to that found in Ellis et al. (2011b); however, the sites may 

also be identified as part of a metapopulation.  Kuparinen et al. (2010) found a metapopulation 

structure across four neighbouring Atlantic salmon populations and highlighted the extent to 

which each subpopulation may influence the metapopulation and explained how each 

subpopulation should be preserved to maintain genetic diversity and sustainability of the 

meta-population.  So, while the current study does not address any single catchment as a 

whole, it provides an indication of the current Ne estimates of populations, which may be sub-

populations within the catchment, but which are nevertheless important to preserve.  As an 

observation, however, despite low estimates of genetic diversity, the chalk stream (ITCbis) has 

a relatively high Ne within the range of the current study.  

 

One advantage to single-sample estimates is that with multiple temporal samples trends may 

be observed.  Through multiple methods, three sites were found to have a lower Ne estimate 

in the contemporary sample compared with the historic; FOWtre, DARpos, and ITCbis, while 
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TAWbra was also of some concern.  These sites are from four different catchments spread 

across the sample region and across most of the counties surveyed.  Whilst the trends suggest 

some sites may be suffering from a decline in Ne, particularly as the error bars produced with 

some estimators are non-overlapping, other estimators produced non-overlapping error bars.  

This combined with the non-significant statistical comparison of Ne over time for the region, 

would indicate that the populations are, for the time being, stable, despite the low Ne 

estimates that are observed.  There is no obvious pattern or cause for concern for the region 

as a whole; only an indication of the need for further monitoring and more in depth study.  

Equally, there is no reason to suggest other unsampled sites within other catchments surveyed 

do not support populations with equally low Ne.  Additionally, with only two to three temporal 

samples available per site it is difficult to ascertain how stochastic events or sampling biases 

may have influenced the estimates.  The wide range of factors, anthropological to biological, 

attributed to causing a decline in salmon numbers may be responsible for the declines 

observed here and further study would be necessary to elicit the specific cause, or more likely 

combination of causes affecting each site.  Without catchment-wide studies it is not possible 

to observe the role these sample sites play in the evolutionary model or population structure 

uniquely applicable to each catchment.   

 

5.4.5 Conclusions and implications 

This study allows a brief glimpse into the structure and state of South West salmon, 

highlighting the Fowey, Dart, Itchen, and Taw as potential catchments of concern, as well as 

indicating  the contrast between the chalk streams and remaining South West rivers.  A more 

in-depth study with a greater number of sites per catchment and a longer spanning temporal 

component with increased sample points would improve our understanding of evolutionary 

processes and the significance of these preliminary results.  However, the main outcomes of 

this study identify the need to better understand the lower diversity of the chalk streams and 

whether this may be a problem, whilst serving to focus studies on the Itchen, Fowey and Taw 

catchments to identify potential causes of decline.  Other catchments should not be forgotten, 

considering estimates of Ne were fairly low across the range; however, a better understanding 

of catchment level Ne (as in Chapter 2) and small scale long-term monitoring are essential for 

highlighting future declines before it is too late to act upon them. 
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Chapter 6: Discussion 

The purpose of this study was to evaluate the sustainability of Atlantic salmon in the rivers of 

South West England.  This objective was approached through a case study of the River Exe, 

which addressed three specific aims:  (i) understanding the current status of Atlantic salmon in 

the River Exe, (ii) exploring angler opinions to options for conservation and management on 

the river, and (iii) assessing the efficacy of hatcheries.  An assessment of spatial and temporal 

population structure and temporal stability across the region was considered as a fourth aim 

to gain an understanding of the current status of the species across South West England.  Each 

aim was addressed through an independent study.  The results and overall implications of 

these studies are discussed in this chapter. 

 

6.1 A case study on the River Exe 

In order to address multiple aspects of fisheries conservation and management, it was 

necessary to utilise a multi-disciplinary approach.  Population structure was found on the River 

Exe (Chapter 2) and thus –as a direct consequence– the management practice at the hatchery 

on the river was altered (Chapter 4).  Anglers appeared to have a strong desire to be involved 

and informed when it came to managing salmon on the river and collectively the anglers felt 

that stocking was a sensible approach to improving the number of Atlantic salmon in the river 

(Chapter 3).  The results (Chapter 4) of the hatchery study, however, implied that the practice 

may need further modification if it is to be continued without adversely impacting the genetic 

diversity of the juveniles stocked out and consequently evolutionary potential of the 

populations being supplemented.  Each of the three components of this study is discussed 

below. 

 

6.1.1 Understanding the current status of Atlantic salmon on the River Exe (Chapter 

2) 

Utilising sixteen microsatellite markers, it was possible to discern population structure on the 

Exe catchment between different sites.  Primarily, distinct differences were found between 

populations in the two dominant tributaries in the headwaters: the Little Exe and the Barle, 

hence it can be concluded that multiple populations are present within the Exe catchment 

Studies to date have shown mixed evidence for, and varying levels of, within-catchment 

population structure (Dionne et al., 2009, Ellis et al., 2011b, Vähä et al., 2007).  This study 

(Chapter 2) indicates weak structuring between a number of sites within the upper tributaries 

and limited structure in the lower part of the catchment.  This information is vital to ensure 
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that the current supportive breeding programme is at its most effective.  The results of this 

study were considered by the hatchery manager, as well as key stakeholders, and the decision 

was made that two stocks would be reared (Barle and Little Exe) rather than just one (Barle).  

This decision was particularly important considering that fish sampled from the Haddeo 

tributary in the current study resembled Little Exe fish, and the tributary had recently been 

stocked with Barle fish (J. Hickey, Pers. Comm).  Due to the lack of a recognisable Barle genetic 

signature in fish sampled from the Haddeo tributary, the indication is that the stocking 

programme has not operated long enough or with sufficient intensity for the stocked Barle fish 

to have established themselves on the Haddeo.  Possible reasons for the apparent lack of 

success of Barle fish in colonising the Haddeo include: an inability to establish themselves due 

to competition with resident fish, poor adaptation to local in-river conditions or a poor return 

to the Haddeo by returning adult fish.  If this were the case, presumably these fish strayed 

back to the Barle, the tributary from which their parents would have been caught and where 

the hatchery in which they were reared resides – this could be tested relatively simply in the 

future by a tagging/translocation release study (e.g. Solomon et al., 1999, Stewart et al., 2002, 

Youngson et al., 1994).  

 

 The effective population size of salmon was assessed at a number of sites on the Exe.  

Multiple programs designed to estimate this parameter were utilised and evaluated.  The most 

consistent methods were found to be those based on sibship assignment and linkage 

disequilibrium, and, in general, the results obtained with the two methods produced 

comparable results and were correlated with one another.  Some sites were found to have 

very low effective population sizes (Ne), in particular Danesbrook, a tributary of the Barle 

(Ne(SA) = 30.0, Ne(LD) = 47.5) and Westermill, the furthest up-river site on the Little Exe 

(Ne(SA) = 24, Ne(LD) = 30.1)  These were also the two most distinct tributaries.  As discussed in 

Kuparinen et al. (2010), an individual subpopulation may be vital in maintaining the Meta-Ne 

(effective population size for the metapopulation).  For this reason, it is vital that these small 

populations are monitored further to establish whether they are consistent and sustainable, or 

in decline.  Given the small Ne at these sites, any effort which can be made to ensure the 

survival of these sub-populations should be undertaken, e.g. by establishing patterns of run 

timing or other identifiable life history traits, to minimise exploitation through local angling 

regulations and byelaws.  The catchment level Ne and Nb estimates were found to be lower 

than the Management Target (MT) and Conservation Limits (CL) for the catchment.  This low 

catchment level of Nb (number of breeders) and Ne indicates a need for improvement; 

however, the situation is not dire as both catchment level estimates of Ne and Nb exceeded 
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500, the critical value for maintaining genetic variability within a population (Franklin, 1980).  

Anglers and stakeholders have been undertaking habitat management, stock enhancement, 

fish monitoring and education strategies, in addition to reducing fishing pressures in the form 

of removing (buying out) estuary nets.  It is possible that, as these are recent improvements, 

the effects may not be observed for a couple of generations.  In addition, some factors are 

beyond the scope of in-catchment management, i.e. factors affecting salmon at sea during the 

marine stage of the salmon lifecyle.  For this reason, some anglers felt that more could be 

done at higher legislative or political levels, for example, through EU legislation (see Chapter 

3).  

