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Abstract

The evidence for structuring of Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) into distinct reproductive
populations and for genetic differentiation and local adaptation is compelling. The effect of genetic variation among populations
is demonstrably a factor determining the economic value of salmonid fisheries in the British Isles. Genetic considerations
are, therefore, a matter of self-interest for fisheries managers and a shared interest with those advocating more general
approaches to the conservation of diversity and variation. The local population is the basic unit of production and, therefore,
the preferred unit of management. However, salmonid populations are numerous and many are small. These factors limit
practical possibilities for management at the population level. We suggest that this difficulty can be addressed by combining
populations in fisheries-biased management units that comprise interchangeable, nested groupings of populations that are both
genetically and biologically meaningful. This population-based approach addresses the necessity of managing the fisheries
in ways that are consistent with the conservation of adaptive potential in relation to the dynamic aspects of populations,
their capacity to respond to changing environmental conditions, and the likelihood that salmonids will remain a worthwhile
resource for the future.
Crown Copyright © 2002 Published by Elsevier Science B.V. All rights reserved.

Keywords: Salmo salar; Salmo trutta; Genetics; Population; Conservation; Fisheries management

1. Introduction

Atlantic salmon (Salmo salar L.) and brown trout
(Salmo trutta L.) have been integral parts of the
natural biodiversity of the freshwater ecosystems of
temperate and sub-arctic regions bordering the north-
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east Atlantic, since rivers, lakes and streams took
their present form in the aftermath of the last glacial
retreat. Both species have probably constituted an
important resource for man over most of this same
period. Relatively recently, the economic value of
the wild resource in the British Isles has come to be
dominated by recreational exploitation by angling,
rather than, as previously, by food fisheries. How-
ever, many salmonid fisheries in the British Isles, as
in other parts of the species’ range, are in decline
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and the value of the recreational fisheries is at risk.
In response, the restoration of salmonids to their
former, self-sustaining abundance has become one
of the primary objectives of fisheries management.
There are many potential causes for stock declines
and, in some cases, single fisheries are compromised
by several effects. Against this background, a range
of approaches to restoration has been identified.
These are frequently based on hatchery-rearing and
restocking and often involve transfer of fish among
locations.

The general value of the salmonid resource is deter-
mined by attitudes based on philosophical and social
factors that relate to diversity and abundance. Soci-
ety puts separate, high values on the conservation of
biodiversity and on angling as a recreational resource.
Biodiversity and recreational exploitation are not ob-
viously connected themes. However, they are linked
by the biological factors that determine the abundance
and variety of salmonids, since these are likely to in-
clude genetic factors. This argument can be expanded
as follows.

The economic value of recreational fisheries derives
from five factors. It is determined by: (1) the abun-
dance of the individuals and (2) the diversity of types
that are available for exploitation. In the latter case,
for example, only brief seasonal fisheries are possi-
ble for Atlantic salmon in some catchments, while in
others run-timing variation permits extended fisheries
covering most of the months of the year. In the case
of brown trout, variation in life-history (i.e. anadro-
mous or freshwater resident) brings variety to local
fisheries. The total value of the national fisheries in-
cludes the sum of the values of all the local fisheries
but additional value is imparted by (3) the overall na-
tional abundance of salmonids and (4) their overall
diversity. The former term has the effect of spread-
ing availability across local fisheries, while the most
important effect of the latter is to spread availability
throughout the seasons. Both these factors increase
the average availability of the recreational resource by
accommodating demand that might otherwise saturate
atypically productive local fisheries. Finally, the po-
tential value of the national fisheries includes a com-
ponent determined by (5) the size of the geographical
range since the potential value of national fisheries is
reduced when all potential salmonid habitat does not
support viable local fisheries.