 

6.1.2 An exploration of angler opinion on Atlantic salmon management (Chapter 3) 

Anglers demonstrated great enthusiasm for the subject of salmon management, strengthening 

the statement that they are key stakeholders and a driving force in fisheries management 

(Cowx et al., 2010).  They produced a range of responses to questions asked, highlighting their 

diversity as a group but also indicating the lack of simplicity of the problem.  Anglers gave 

multiple responses crossing the spectrum of possible answers when asked about: the reasons 

for salmon decline, the best way to manage the fish, and the involvement of scientists and 

other groups of stakeholders.  Their responses indicated that in their opinion multiple factors 

are responsible for the decline of salmon in the River Exe, and, accordingly, multiple methods 

will fix the problems.  There are also multiple reasons for which the anglers care about the 

decline and conservation of the Atlantic salmon.  This is perhaps best reflected in the 

consideration of a successful fishing trip.  Catching a salmon makes a trip successful; however, 

even some of those anglers who did not catch fish indicated that they had considered their trip 

to be a success.  The mystique of the salmon and the experience of the sport and the 

environment surpass the need to catch it.  As invested stakeholders, anglers are vital allies, 

colleagues and a source of on-the-ground knowledge in the monitoring and conservation of 

Atlantic salmon.  

 

Here, angler opinion (Chapter 3) is considered in terms of the evidence for population 

structure and low effective population size found in Chapter 2.  The majority of anglers felt 

there had been a decline in Atlantic salmon numbers and that there was a need to improve 

stocks.  This is in concurrence with the Ne (and Nb) estimates observed (Chapter 2).  Anglers 

had mixed views on the agencies that are currently involved in salmon management, as well as 

on those that should be, and there appeared to be some confusion over the role of different 
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statutory, charitable and volunteer groups; for example, one respondent assumed ‘scientists’ 

and the ‘Environment Agency (EA)’ were the same.  While many members of the EA may be 

trained scientists, the approaches and directives of the two groups differ.  The Environment 

Agency (EA) has specific targets to meet and statutory remits to deliver on in terms of 

monitoring and regulating habitats and species, whereas scientists in research facilities –such 

as universities– often have more scope to explore specific concerns or questions which may 

enhance the understanding of a problem.  On the whole, anglers responded positively to 

questions about the role of scientists and research in fisheries management and also 

suggested further areas of research that should be tackled (e.g. disease, marine survival and 

run timing), many of which are already under study (McVicar, 1997, Stewart et al., 2002, Vähä 

et al., 2011).  One potential weakness highlighted by the current research was the 

communication between scientists and anglers.  Questionnaire responses indicated 

ambivalence to the current effectiveness of communication between scientists and anglers.  

This was reflected by a small amount of confusion over terms such as ‘supportive breeding’.  

Communication is an area that should be focused on to improve the anglers’ understanding of 

the work that has been undertaken, e.g. the implications of finding within-catchment 

population structure (as found in Chapter 2) and what they can do to help preserve such 

structure.  This will also give the anglers the opportunity to pass on their experiential 

knowledge and observations following the implementation of new management methods 

based on the results of scientific research.  Dialogue between all stakeholders and research 

scientists is essential in advancing the understanding of any species or population of concern 

or interest.   

 

6.1.3 Assessment of the efficacy of two hatchery programmes (Chapter 4) 

On the whole, anglers felt that stock enhancement (stocking and supportive breeding) was one 

of the best methods available to improve salmon numbers on the River Exe.  Only one 

respondent, a thirty-year old resident, questioned the method, saying:  

 

“Stocking should be a last ditch effort only used to prevent extinction.  Our artificial 

selection of breeding stock usually has a detrimental effect on the species. (Water &) 

habitat improvement & reduction in predation (& all nets) should allow salmon to 

recover naturally”. 
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This concern, from the youngest respondent, reflects the scientific literature.  There are mixed 

opinions over the efficacy of stocking.  Few studies have found exogenous stocked fish to 

survive and establish themselves (Finnegan and Stevens, 2008), while others have indicated 

the ability of salmon to re-colonise naturally when conditions within a river have improved and 

river access has been restored (Griffiths et al., 2011, Ikediashi et al., 2012)).  In addition, 

concern has been shown over the impacts of stocking on the genetic diversity of the resident 

supplemented population and that of the hatchery-origin juveniles being stocked out (Araki, 

2008, Blanchet et al., 2008, McGinnity et al., 2009).  Both the River Exe and River Tamar 

hatcheries studied here (Chapter 4) illustrated the problems with using a small number of 

broodstock, creating a bottleneck from which the resulting offspring showed a reduced level of 

genetic diversity.  Additionally, the study highlighted the power of genetic parentage analysis 

methods in elucidating parentage when hatchery pedigree records are incomplete.  No 

evidence was found at either hatchery for a sex bias, however the overall number of adults 

utilised was deemed to be too low as it resulted in a reduction in genetic diversity of the 

offspring.  A recommendation was made to use a greater number of broodstock adults if 

supportive breeding is to continue on these catchments.  

 

6.2 Stability and population structure of Atlantic salmon across South 

West England 

While the case study on the River Exe (Chapters 2 - 4) focused on the traditional 

multidisciplinary definition of sustainability, the sustainability of species or population can be 

assessed genetically through measures of temporal stability and monitoring changes in 

effective population size (Ne).  In this study (Chapter 5), multiple populations were found to be 

present within the region.  Additionally, distinct spatial partitioning was observed between 

salmon from chalk streams (Southern England, S) and those from the rivers to the west of 

these (South West England, SW).  This divide may be a result of a lack of gene flow between 

populations adapted to differing geology or other environmental conditions; however, the 

underlying differentiation may also result from a difference in post-glacial recolonisation 

patterns, as identified in Finnegan et al. (2013), where the southern rivers were re-colonised 

by fish sharing an origin with those in French rivers (divergence ~16,000 years ago), while 

those in the South West were re-colonised by salmon from both French and Spanish glacial 

refugia, approximately 16,000 and 20,000 years ago, respectively.  In the study of Finnegan et 

al. (2013), the River Dart appears to be an exception, with indication of Atlantic (Spanish) 
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recolonisation and, indeed, in this study (Chapter 5) this catchment was indicated as being 

subtly more differentiated than the other South West samples. 

 

In the current study, South West populations were not found to be temporally stable following 

tests of genic differentiation (Genepop-on-the-Web v4.0.10; Raymond and Rousset, 1995, 

Rousset, 2008) and pairwise differentiation based on FSTs (FSTAT v2.9.3.2; Goudet, 1995) with 

the exception of the Itchen site in Southern England.  However, as in other studies (Blanco et 

al., 2005, Dillane et al., 2007, Ellis et al., 2011b, Ensing et al., 2011, Garant et al., 2000), spatial 

patterns of population structure were still dominant to the influence of temporal variation.   

 

Estimates of effective population size varied dependent on the statistical method utilised and, 

as in Chapter 2, the linkage disequilibrium (Ne(LD)) and sibship assignment (Ne(SA)) methods 

appeared most consistent, accurate and correlated with one another.  Correlation between 

Ne(LD) and Ne(SA) was also found in Phillipsen et al (2011).  In the current study, estimates 

were relatively low on average and spatially no pattern was observed.  Change in Ne was 

found to be variable across the region, however, the majority of sites demonstrated similar or 

improved Ne estimates in the four to six years between sampling.  The two sites where three 

temporal estimates were available, due to the sampling of consecutive years, demonstrated 

the year-to-year fluctuations that occur.  Having more than two samples allows for more 

confidence in the trends observed and it is recommended that in future studies more temporal 

samples are taken.  Four sites appeared to show a potential decline in Ne based on at least one 

estimator method, however this may be due to natural fluctuation as no indication of a 

statistically significant decline across the region was found.  It is recommended that these 

catchments are further evaluated and observed.   

 

One benefit to using single-sample methods is that trends can be observed over time.  While 

the temporal method (TM) has been the mostly widely applied (Palstra and Ruzzante, 2008, 

Wang, 2009, Waples and Do, 2010), recent upgrades in the statistical analysis of single-sample 

methods –the error correction of the LD method (Hill, 1981, Waples, 2006) and the 

development of the sibship assignment method (Wang, 2009)– have made them comparable 

in accuracy and effectiveness  (Wang, 2009, Waples and Do, 2010) with the added advantage 

of being able to obtain and estimate Ne with just one sample and an ability to begin to 

elucidate trends in Ne with two temporal samples.  
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6.3 Limitations, potential improvements and future work 

All studies are subject to limitations, whether logistical, methodological or financial, and 

inevitably new questions or avenues arise from the results found.  In this section, the 

limitations of the studies within this thesis are discussed and ideas for further analysis or 

future work are put forward.  

 

6.3.1 Sample size and distribution 

Within the Exe, not all tributaries were sampled and of the seven that were, only two were 

sampled at multiple sites.  Additionally, only one sample was taken from the main river.  

Sample sites were selected based on Environment Agency (EA) data indicating which sites 

contained salmon in numbers likely to satisfy genetic sampling requirements.  Sample sites 

selected were also sites that the EA covered on their six-year catchment-wide sample scheme, 

a strategy partly affected by accessibility. Consequently, not all good salmon sites and 

potentially not all populations were sampled.  Sites not accessed by the EA or sites which 

produced low numbers of salmon were visited/re-visited with the Westcountry Rivers Trust 

(WRT) sampling team on their annual Exe survey.  For those tributaries from which only one 

sample was taken, the sample was often from an area close to the main river, rather than 

some distance up the tributary.  This could explain the similarity between samples from the 

Lower tributaries.  In future, samples from further up these tributaries (e.g. the Brockey, 

Lowman and Iron mill) should be taken and analysed to determine if this is the case.  