Salmonid fish exploit a diverse set of environments
over their species’ ranges, using a wide range of
life-history strategies that involve marked differences
in characters such as size-at-age, age of return and
return-timing. Characters like these are manifestly
relevant to fishery interests. If any of this variation is
genetically based, then genetic variation is a potential
determinant of the value of the fishery with regard
to factors (2) and (4), above. Additionally, a copious
literature demonstrates that structuring of salmonids
into distinct geographically or behaviourally distinct
reproductive populations (i.e. groups of fish within
which mating is random but among which interbreed-
ing is essentially absent) is a prominent feature of
the biology of both brown trout and Atlantic salmon
(see below). Populations are susceptible to the effects
of natural selection and, under many circumstances,
local genetic adaptation is expected. If local adapta-
tion is a feature of salmonid populations then genetic
diversity will also be a determinant of both abun-
dance and distribution and, therefore of importance
for factors (1), (3) and (5), listed above. Genetic ef-
fects are therefore potentially an element influencing
all five factors related to the value of the fisheries
and, potentially, a matter of self-interest for fishery
managers.

This paper examines this case in some detail and
it has three objectives. The first is to review pop-
ulation structuring in salmon and trout in order to
consider the rates at which fish and genes are ex-
changed between populations and the way in which
populations relate to one another. Among salmonid
populations, performance varies greatly for a di-
verse set of characters and the second objective is to
assess whether any of these variations are likely
to reflect genetic adaptation to local environmental
conditions. The third objective is to consider the na-
ture and the extent of the constraints that population
structuring and local genetic adaptation may place on
management. We consider these objectives in relation
to Atlantic salmon and brown trout, in the context of
the more general literature that has built up over re-
cent years. Our overall aim is to develop an approach
that reconciles society’s general requirement for the
long-term maintenance of biodiversity with the nar-
rower, more practical requirement of fisheries man-
agement to maximise economic value in the shorter
term.
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2. Population structuring

A number of complementary approaches can be
used to investigate the extent to which individuals
form population groupings. Thus, patterns of mat-
ing can be observed directly in behavioural studies
of physically tagged individuals and their offspring.
The main limitations of behavioural evidence are the
practical and resource difficulties involved in tagging
and monitoring sufficient fish to provide robust as-
sessments in a sufficient number of locations to derive
principles that can be generally applied. In the case
of anadromous salmonids, the difficulty of linking
parents and their offspring is particularly acute. Al-
ternatively, information on patterns of mating can be
inferred from patterns in the distribution of genetic
variation. This information can be obtained on exten-
sive scales. Thus, phenotypic variation is commonly
observed for a range of traits although the genetic
element of these variations is often postulated rather
than proven. In contrast, molecular genetic techniques
have the particular strength of targeting variation that
is explicitly genetic, although their power is limited
in practice, because even the most comprehensive
studies are based on sampling only a very small part
of the genome. All these sources of evidence can be
combined to examine whether Atlantic salmon and
brown trout are divided into reproductively discrete
populations and to consider questions of scale.

2.1. Behavioural evidence

Population structuring is a common feature of
freshwater fish species exploiting breeding habitats
that are often discontinuous or fragmented (de Woody
and Avise, 2000). Geographical discontinuities in
the distribution of habitat limit the exchange of fish
and genes among locations. Under these circum-
stances, the classical shaping forces of founder effects,
bottle-necking and genetic drift are active, especially
when the populations affected are small—as is often
the case for salmonids. Even when physical barri-
ers between populations are incomplete, exchange
between populations is limited by the well-known
tendency of salmonids to home to their natal rivers
after any pre-reproductive dispersal phase (Saunders,
1967; Stabell, 1984; Dittman and Quinn, 1996; Candy
and Beacham, 2000). In some cases, homing can be

shown to be targeted below the catchment level, at
natal breeding streams or sites (Youngson et al., 1994;
Quinn et al., 1999)—although studies carried out at
this spatial level are surprisingly scarce. For Atlantic
salmon, a high degree of accurate homing was re-
ported for approximately 50% of adults entering the
Girnock Burn in Scotland on the basis of tagging ex-
periments carried out in 1986–1988 (Youngson et al.,
1994). This work has continued to the present and the
same patterns of return have been observed (unpub-
lished data). Tagging work was extended to another
stream in the same river catchment in 1988, and has
shown similarly high levels of homing (unpublished
data). Unfortunately, straying rates for spawners (de-
fined in terms of successful reproduction) to non-natal
areas cannot be determined from the same types of
study, and patterns of homing and straying cannot
be directly compared. Nevertheless, because many
fish home with high precision, salmonids are at least
potentially capable of restricting gene flow between
breeding locations to the low levels that might foster
population differentiation.

2.2. Genetic evidence

2.2.1. Atlantic salmon
Examination of a number of classes of genetic

marker has elucidated how the homing behaviour
of individual Atlantic salmon influences population
structure within the species. Early studies on blood
proteins (reviewed byWilkins, 1972) were later aug-
mented by a large number of studies of variation at
a limited number of polymorphic allozyme markers
(e.g.Ståhl, 1981; Vuorinen, 1982; Ståhl et al., 1983;
Cross and Healy, 1993; Ståhl and Hindar, 1988;
Koljonen, 1989; Crozier and Moffett, 1989; Verspoor
and Cole, 1989; Vuorinen and Berg, 1989; McElligott
and Cross, 1991; Blanco et al., 1992; Jordan et al.,
1992; Elo, 1993; Galvin et al., 1994; Verspoor, 1994;
O’Connell et al., 1995). Collectively, these studies
have sampled across the entire species’ range.

A hierarchy of genetic differentiation within the
species is revealed. At the highest level there are three
identified regional groupings: western Atlantic, east-
ern Atlantic and Baltic (Ståhl, 1987; Verspoor, 1988,
1997). Analysis of mitochondrial DNA (mtDNA) sup-
ports the allozyme evidence for the distinctiveness of
Atlantic salmon populations in the Baltic from eastern
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Atlantic populations (Verspoor et al., 1999). Moreover,
within these broad groups, populations from different
river systems also show significant genetic differentia-
tion, representing the intermediate level of the genetic
hierarchy. At the lowest level, populations within trib-
utaries of major river systems display lower, but still
statistically significant genetic divergence (Verspoor
et al., 1991; Jordan et al., 1992; Garant et al., 2000).
These observations indicate that levels of gene flow
(or genetically effective dispersal) between Atlantic
salmon populations is low, and lower than would be
assumed from observed straying rates (Ståhl, 1981).
This apparent discrepancy may arise because estimates
of straying are often based on tag returns from fish-
eries operating some time ahead of spawning and fish
may rectify temporary errors in positioning before
they reproduce. Alternatively, reproductive fitness may
be reduced among fish that have strayed (Tallman
and Healy, 1994), or among their progeny. A gen-
eral lack of correspondence between geographic and
genetic distance between populations within the ma-
jor regional groupings probably reflects the relatively
strong influence of genetic drift within populations
compared to gene flow between them (Hutchison and
Templeton, 1999).

Low levels of polymorphism at allozyme loci in
Atlantic salmon (Wilson et al., 1995) stimulated in-
terest in the investigation of DNA markers in an ef-
fort to improve the resolution of studies of population
structure (Taggart and Ferguson, 1990; Taggart et al.,
1995; Galvin et al., 1996) and microsatellite (Sánchez
et al., 1996; Fontaine et al., 1997; McConnell et al.,
1997; Tessier and Bernatchez, 1999; Tessier et al.,
1997; Garant et al., 2000). As expected, both mini-
and microsatellite DNA loci have proved to be much
more polymorphic than allozyme loci, although pat-
terns of differentiation at DNA loci generally match
patterns found previously using allozymes (Sánchez
et al., 1996). However, technical advances in molecu-
lar biology, and particularly the development of highly
polymorphic microsatellite markers, have added new
dimensions to studies of Atlantic salmon population
structure, particularly at the within-population level
(see below). For example, using archived collections
of dried scales as a source of DNA,Nielsen et al.
(1997, 1999)have established that the pattern of ge-
netic variation among Danish Atlantic salmon popu-
lations is temporally stable, even over periods of up to

60 years and despite large scale fluctuations in popu-
lation size. It is likely that, in future, the use of scale
sample collections will yield further important insights
into the effects of recent human impact on salmonid
populations.