Additional sites on the Haddeo, Barle and Little Exe were collected but not analysed due to the 

numbers already available for these upper tributaries, in addition to financial limitations of the 

project.  The one analysed site on the Haddeo was found to cluster with samples from the 

Little Exe, despite being stocked with fish bred from Barle broodstock in recent years.  A 

second sample was collected further up this tributary and it would be interesting to determine 

how this population (or sample) related to the others.  For the purposes of monitoring overall 

effective population size of River Exe salmon, populations from sample sites at the limits of 

individual site Ne estimates should be monitored regularly (perhaps every three years) with 

additional sites monitored less frequently.  

 

The sampling strategy for the temporal study was based on the availability of historical 

samples, some of which were excluded from this study due to very small (<25) sample sizes 

(Hale et al., 2012).  Contemporary sample sites were chosen based on these historically 

sampled sites and expanded as opportunities arose, often corresponding with sites that were 
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being visited as part of routine EA monitoring or other on-going research project sampling 

programmes.  However, not all of the required sites were visited by the EA as part of their 

annual routine sampling programme and, consequently, additional sampling of a number of 

sites in Devon and Cornwall had to be carried out in a two week period at the end of the 

season.  Furthermore, despite extended sampling effort at some sites, the necessary sample 

numbers could not always be reached, even when extending the survey site (e.g. 2 hours, 11 

parr, and 200 metres).  Nevertheless, the current study, in addition to other broad-scale 

regional research studies (e.g. the Atlantic Salmon Arc Project; Griffiths et al., 2010) provides a 

good basis for further temporal work across the region; however, both the temporal and 

spatial components should be expanded further.  

 

In order to obtain accurate depictions of temporal change in Ne, multiple estimates are 

necessary and a few key sites should be monitored annually to account for natural stochastic 

variation, while the majority should be sampled every generation (approximately every four 

years).  Spatially, one or two sites within each catchment are not necessarily representative.  

For example, Westermill on the Exe (EXEwm), with an Ne(SA) of 23, is very different from the 

Main river site (EXEnrb), which has an Ne(SA) of 96.5, but both are important to the overall 

catchment structure and sustainability.  For this reason, each catchment should be considered 

individually (Dionne et al., 2009), as well as as part of a greater metapopulation within a region 

(Kuparinen et al., 2010, Palstra and Ruzzante, 2011). Thus, more sites within each catchment 

(perhaps four when the project is of this scale) would provide greater insight and 

understanding of the patterns being produced across the region, rather than potentially 

confounding the results by using sites that may be anomalous within each catchment 

surveyed. 

 

6.3.2 Hatchery sampling  

The hatchery study was designed so that all broodstock would be sampled and 100 offspring 

(50 per strain) were collected to identify parental contribution and bias, in addition to the 

impact of the process on genetic diversity.  At the Tamar, raceways rather than strains were 

sampled.  This consequently resulted in an underestimation of the genetic diversity and 

broodstock that would have been stocked out in each strain.  This point was made in Chapter 

4.  Future studies should sample each raceway representatively as occurred at the Exe 

hatchery.  This study could have been expanded by assessing the parental contribution at each 

life stage.  If eggs, alevin, fry and parr were sampled, the impact and relationship between 
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competition and parentage could be established as, for example, in the study undertaken by 

Horreo et al. (2008).  In future studies, factors such as size, food availability, fish density and 

MHC genes should also be considered in relation to survival and parentage data.  

 

6.3.3 Sociological methods 

The social science chapter in this thesis (Chapter 3) is an exploratory study and could be 

developed in a number of ways.  The questionnaires are useful for gaining generalised insights 

and the qualitative questions aid in understanding responses and context (Parfitt, 2005).  

However, 1:1 interviews allow more flexibility and unexpected responses can be further 

explored (Valentine, 2005).  As such, following up a subset of the questionnaire responses with 

interviews could help to consolidate understanding behind the trends that are beginning to 

emerge.  The views of other stakeholder groups (e.g. young anglers, residents, water 

companies and the Environment Agency) should also be explored further; for example, they 

could be asked questions similar to those in the questionnaire or asked for their reactions to 

the general trends in angler opinion based on the questionnaire responses. 

 

The results of the genetic and sociological study could also be presented to the stakeholder 

panel as part of a workshop to discuss an appropriate management plan for the catchment. 

 

6.3.4 Analysis 

The analysis methods for the Exe genetic and spatio–temporal chapters (Chapters 2 and 5) are 

largely descriptive.  Further analysis considering bottlenecks, migration and landscape genetics 

could provide a greater understanding of the evolutionary implications of the results of the 

characterisation studies.  Additionally, samples of returning adults were collected by netsman 

and anglers between 2008 and 2011, and assignment these individuals to their population of 

origin may highlight patterns in run timing (e.g. Ikediashi et al., 2012, Vähä et al., 2011), which 

ultimately could inform legislative decisions to preserve more vulnerable stocks.  

 

Unfortunately, these analyses can be labour-intensive and time limitations made this 

impossible within the current project.  However, many of the data are available or could be 

obtained from the Environment Agency or Westcountry Rivers Trust; these analyses may be 

completed in the future.  
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6.4 Conclusions 

The overall objective of this study was to assess the sustainability of Atlantic salmon in South 

West rivers, while giving consideration to potentially conflicting biological and anthropological 

pressures.  

 

In the introduction (Chapter 1), it was explained that sustainability should be considered 

through three disciplines: economic, social and environmental.  An economic study previously 

conducted by Le Quesne and Selby (2006) highlighted the importance of the species, indicating 

that a greater value could be attained from recreational rather than commercial use. Based on 

electrofishing and rod-catch data (Environment Agency, 2003a; J. Hickey, Pers. Comm.), 

concern has been raised over the number of salmon returning to the River Exe.  Assessments 

of effective population size (Chapter 2) indicate low effective population sizes for the Exe 

catchment as a whole and at individual sites.  This finding supports the cause for concern 

indicated through other avenues.  Certainly, the population should be prevented from 

deteriorating any further.  Anglers (Chapter 3) are very concerned about the status of Atlantic 

salmon on the River Exe.  They want to be involved and informed and feel changes should be 

made, perhaps even to fishing byelaws, if it will improve the number of salmon in the river.  

Overall, based on a low catchment wide Ne estimate, it is unclear whether salmon are 

currently biologically sustainable in the catchment.  However, with the habitat improvements 

and awareness of anglers, the situation should be monitored before this can be confirmed.  

Early indication, based on a limited number of sites (two sites from one tributary), 

demonstrates an increase in Ne over time (Chapter 5).  The economic value of Atlantic salmon 

has been demonstrated (Le Quesne and Selby, 2006) and the positive responses from anglers 

regarding the need to conserve  these fish (Chapter 3) has illustrated the social importance as 

well as the vested interest of anglers in this species. These findings emphasise the need for 

continued economic and social investment in the species.  The time and money necessary to 

aid and improve salmon numbers on the river is of obvious value, and not just from an 

economic viewpoint.  

 

While this thesis focused on the River Exe as a case study, the majority of responses to the 

questionnaires should be representative of Atlantic salmon anglers of this specific 

demographic and are therefore likely to apply to other similar salmon fishing rivers with a 

similar angler demographic.  Indeed, 53.5% of responding anglers fished other salmon rivers in 

addition to the Exe.  
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Salmon sustainability for the region was also considered in terms of genetics with a focus on 

temporal stability and change in effective population size (Ne).  Sites assessed within the 

region did not show temporal stability; however, temporal variation was minor compared to 

the spatial differentiation.  This result may be partly attributed to the limited within-catchment 

sampling scheme.  Effective population size estimates indicated stability or improvement 

across the region for the majority of sites sampled with the exception of the Rivers Fowey, 

Dart, Itchen and Taw. 

 

Based on the Exe case study, the economic and social importance of the species should ensure 

the funding and volunteer effort necessary to further explore these concerning results.  Ne 

should continue to be monitored over time, both within the Exe and across the region, and 

further study and assessment of the catchments of most concern should be undertaken.  

 

These results are directly applicable to management practices on the Rivers Exe and Tamar, 

and give some indication as to where further conservation efforts should be focused in South 

West England.  This project has also demonstrated the power and understanding that can be 

gained by including additional components, such as social science, and, while the results 

produced are based on a specific region, the concepts, understanding and methods used are 

applicable at a broad scale.  
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APPENDIX I.  HotSHOT extraction methodology.   

Written by Dr. Jon Ellis, 2009 (unpublished) based on Truett et al. 2000. 

 

Reagents 

HotSHOT Lysis solution. 

Add 0.4g NaOH to 400ml H2O, then add 0.16ml of 0.5M EDTA. 

Autoclave 

HotSHOT Neutralising solution. 

Add 2.52g Tris/HCl to 400ml H2O. 

Autoclave. 

 

HotSHOT extraction. 

 Label Eppendorfs 

 Cut off a portion of adipose fin (dab on tissue to remove excees EtOH) 

 Add tissue to Eppendorf and dry off ethanol (put cap on loosely) 

 Add 75 l* Lysis solution 

 Digest at 95oC for 30 minutes (max.) 

 Place on ice 

 Add 75 l neutralising solution 

 Store short-term at 4°C, long term at -20°C 

* can vary according to amount of tissue 

For scales: 

 Label eppendorfs 

 Add 30μl lysis solution to each tube 

 Add 7-10 scales to each tube (can help to pick them up if you wet the forceps in the 

lysis solution first) 

 When all samples are added to all tubes add 5μl of 20mg/ml proteinase K to each 

tube. 

 Pulse spin 

 Incubate at 53°C 60mins then 95°C for 60 minutes 

 Place on ice 

 Add 30μl neutralizing solution 

 Store short-term at 4°C, long term at -20°
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APPENDIX II. Summary information for microsatellite markers used in Chapter 2.   

Values for Ho (observed heterozygosity) and He (expected Heterozygosity) were calculated in GenAlEx v6.4 (Peakall and Smouse, 2006) as an average 

over all populations in DS1.  N (number of alleles over all populations of DS1 ) was calculated in FSTAT v2.9.3.2 (Goudet, 1995).  HWE was assessed 

using Genepop-on-the-Web v4.0.10 (Raymond and Rousset, 1995, Rousset, 2008); all p-values are provided and results which were still significant 

following sequential Bonferroni correction (Rice, 1989) are in bold.  The size range was assessed in Excel using the filter options. 

Locus name Primer 5’-3’ Panel Dye Conc (µM) Size range (bp) N Ho He HWE Reference 

Ssosl417 F: TTG TTC AGT GTA TAT GTG TCC CAT*         
R: GAT CTT CAC TGC CAC CTT ATG ACC 1 

Blue     
(D4) 0.15 

159-209 19 0.84 0.87 0.0003 (Slettan et al., 1995) 

Ssa202 F: TTC ATG TGT TAA TGT TGC GTG*                
R: CTT GGA ATA TCT AGA ATA TGG C 1 

Blue     
(D4) 0.4 

232-284 13 0.87 0.83 0.052 (O'Reilly et al., 1996) 

SSspG7 F: CTT GGT CCC GTT CTT ACG ACA ACC*        
R: TGC ACG CTG CTT GGT CCT TG 1 

Black   
(D2) 

0.25 
93-209 25 0.86 0.85 0.0321 (Paterson et al., 2004) 

SSsp3016 F: GGG CAG GCT AGG ACA GGG CTA 
AGT C    R: AGT AAG CCA GGG CAA TAG 
CCT GCT TG* 

1 
Green 
(D3) 1 

70-142 17 0.90 0.88 0.1621 (Gilbey et al., 2004) 

Ssa14 F: CCT TTT GAC AGA TTT AGG ATT TC*           
R: CAA ACC AAA CAT ACC TAA AGC C 1 

Blue    
(D4) 0.4 

136-146 5 0.37 0.37 0.3427 (McConnell et al., 1995) 

SSsp2216 F: GGC CCA GAC AGA TAA ACA AAC ACG 
C*    R: GCC AAC AGC AGC ATC TAC ACC 
CAG 

2 
Black   
(D2) 

0.4 
199-283 19 0.90 0.88 0.0058 (Paterson et al., 2004) 

SsaF43 F: AGC GGC ATA ACG TGC TGT GT                   
R: GAG TCA CTC AAA GTG AGG CC* 2 

Blue    
(D4) 0.1 

101-129 12 0.65 0.66 0.1103 (Sanchez et al., 1996) 

SSsp2210 F: AAG TAT TCA TGC ACA CAC ATT CAC 
TGC* R: CAA GAC CCT TTT TCC AAT 
GGG ATT C 

2 
Green 
(D3) 0.2 

122-166 12 0.84 0.81 0.0441 (Paterson et al., 2004) 

SSsp1605 F: CGC AAT GGA AGT CAG TGG ACT GG*        
R: CTG ATT TAG CTT TTT AGT GCC CAA 
TGC 

2 
Green 
(D3) 0.4 

214-254 10 0.83 0.79 0.1202 (Paterson et al., 2004) 

Ssa197 F: GGG TTG AGT AGG GAG GCT TG*                
R: TGG CAG GGA TTT GAC ATA AC 2 

Blue    
(D4) 

0.4 
166-262 24 0.90 0.89 0.0022 (O'Reilly et al., 1996) 

Ssosl85 F: TGT GGA TTT TTG TAT TAT GTT A*              
R: GTT TAT ACA TTT CCT CCT CAT TCA G 3 

Green 
(D3) 

0.4 
177-225 22 0.90 0.84 0.0004 (Slettan et al., 1995) 
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Locus name Primer 5’-3’ Panel Dye Conc (µM) Size range (bp) N Ho He HWE Reference 

SsaD144 F: TTG TGA AGG GGC TGA CTA AC                    
R: TCA ATT GTT GGG TGC ACA TAG* 3 

Blue    
(D4) 0.15 

113-273 33 0.95 0.91 0.2853 (King et al., 2005) 

SSsp2201 F: TTT AGA TGG TGG GAT ACT GGG 
AGG C*  R: CGG GAG CCC CAT AAC CCT 
ACT AAT AAC 

4 
Blue    
(D4) 0.3 

218-362 32 0.94 0.91 0.0264 (Paterson et al., 2004) 

Ssa171 F: TTA TTA TCC AAA GGG GTC AAA A*            
R: GAG GTC GCT GGG GTT TAC TAT 4 

Green 
(D3) 0.8 

202-268 27 0.88 0.85 0.3653 (O'Reilly et al., 1996) 

SsaD157 F: ATC GAA ATG GAA CTT TTG AAT G*            
R: GCT TAG GGC TGA GAG AGG AAT AC 4 

Green 
(D3) 

0.8 
302-406 27 0.92 0.89 0.0562 (King et al., 2005) 

Ssa289 F: GTT TCT TTA CAA ATA GAC AGA CT             
R: TCA TAC AGT CAC TAT CAT C* 4 

Green 
(D3) 

1.1 
107-125 7 0.61 0.61 0.5466 (McConnell et al., 1995) 
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APPENDIX III. Effective population size estimates for Chapter 2. 

Col1 = full likelihood method assuming random mating, Col2 = heterozygote excess method, LD: 0.02 = linkage disequilibrium method where the 

minimum allele frequency is 0.02, LCI = Lower confidence interval, UCI = upper confidence interval, R1 = Replicate 1, R2 = Replicate 2, µ = mean of R1 

and R2, DS1 = Data set 1, DS2 = Data set 2. Results formatted to 1.d.p.  Σ, sum of all Exe sites; X Ne, overall catchment estimate.  Results more than 

one million are indicated by ‘inf’ for infinity.  

Ne  Estimates Frome Axe Teign 
EXE EXE EXEi EXE EXE EXE EXE EXE EXE EXE EXE EXE EXE EXE EXE 

X Ne Σ 
low bj m nrb Br per dan Wit shr sim gmk mil kmp han wm 

Col1 

R1 

Ne 30 6 31 88 102 101 95 116 86 30 80 62 44 108 81 75 27 24 594 1119 

L 
CI 

18 3 19 56 72 68 63 72 61 19 54 40 27 74 54 51 17 15 526 743 

UCI 54 20 53 164 162 157 159 233 129 50 129 96 73 165 126 114 48 42 679 1847 

R2 

Ne 30 6 31 88 102 101 101 116 90 30 80 62 44 110 81 77 27 24 600 1133 

L 
CI 

18 3 19 58 68 68 67 68 63 18 54 42 27 75 53 53 16 14 531 744 

UCI 53 21 53 166 159 166 169 273 141 55 124 98 72 163 128 113 49 42 684 1918 

µ 

Ne 30 6 31 88 102 101 98 116 88 30 80 62 44 109 81 76 27 24 597 1126 

L 
CI 

18 3 19 57 70 68 65 70 62 18.5 54 41 27 74.5 53.5 52 16.5 14.5 528.5 743.5 

UCI 53.5 20.5 53 165 160.5 161.5 164 253 135 52.5 126.5 97 72.5 164 127 113.5 48.5 42 681.5 1882.5 

Col2 
 

R1 

Ne Inf 29 Inf Inf Inf Inf Inf Inf 118 106 103 26352 42 Inf 67 108 33 Inf Inf Inf 

L 
CI 

0 5 0 0 0 0 0 0 21 9 20 20 13 0 14 15 13 0 0 125 

UCI Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf 

R2 

Ne Inf 29 Inf Inf Inf Inf Inf Inf 118 106 103 26352 42 Inf 67 108 33 Inf Inf Inf 

L 
CI 

0 5 0 0 0 0 0 0 21 9 20 20 13 0 14 15 13 0 0 125 

UCI Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf 

µ 

Ne Inf 29 Inf Inf Inf Inf Inf Inf 118 106 103 26352 42 Inf 67 108 33 Inf Inf Inf 

L 
CI 

0 5 0 0 0 0 0 0 21 9 20 20 13 0 14 15 13 0 0 125 

UCI Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf 

LD: 
 