2.2.2. Brown trout
The brown trout displays an even more complex

and highly differentiated population structure than the
Atlantic salmon, probably because of less extensive
dispersal in the pre-reproduction phase. Bernatchez
and co-workers have identified five major mtDNA
lineages across the species’ range. Four are named
according to the geographic region in which they
are most commonly found (Atlantic, Mediterranean,
Danubean, Adriatic) and the fifth lineage is for the
morphological type,marmoratus, the marmorated
trout (Bernatchez et al., 1992; Giuffra et al., 1994;
Bernatchez and Osinov, 1995; Osinov and Bernatchez,
1996). These lineages are considered to have diverged
as a result of isolation due to changes in sea levels
and river drainages during recent glaciations. Since
the retreat of the glaciers from northern Europe, how-
ever, many of the original lineages have come into
secondary contact. Multiple lineages are often now
present in rivers flowing into the Mediterranean, Black
and Caspian Seas, either as introgressed populations
or as sympatric populations separated from each other
on a microgeographic scale. Most populations of the
brown trout in rivers flowing into the Atlantic Ocean,
including those for the rivers of the British Isles, ap-
pear to be derived from the Atlantic lineage. However,
even within these populations there is evidence of at
least two waves of post-glacial colonisation (Hamilton
et al., 1989; Hynes et al., 1996; Garcı́a-Maŕın et al.,
1999) with, potentially, some introgression from the
Danubean lineage (Osinov and Bernatchez, 1996).

High levels of genetic differentiation among brown
trout populations are commonplace on microgeo-
graphic scales. As in Atlantic salmon, numerous
studies have shown significant allele frequency differ-
ences among populations, both between and within
rivers (e.g.Allendorf et al., 1976; Ryman et al., 1979;
Ferguson and Mason, 1981; Taggart and Ferguson,
1986; Huusko et al., 1990; Stephen and McAndrew,
1990; Skaala, 1992; Hall, 1992; Hansen et al., 1993;
Estoup et al., 1998; Hansen and Mensberg, 1998).
However, when compared across a similar geographic
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range (usingFST as a statistic to measure population
differentiation), brown trout populations display a
level of differentiation approximately 10 times greater
than that observed in Atlantic salmon (Jordan et al.,
1992). Initially, it was suggested that there was no
relationship between genetic and geographic distance
between brown trout populations on small geographic
levels (Crozier and Ferguson, 1986; Stephen and
McAndrew, 1990). More recent studies, however,
have provided evidence supporting an “isolation by
distance” model of gene flow (Estoup et al., 1998;
Hansen and Mensberg, 1998; Bouza et al., 1999).

A striking example of the potential complexity of
brown trout population structure comes from the rel-
atively small Lough Melvin (21 km2) in northwestern
Ireland. Here, three forms of brown trout are recog-
nised: so-called ferox, sonaghen and gillaroo. These
forms are genetically (Ferguson and Mason, 1981;
Ferguson and Fleming, 1983; Ferguson and Taggart,
1991; Prodöhl et al., 1992; McVeigh et al., 1995),
morphologically (Cawdery and Ferguson, 1988) and
ecologically (Ferguson, 1986) differentiated. They
spawn in different tributaries (sonaghan vs. gillaroo)
or parts of tributaries (ferox vs. sonaghan), and have
distinctly different diets and growth rates. The situ-
ation in Lough Melvin, although extreme, does not
appear to be unique, even in the British Isles, as mor-
phological, ecological and genetic differentiation of
populations has also been observed in Lough Neagh
in northern Ireland (Crozier and Ferguson, 1986) and
at least two other lakes (McMeel, 1996). A long term
study in the English Lake District has demonstrated
that two brown trout populations within the same
river system differ markedly in many aspects of their
ecology (Elliot, 1994), although the basis (genetic or
environmental) of the observed differences has not
yet been established.

The traditional division of brown trout into anadro-
mous (sea trout) and freshwater-resident (brown trout)
components, which are often managed separately, is
not well substantiated by work using genetic mark-
ers (Hindar et al., 1991; Cross et al., 1992). Although
an early study (Skaala and Nævdal, 1989) did sug-
gest that genetic differences existed between resident
and anadromous trout in three Norwegian rivers, this
has been reinterpreted as microgeographic differenti-
ation (Hindar et al., 1991; Skaala, 1992). Intriguingly,
Ferguson et al. (1995)report that although they found

no differences between resident and anadromous fish
at nuclear loci (inherited equally through both the pa-
ternal and maternal lines), there were significant dif-
ferences at mitochondrial DNA loci (inherited only
through the maternal line). Thus, it may be that female
anadromous and resident trout inhabiting the same site
represent two “populations”, with gene flow between
them mediated by males.