0.02 
 

DS1 

Ne 40.8 14.7 119.3 368.1 413.4 486.4 891.2 -2985.6 715.3 47.5 160.8 142.8 88.6 699.9 264.1 117 47.7 30.1 1277.3 1487.3 

L CI 32.8 12.8 81.9 180.4 236 267.6 286.3 364.9 332.4 40.6 119.2 111.3 70.6 311.9 172.2 95.3 41.1 26.9 1025.6 2784.2 

UCI 52.6 16.9 207.6 34841.6 1477.5 2256.4 Inf Inf Inf 56.5 241.5 195.7 117 Inf 537.9 149.1 56.1 33.9 1669.3 40240.3 

DS2 

Ne 69.6 N/A 27557.7 -5299.5 675.7 516.7 891.2 -460.5 715.3 90.4 160.8 150.4 226.5 471.8 433.4 244.4 N/A 50.5 1443.6 4166.6 

L CI 49.9 N/A 194 362.1 306.1 275.8 286.3 890.3 332.4 69.3 119.2 116.3 136.4 251.3 227.6 167.4 N/A 40.6 1182.5 3825 

UCI 109.1 N/A Inf Inf Inf 3201.1 Inf Inf Inf 127.2 241.5 209.4 606.3 2880.3 3167.4 435.7 N/A 65.5 1833.5 Inf 
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APPENDIX IV. Scoping interview schedule. 

Project outline (Exe): 
Salmon are believed to be in decline in the South West.  Previous approaches to management 
and conservation have always been biological, e.g. monitoring rod-catch data and 
electrofishing to assess numbers, adapting the environment accordingly.  A further biological 
approach has not yet been used on the Exe.  I will genetically analyse the health of the 
population, provide estimates of the number of breeders, identify the number of distinct 
populations present and hopefully provide an indication of how consistent numbers have been 
over the years.  In addition I may be able to trace individually caught adults back to their 
spawning grounds if the genetic signal is strong enough.  This will provide a basis for genetic 
management of salmon on the Exe, including consideration of the costs and benefits of 
hatchery use in the catchment.  However it is important to consider social and economic, as 
well as biological values to fully understand why it is so important to conserve salmon on the 
Exe.  It is believed that salmon are commercially valuable (both in terms of food and tourism), 
scientifically interesting due to their unusual lifestyle and socially important in terms of the 
area’s identity.   By conducting scoping interviews, structured interviews and questionnaires, I 
hope to be able to provide a context and explain with evidence the importance of salmon to 
people in all aspects of life in this region both socially and economically.  Ultimately the 
combination of this knowledge should provide a realistic and relevant management plan for 
Atlantic salmon on the Exe, taking into consideration the needs and opinions of local people. 
 
Question prompts: 
Any initial opinions on the project? 
*Aim here to discuss key themes that come up...in a conversational manner not structured 
questions. 
1. Key actors 
2. Food chain 
3. Main issues 
 
Themes and bullet points... 
Status of salmon on the Exe.. 

o important to be sustainable? 
o affect you? 
o your role? 
o other people would be affected? 
o groups with conflicting opinions? 
o how to asses? 

 
How to achieve sustainability? 

o how 
o who should be involved  
o who should be responsible 
o who is responsible/involved? 

 
Importance 

o to community? 
o economy? 
o tourism? 
o your main benefits in involvement in this process? 

 
Food chain and Key actors? 
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APPENDIX V. Focus group prompts. 
 
 Focus Group Attendees 
AC, KB, JH, GW, DJ, MRL, RA, BS, EA. (& SLC) 
Andrew Caldwell (RETA) 
Kelvin Broad (EA) 
John Hickey (Westcountry Rivers  Trust) 
Graham Wills (ENPA, being replaced by  Sarah Bryan) 
Dan James (ENPA SDF) 
Mary-Rose Lane (EA) 
Richard  Andrews (NE?) 
Ben Simpson (hatchery) 
Location: ENPA head office Exmoor House. 

 

Focus group plan (my notes/ prompts) 
So I know all of you are aware of my part within the Exe project regarding the genetic work but 
I am also conducting a socioeconomic study to try to put the conservation work in context.  
Part of this study involves conducting a focus group which I hope to build on the information 
gained from initial scoping interviews.  If it is ok with you I would like to tape and film this 
session for later analysis. 
If we start by discussing the background to the project...e.g. what the status of salmon in the 
region is believed to be, whether this project is necessary and if so why?, whether salmon are 
important to the area and why? And whether there have been conflicts/problems relating to 
this work? social or financial ? 
 
Then discuss the role of the genetics- thoughts about this aspect of the project.  
Then I will briefly present the results and ask for a discussion of what you perceive it to mean 
and again to discuss the genetic aspect of the project.  
(I will try not to interpret them so much as this is partly the purpose of this meeting.  In a later 
meeting I will present my opinion of the results based on further statistics and lab work.  Some 
structuring found- see note cards for details)   
 

Question prompts: In what way.... 
Section 1-background 
What do you think of the current state of salmon in the region? 
Why did you decide this project was necessary and how did you get involved?  
Do you think salmon are important to the area and why? Socially or financially? 
Have there been any problems/ conflicts relating to this work?  
In what way do you think the stocks should be managed? 
Who do you think should be involved financially or in decision making? 
 
Section 2-genetics? 
In what way could the genetic work contribute to the project? 
In what way could the genetic work affect management decisions? 
What are your perceptions of the genetic aspect of the project? 
 
Section 3- follow up of results... 
Were the results as you expected? 
Has your opinion of the role of the genetic work changed? 
Do you think it is a good use of resources? 
In what ways may the results affect management decisions? 
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APPENDIX VI.  Questionnaire. 
Atlantic salmon on the Exe 

...................................................................................................................................................  
From Henry LLewellyn, RETA chairman and Andrew Caldwell, River Exe Project manager. 
 
May we ask for your support by answering this questionnaire  and returning to Sarah-Louise 
Counter of Exeter University.  When you do this you will be supporting the Exe Project and 
measures to enhance the River Exe system salmon numbers and the wider river environment.  
This is because this questionnaire helps fulfill a ‘socio economic’ requirement by the funding of 
Exeter University’s very important salmon genetics work for us on the Exe.  So a high response 
rate from all those receiving the questionnaire will help gain further funding to continue this 
work here.  We also expect to gain useful information from the questionnaire. 
 
The research student carrying out this project is Sarah-Louise Counter who presented at last 
year’s RETA AGM. This is her explanation about the genetics project and this questionnaire:   
“This questionnaire is being conducted as part of a collaborative project between the 
University of Exeter, the University of Gloucester and Tamar Consulting regarding the 
sustainability of Atlantic salmon.   The project is taking biological and sociological approaches 
to advise on appropriate management measures for this species. Please take the time to fill in 
this questionnaire to make your opinions heard and to be entered into a prize draw.  This 
project is being funded through a Great Western Research PhD studentship. For further 
information please contact Sarah-Louise Counter  sc386@exeter.ac.uk.   
 
Please return these forms before Monday 21st March to be entered into the prize draw: 
Email to sc386@exeter.ac.uk putting ‘Questionnaire’ in the title 

Post to: Sarah-Louise Counter, School of Biosciences, Lab 309 Geoffrey Pope 
Building,  

Stocker Road, University of Exeter, EX4 4QD 
Return to Dr. Jamie Stevens at the RETA AGM on the 18th March 
Winners will be announced on Monday the 28th March on the following websites: 
www.fishtheexe.co.uk  http://www.wrt.org.uk/    
NB. Questionnaires will be coded for your annonymity.   

.................................................................................................................................................... 
Prize Draw entry:   
1st Two days fishing at Bickleigh http://www.fishtheexe.co.uk/beatinfo.php?id=20 
2nd £25 token for Westcountry Angling Passport  
3rd ‘The lives of salmon’ 

 
 I would like to receive feedback on these results  

................................................................................................................................................... 

Name and Contact details: 
 

mailto:sc386@exeter.ac.uk
mailto:sc386@exeter.ac.uk
http://www.fishtheexe.co.uk/
http://www.wrt.org.uk/
http://www.fishtheexe.co.uk/beatinfo.php?id=20
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Atlantic salmon on the Exe 
 
Section 1. SALMON, TROUT AND MANAGEMENT 
Q 1.Please respond to the following statements (1 =strongly agree; 5=strongly disagree; 6=don’t know):
      1  2  3  4  5    6 
Salmon catches on the Exe have declined          
Salmon runs have not declined           
The decline in catch is a result of the decline of run          
Salmon numbers will soon be too low to bother to fish         
Salmon numbers are sustainable           
I do not care if salmon are unsustainable          
Trout stocks have held up well           
All Exe tributaries are equally important to salmon         
The most important tributary to protect is the Barle         
Spring fish are larger            
Spring fish have declined more than other runs         
All conservation efforts should focus on spring fish         
I do not think it is important to conserve salmon         

 
Q7. How effective do you think the following methods are in improving salmon numbers?  
          Very ineffective     Ineffective          Don’t know          Effective        Very effective   
Coppicing          
   
Fencing               
   
Gravel                         
   
Traditional stocking                
   
Supportive Breeding         
   
Legislation                                
   
Education                               
   
 
 

Q2. If you believe there has been a decline in Atlantic salmon on the Exe, what do you believe has caused this? 

Q3. If you believe it is important to conserve these fish, please explain why: 

Q4. What do you think is the best way to increase salmon numbers? 

Q5. What methods are being used on the Exe? 

Q6. Where does this knowledge of Exe conservation activities come from? 
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Q8. Please respond to the following statements (1 =strongly agree; 5=strongly disagree; 6=don’t know):
            1  2  3  4  5     6 
Stocking is essential to improve salmon numbers         
Supportive breeding is essential to improve salmon no.’s         
It is easy to put management into practice          
I am not involved in river management          
I have previously been involved in fish management           
I am involved in managing fish in the Exe          
I would like to be involved in fish management         
I can make a difference            
I want to know what is happening with Exe fish stocks         
I do not get feedback about the Exe          
I think hydropower schemes should be encouraged         
RETA have been very informative           
I am not aware of the Fish the Exe scheme          
I am involved in the Fish the Exe scheme           

 
Section 2. SCIENCE, LEGISLATION AND AGENCIES 

Q11. Please respond to the following statements (1 =strongly agree; 5=strongly disagree; 6=don’t know):
      1  2  3  4  5    6 
I am unaware of scientific research on salmon         
Scientific research on salmon is pointless          
Genetics is a useful tool to assess salmon numbers         
Scientists communicate their results effectively         
I do not trust scientists            
Salmon are locally adapted           
Genetics should not be used to inform management         
Genetics should be used to produce bigger fish         
More beats should be accessible           
Salmon fishing is elitist            
I practice catch and release           
Catch and Release is a bad idea           
I have problems with other river users          
Angling restrictions are unnecessary          

 
Q14. Please rank the following agencies 1-8 (1 should have the most say) or 0 (no say).  
*If you do not see a drop-down list, please double click and select the number in the list you require.  Use 
the ‘move’ arrows to get this number to the top of the list. Click ok. 
Anglers             1    Riparian owners           1         River Exe and Tributaries Association (RETA)  1 
Scientists      1    Angling associations    1         Environment Agency (EA)                    1 
Local residents  1    Exmoor national park  1  Other......................................... .................  1 

Q9. What do you think are the three main risks threatening the health of the Exe now? 

Q10. Is there an area of salmonid research that is particularly important? 
Q10A. Please explain your answer? 

Q12. Which agencies are involved in making decisions about salmon management? 

Q13. Which agencies should be involved? 
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If you did not fish on the Exe in 2010, please skip to Q27. 
 
Section  3. FISHING AND YOU (please answer based on the Exe last year, 2010) 
Q15. Approx. how many fishing visits did you make: A to the Exe.......... B elsewhere............... 
Q16. Do you consider your fishing trip to have been successful?  Yes  No  
Q17. What was your main quarry fish species on the Exe catchment? 
A Before 15

th
 June:  Salmon   Trout   Grayling    Didn’t fish in that period   Other............... 

B After 15th June:    Salmon   Trout   Grayling    Didn’t fish in that period  Other............... 
Q18. Did you catch your target quarry?   Yes      No   Sometimes  
Q19. If you caught salmon, what proportion were returned?    ........%  or .........out of........... 
Q20. Has your target species changed over time? (e.g. trout to salmon) Yes        No   
Q21. Do you fish more frequently than in previous years?                          Yes       No   
 
If you are a resident of this area, please skip to Q27. 

 
If you are not a riparian owner, please skip to Question 31.  
Q27. Please respond to the following statements (1 =strongly agree; 5=strongly disagree; 6=don’t know):
         1  2  3  4  5     6 
I allow public access to my beats             
Fewer anglers visit my beats than in previous years           
Anglers visit my beats more frequently than before           
The type of person fishing on my beat has changed           
The target species has changed (e.g. trout to salmon)           

 
Section  4. ABOUT YOU 

Q22. How far did you travel (miles)? 
Q23. Where did you stay? 
Q24. What was the duration of your trip? 
Q25. How often do you come to this area to fish? 
Q26. Did you come:    as part of a group        on your own  

Q30. What is the most popular target species on your beat(s)? 

Q29. Do you have any objections to allowing public access? 

Q28. No. Beat(s) owned: 

Q35. Is there anything else you would like to say about managing Atlantic salmon on the Exe? 

Q31. Your age:  Q32.Nationality:   
Q33. Annual Income:   < £20,000      £20-50,000         £51-100,000        >£100,000        
Q34. Annual Expenditure on fishing: 
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APPENDIX VII.  Battery results regarding salmon, trout and management. 

In addition to the responses below, at least one respondent answered ‘Don’t know’ in 

response to each statement.  N = Number of respondents who answered with options 1-5, SD 

= standard deviation. 

Statement N Range Mean SD Consensus 

Salmon catches on the Exe have declined 66 1-4 1.41 0.63 Agree 

The decline in catch is a result of the decline in run 60 1-5 1.47 0.85 Agree 

Spring fish have declined more than other runs 57 1-5 1.79 0.96 Agree 

The most important tributary to protect is the Barle 55 1-5 2.04 1.04 Agree 

All Exe tributaries are equally important to salmon 63 1-5 2.30 1.47 Agree 

Spring fish are larger 50 1-5 2.38 1.09 Agree 

Salmon numbers are sustainable 63 1-5 3.13 1.37 Disagree 

Trout stocks have held up well 54 1-5 3.30 1.33 Disagree 

Salmon numbers will soon be too low to bother to fish 64 1-5 3.31 1.07 Disagree 

All conservation efforts should focus on spring fish 59 2-5 3.68 0.92 Disagree 

Salmon runs have not declined 55 1-5 4.62 0.85 Disagree 

I do not think it is important to conserve salmon 58 1-5 4.84 0.74 Disagree 

I do not care if salmon are unsustainable 56 1-5 4.91 0.55 Disagree 
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APPENDIX VIII.  Riparian owner viewpoints. 

In addition to the responses below, at least one respondent answered ‘Don’t know’ in 

response to each statement.  N = Number of respondents who answered with options 1-5, SD 

= Standard deviation. 

Statement N Range Mean SD Consensus 

I allow public access to my beats 18 1-5 2.89 1.530 Agree 

Anglers visit my beats more frequently than before 17 1-5 3.71 1.213 Disagree 

The type of person fishing on my beat has changed 15 1-5 3.73 1.223 Disagree 

Fewer anglers visit my beats than in previous years 17 1-5 3.82 1.237 Disagree 

The target species has changed (e.g. Trout to salmon) 16 1-5 4.00 1.155 Disagree 
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APPENDIX IX.  Microsatellite panels used in Chapter 4.   

Values for Ho (observed heterozygosity) and He (expected Heterozygosity) were calculated in GenAlEx v6.4 (Peakall and Smouse, 2006) as an average 

over all hatchery samples.  N (number of alleles over all populations of DS1 ) was calculated in FSTAT v2.9.3.2 (Goudet, 1995).  HWE was assessed 

using Genepop-on-the-Web v4.0.10 (Raymond and Rousset, 1995, Rousset, 2008); all p-values are provided and results which were still significant 

following sequential Bonferroni correction (Rice, 1989) are in bold.  HS indicates that the p=value was highly significant and that no numerical value 

was provided.  These extreme values are indicative of the family sampling and are not representative of the loci (see Appendix II).  The size range was 

assessed in Excel using the filter options.  Labelled primers are indicated by *.  A, number of alleles; He, expected heterozygosity; Ho, observed 

Heterozygosity; HWE, values indicated when significant deviation found.  Underlined GTTT indicates where a GTTT ‘tail’ was added to the 5’ end of 

non-labelled primers to enhance extra-A addition (Brownstein et al., 1996, Tonteri et al., 2008). N.B. Sasa-TAP2A was amplified but not scored 

Locus name Primer 5’-3’ Panel Dye Conc (µM) Size range (bp) N He Ho HWE Reference 

Ssosl417 F: TTG TTC AGT GTA TAT GTG TCC CAT*         
R: GAT CTT CAC TGC CAC CTT ATG ACC 

1 Blue       
(D4) 

0.18 159-207 12 0.931 0.803 HS (Slettan et al., 1995) 

Ssa202 F: TTC ATG TGT TAA TGT TGC GTG*                
R: CTT GGA ATA TCT AGA ATA TGG C 

1 Blue        
(D4) 

0.42 232-272 10 0.913 0.786 HS (O'Reilly et al., 1996) 

SSspG7 F: CTT GGT CCC GTT CTT ACG ACA ACC*        
R: TGC ACG CTG CTT GGT CCT TG 

1 Black 
(D2) 

0.25 121-197 15 0.853 0.788 HS (Paterson et al., 2004) 

SSsp3016 F: GGG CAG GCT AGG ACA GGG CTA AGT C    
R: AGT AAG CCA GGG CAA TAG CCT GCT TG* 

1 Green 
(D3) 

1 70-122 12 0.925 0.799 HS (Gilbey et al., 2004)  

Ssa14 F: CCT TTT GAC AGA TTT AGG ATT TC*           
R: CAA ACC AAA CAT ACC TAA AGC C 

1 Blue 
(D4) 

0.47 140-146 3 0.317 0.322 0.0174 (McConnell et al., 1995) 

Ssosl85 F: TGT GGA TTT TTG TAT TAT GTT A*              
R: GTT TAT ACA TTT CCT CCT CAT TCA G 

2 Green 
(D3) 

0.5 185-209 10 0.715 0.677 HS (Slettan et al., 1995b)  

CAO48828 F: GAG GGC TTC CCA TAC AAC AA*                  
R: GTT TAA GCG GTG AGT TGA CGA GAG 

2 Black 
(D2) 

0.5 253-301 12 0.852 0.728 HS  (Vasemagi et al., 2005) 

Sasa-TAP2A F: GCG GGA CAC CGT CAG GGC AGT*               
R: GTC CTG ATG TTG GCT CCC AGG 

2 Green 
(D3) 

0.5 N/A N/A N/A N/A N/A  (Grimholt et al., 2002) 

SSsp2216 F: GGC CCA GAC AGA TAA ACA AAC ACG C*    
R: GCC AAC AGC AGC ATC TAC ACC CAG 

3 Black 
(D2) 

0.4 211-267 15 0.902 0.834 HS (Paterson et al., 2004) 
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Locus name Primer 5’-3’ Panel Dye Conc (µM) Size range (bp) N He Ho HWE Reference 

SsaF43 F: AGC GGC ATA ACG TGC TGT GT                   
R: GAG TCA CTC AAA GTG AGG CC* 

3 Blue 
(D4) 

0.1 101-119 5 0.657 0.625 HS (Sanchez et al., 1996)  

SSsp2210 F: AAG TAT TCA TGC ACA CAC ATT CAC TGC* 
R: CAA GAC CCT TTT TCC AAT GGG ATT C 

3 Green 
(D3) 

0.2 122-166 12 0.836 0.783 HS (Paterson et al., 2004) 

SSsp1605 F: CGC AAT GGA AGT CAG TGG ACT GG*        
R: CTG ATT TAG CTT TTT AGT GCC CAA TGC 

3 Green 
(D3) 

0.4 222-258 9 0.766 0.728 HS (Paterson et al., 2004) 

Ssa197 F: GGG TTG AGT AGG GAG GCT TG*                
R: TGG CAG GGA TTT GAC ATA AC 

3 Blue 
(D4) 

0.4 170-254 15 0.904 0.844 HS (Patrick T. O’Reilly and 
Wright, 1996) 

CAO60177  F: CGC TTC CTG GAC AAA AAT TA*                    
R: GTT TGA GCA CAC CCA TTC TCA 

3 Blue 
(D4) 

0.8 296-352 18 0.941 0.840 HS  (Vasemagi et al., 2005) 

SsaD144 F: TTG TGA AGG GGC TGA CTA AC                    
R: TCA ATT GTT GGG TGC ACA TAG* 

4 Blue 
(D4) 

0.15 117-217 22 0.939 0.844 HS (King et al., 2005) 

Ssa289 F: GTT TCT TTA CAA ATA GAC AGA CT             
R: TCA TAC AGT CAC TAT CAT C* 

5 Green 
(D3) 

1.1 117-123 4 0.636 0.588 0.1712 (McConnell, 1995)  

Ssa171 F: TTA TTA TCC AAA GGG GTC AAA A*            
R: GAG GTC GCT GGG GTT TAC TAT 

5 Green 
(D3) 

0.8 206-250 14 0.817 0.794 HS (Patrick T. O’Reilly and 
Wright, 1996) 

SsaD157 F: ATC GAA ATG GAA CTT TTG AAT G*            
R: GCT TAG GGC TGA GAG AGG AAT AC 

5 Green 
(D3) 

0.8 306-398 20 0.953 0.841 HS (King et al., 2005) 

SSsp2201 F: TTT AGA TGG TGG GAT ACT GGG AGG C*  
R: CGG GAG CCC CAT AAC CCT ACT AAT AAC 

5 Blue 
(D4) 

0.3 218-350 20 0.919 0.839 HS (Paterson et al., 2004) 

.
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APPENDIX X. TDlong PCR protocol. 
This protocol was created by Dr. Patrick Hamilton.  TD60 was created by Dr. Andrew King. 

Salmon55 was based on a standard protocol. m = minutes, s = seconds. 

Process Temperature 

(°C) 

Duration No. Cycles 

Denaturation 95 5m 1 

Denaturation 95 30s 

2 Annealing 62 1.5m 

Extension 72 3m 

Denaturation 95 30s 

3 Annealing 58 1.5m 

Extension 72 3m 

Denaturation 95 30s 

5 Annealing 55 1.5m 

Extension 72 3m 

Denaturation 95 30s 

10 Annealing 53 1.5m 

Extension 72 3m 

Denaturation 95 30s 

5 Annealing 51 1.5m 

Extension 72 3m 

Denaturation 95 30s 

5 Annealing 49 1.5m 

Extension 72 3m 

Denaturation 95 30s 

5 Annealing 47 1.5m 

Extension 72 3m 

Extension 72 10m 1 

Extension 60 35m 1 
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APPENDIX XI. Broodstock per strain and reasoning for grouping.  
R indicates hatchery record; G = genetic inference from offspring 

N BB Reason LEB Reason F1B Reason F6B Reason 

1 BC1 R&G LEC1 R&G TC1 R&G LC1 R&G 

2 BC2 R&G LEC2 R TC2 R&G LC2 R&G 

3 BC3 R&G LEH1 R&G LC1 R&G LC3 R&G 

4 BC4 R&G LEH2 R&G LC2 R&G LC4 R&G 

5 BC5 R BC1 G TH2 R&G LH1 R&G 

6 BH1 R&G   TH3 R&G LH2 R&G 

7 BH2A G **   TH4 R&G LH3 G 

8 BH2B G ***       

9 BH3 R&G       

10 BH4 R&G       

11 LEC2 G *       

*This is the ‘male’ Little Exe caught fish that appears to be female in the analysis 

indicating a labelling issue at the hatchery or in the lab.  **Individual recorded but 

sample not taken- genotype inferred.  ***Not sampled or recorded- genotype inferred 
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APPENDIX XII.  Tamar broodstock pairing (2009-10). 

The raceways explored in this study (F1 and F6) are in bold font. 

Raceway Female Male 1 Male 2 

F6 LH1 LC1 LC2 

F6 LH2 LC3 LC4 

F5 LH3 LC1 LC2 

F4 TH1 TC1 TC2 

F1 TH2 TC1 TC2 

F1 TH3 TC1 TC2 

F1 TH4 LC1 LC2 

F2 TH5 TC1 TC2 

F2 TH6 TC1 TC2 
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APPENDIX XIII. Broodstock for the Barle and Little Exe strains, based on hatchery 

records (2010-11). 

 

Barle strain Little Exe strain 

BC1 LEC1 

BC2 LEC2 

BC3 LEH1 

BC4 LEH2 

BC5  

BH1  

BH2  

BH3  

BH4  
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APPENDIX XIV.  Chelex protocol. 

DNA extraction: using Chelex 100 Sodium form 

Materials 
 Chelex 100 Sodium form 
 70% ethanol 
 eppendorfs  
 rack 
 clingfilm 
 glass plate 
 proteinase k 
 2 beakers- dd water and ethanol 
 tweezers and scalpel 
 blue roll 

 
Abbreviations 
dd=double distilled 
pk=proteinase k 
 
Methods 
Chelex solution 

 Make up chelex solution: 10g chelex + 80 ml HPLC or dd water (1 sample = 500μl) 

 Store chelex in fridge once made 
 

DNA extraction 

 Turn waterbaths on to 55˚C and 90˚C (NB- check water level-clingfilm)-this takes about 20 
Minutes. 

 Follow sample handling instructions 
 20 mins before finish sample handling: 

 place chelex in 90˚C waterbath to warm 
 turn on heat block 
 take out pk to thaw 

 Cut pippette tips for chelex on glass plates using a fresh scalpel (keep for this purpose) 
 Move samples etc next to hot plate 
 Add 7 μl pk to eppendorf lids of fin/scale samples  
 Take out chelex solution from waterbath-dry off water as it may burn and be very hot 
 Add 500 μl chelex to eppendorf, n.b. chelex should be on a magnetic stirrer so in solution 
 Add chelex in batches of about 24 so the samples are not too long at room temperature 
 Vortex (touch tip samples) 
 Place in 55˚C water bath -note time * 
 Vortex every 15min for one and a half hours, N.B. avoid cooking 
 After penultimate vortex increase to 90-100˚C waterbath for 15 mins 
 Place the samples in 100˚C waterbath for 10-15 mins 
 Store long term in freezer  
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Sample handling 

 Clean surface of bench and glass plate with ethanol and blue roll 

 Prepare two beakers (one with dd water and the other with ethanol) 

 Put the scalpel and tweezers in 70 % ethanol 

 Have blueroll on the side 

 Have samples ready 

 Label eppendorfs 

 Wash tweezers and scalpels in the ethanol then dd water then dry off in blueroll.  

 Lift out the finclip and cut a small slither nearer the fleshy part of the fin 

 Place as close as possible to the bottom of the labelled eppendorf  

 Half close eppendorf lid 

 Put the scalpel and tweezers back in ethanol ASAP 
 

Tidy up 

 chelex goes back to fridge 

 clean bench etc. with ethanol  

 clean glass plates with bleach 

 store pk in freezer (no problems with freeze-thaw) 
 

NB 

 No need for serial dilutions 

 Use 1 μl DNA in 10 μl for PCR 

 pk: 400 units/ml → 7μl per sample 
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APPENDIX XV.  ASAP top-up panel. 

PCR conducted under conditions labelled ‘salmon55’ as described in section 4.2.2. 

Primer Dye Conc 

(µM) 

Reference 

Ssa14 Blue (D4) 0.3 (McConnell, 

1995) 

SsaF43 Blue (D4) 0.1 (Sanchez et al., 

1996)  

SSsp2216 Black (D2) 0.4 (Paterson et al., 

2004) 

SSsp3016 Green (D3) 0.9 (Gilbey et al., 

2004)  
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APPENDIX XVI.  Exeter contemporary microsatellite panel. 

Amended from the panel in Appendix II to reduce the effort from four to three sequencer multiplexes.  PCR single/multiplexes 1 and 2 were pooled 

prior to sequencing as were 4 and 5.  PCR (PCR) programmes (salmon55 (S55), TDlong and TD60) are described in section 4.2.2 and Appendix X.  

Values for Ho (observed heterozygosity) and He (expected Heterozygosity) were calculated in GenAlEx v6.4 (Peakall and Smouse, 2006) as an average 

of all contemporary samples.  N (number of alleles over all populations of DS1 ) was calculated in FSTAT v2.9.3.2 (Goudet, 1995).  HWE was assessed 

using Genepop-on-the-Web v4.0.10 (Raymond and Rousset, 1995, Rousset, 2008); all p-values are provided and results which were still significant 

following sequential Bonferroni correction (Rice, 1989) are in bold.  HS indicates that the p=value was highly significant and that no numerical value 

was provided.  The size range was assessed in Excel using the filter options. 

Labelled primers are indicated by *.  A, number of alleles; He, expected heterozygosity; Ho, observed Heterozygosity; HWE, values indicated when 

significant deviation found.  Underlined GTTT indicates where a GTTT ‘tail’ was added to the 5’ end of non-labelled primers to enhance extra-A 

addition (Brownstein et al., 1996, Tonteri et al., 2008).  The size range, N, Ho, He and HWE in this table represent only the contemporary data used in 

this study. 

Locus name Primer 5’-3’ Panel PCR Dye Conc (µM) Size range (bp) N He Ho HWE Reference 

Ssosl417 F: TTG TTC AGT GTA TAT GTG TCC CAT*         
R: GAT CTT CAC TGC CAC CTT ATG ACC 

1 S55 Blue 

(D4) 

0.18 159-209 19 0.812 0.827 0.0005 (Slettan et al., 1995b)  

Ssa202 F: TTC ATG TGT TAA TGT TGC GTG*                 
R: CTT GGA ATA TCT AGA ATA TGG C 

1 S55 Blue 

(D4) 

0.42 232-284 14 0.849 0.817 0.0005 (Patrick T. O’Reilly and 

Wright, 1996) 

SSspG7 F: CTT GGT CCC GTT CTT ACG ACA ACC*         
R: TGC ACG CTG CTT GGT CCT TG 

1 S55 Black 

(D2) 

0.25 113-197 22 0.839 0.818 0.0046 (Paterson et al., 2004) 

SSsp3016 F: GGG CAG GCT AGG ACA GGG CTA AGT C    
R: AGT AAG CCA GGG CAA TAG CCT GCT TG* 

1 S55 Green 

(D3) 

1 70-138 16 0.870 0.840 0.0071 (Gilbey et al., 2004)  

Ssa14 F: CCT TTT GAC AGA TTT AGG ATT TC*           
R: CAA ACC AAA CAT ACC TAA AGC C 

1 S55 Blue 

(D4) 

0.47 140-146 4 0.367 0.325 0.0986 (McConnell et al., 1995) 

Ssosl85 F: TGT GGA TTT TTG TAT TAT GTT A*              
R: GTT TAT ACA TTT CCT CCT CAT TCA G 

2 S55 Green 

(D3) 

0.5 177-225 20 0.864 0.809 0.0061 (Slettan et al., 1995b)  
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Locus name Primer 5’-3’ Panel PCR Dye Conc (µM) Size range (bp) N He Ho HWE Reference 

SSsp2216 F: GGC CCA GAC AGA TAA ACA AAC ACG C*    
R: GCC AAC AGC AGC ATC TAC ACC CAG 

3 TDlong Black 

(D2) 

0.4 199-283 19 0.890 0.848 0.002 (Paterson et al., 2004) 

SsaF43 F: AGC GGC ATA ACG TGC TGT GT                   
R: GAG TCA CTC AAA GTG AGG CC* 

3 TDlong Blue 

(D4) 

0.1 101-123 12 0.686 0.658 0.0066 (Sanchez et al., 1996)  

SSsp2210 F: AAG TAT TCA TGC ACA CAC ATT CAC TGC* 
R: CAA GAC CCT TTT TCC AAT GGG ATT C 

3 TDlong Green 

(D3) 

0.2 122-166 12 0.697 0.702 0.0013 (Paterson et al., 2004) 

SSsp1605 F: CGC AAT GGA AGT CAG TGG ACT GG*        
R: CTG ATT TAG CTT TTT AGT GCC CAA TGC 

3 TDlong Green 

(D3) 

0.4 214-258 11 0.756 0.750 0.0289 (Paterson et al., 2004) 

Ssa197 F: GGG TTG AGT AGG GAG GCT TG*                
R: TGG CAG GGA TTT GAC ATA AC 

3 TDlong Blue 

(D4) 

0.4 154-262 25 0.921 0.876 0.015 (Patrick T. O’Reilly and 

Wright, 1996) 

SsaD144 F: TTG TGA AGG GGC TGA CTA AC                    
R: TCA ATT GTT GGG TGC ACA TAG* 

4 S55 Blue 

(D4) 

0.5 113-233 31 0.936 0.898 HS (King et al., 2005) 

Ssa289 F: GTT TCT TTA CAA ATA GAC AGA CT             
R: TCA TAC AGT CAC TAT CAT C* 

5 TD60 Green 

(D3) 

1.1 107-127 8 0.614 0.601 0.6188 (McConnell, 1995)  

Ssa171 F: TTA TTA TCC AAA GGG GTC AAA A*            
R: GAG GTC GCT GGG GTT TAC TAT 

5 TD60 Green 

(D3) 

0.8 194-264 25 0.869 0.828 0.0643 (Patrick T. O’Reilly and 

Wright, 1996) 

SsaD157 F: ATC GAA ATG GAA CTT TTG AAT G*            
R: GCT TAG GGC TGA GAG AGG AAT AC 

5 TD60 Green 

(D3) 

0.8 294-434 28 0.923 0.887 0.0372 (King et al., 2005) 

SSsp2201 F: TTT AGA TGG TGG GAT ACT GGG AGG C*  
R: CGG GAG CCC CAT AAC CCT ACT AAT AAC 

5 TD60 Blue 

(D4) 

0.3 218-336 33 0.920 0.894 HS (Paterson et al., 2004) 

 
 
 
 