2.3. Effects of stock transfers

It can be argued that past management, including the
widespread transfer of large numbers of both salmon
and trout among locations, is likely to have eroded his-
torical levels of natural population structuring to min-
imal levels. Transfers of salmonids among locations
are known to have been common on both local and ex-
tensive scales but many of the records are anecdotal,
few offer detailed accounts, and even fewer record the
outcome of the transfers. In the latter case, the results
of transferring the progeny of Icelandic salmon to the
Connecticut River in the eastern USA, for example,
indicate that the success of these methods cannot be
assured (Orciari and Leonard, 1996). Since historical
studies based, for example, on archived scale samples
(Nielsen et al., 1997) are still few, the relative extent
of past and present structuring cannot be compared.
However, the studies reviewed here demonstrate un-
equivocally that, even now, genetic structuring remains
a prominent and fine-grained feature of populations of
both salmon and trout across their species’ ranges.

3. Demographic structuring within populations

During their freshwater phase, salmonid
populations exploit catchments that are bounded by
impassable physical barriers or by the sea. Within
catchments, the patchiness of essential habitats cur-
tails distributions. The dispersal of juveniles after
hatch is not extensive (see, e.g.Crisp, 1995), parr hold
relatively fixed territories (Halvorsen and Stabell,
1990; Armstrong et al., 1997; Mjolnerod et al., 1999;
Juanes et al., 2000) and pre-reproductive homing
is to targets set during juvenile life (Dittman and
Quinn, 1996). This tendency to spatial stability results
in generation-to-generation linkage of genealogical
groups within freshwater locations (Carlsson et al.,
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1999; Fontaine and Dodson, 1999; Spruell et al.,
1999). The numerical size of populations may be
measured at any of a number of life stages. How-
ever, the size of the spawning group ultimately limits
population size and, also, the qualitative attributes of
the population. Thus, in the former case, the number
of females in the spawning population and their fe-
cundity determine the number of eggs available to be
deposited in that location. In the latter case, the resid-
ual number of spawners is an effect on the overall
genetic variation available to be incorporated at the
outset of the next generation, since local abundance
ultimately limits effective population size (Ne). Low
spawning escapement, through lowNe, decreases the
likelihood that genetic variation present previously
will be represented in succeeding generations.

Relative spawning success and patterns of mating
among individuals are potential additional effects on
Ne. For example, poorly judged mating schemes and
enhancement protocols have the effect of loweringNe
(Ryman and Laikre, 1991; Tessier et al., 1997), while
well-designed schemes maintain or increase it (Wang,
1997; Hedrick et al., 2000). Recently, the development
of genetic markers has made it possible to investigate
internal structuring in natural populations attributable
to reproductive behaviour. Individual contributions to
spawning can now be documented by following the
transmission of hypervariable mini- or microsatellite
alleles between the parental generation and the result-
ing progeny. The few studies available to date are for
salmon. They demonstrate that the number of anadro-
mous males is exceeded at spawning by the number of
small, non-anadromous males (Thomaz et al., 1997).
Treated as a group, small males are capable of ob-
taining a high proportion of all fertilisations compared
with the large males and their activity increasesNe.
During individual spawnings, numerous small males
may obtain fertilisations, such that the contents of a
single egg pocket constitute multiple, maternal half-sib
families. Adult females spawn multiple nests within
the same redd, or in multiple redds, often pairing with
different sea-run males to do so; adult males are them-
selves capable of pairing repeatedly, often with differ-
ent females (Taggart et al., 2001). Multiple pairings of
all these types have the effect of increasing the range
of possible multi-allele combinations that come to be
represented among the progeny group. This effect is
potentially important since natural selection acts on

performance traits that are probably most often at-
tributable to the actions of several or many genes act-
ing in concert.

4. Performance variation

Salmonid populations exploit freshwater environ-
ments that vary markedly over a wide range of geo-
graphical scales. For example, because salmonids are
poikilothermic, environmental temperature is a po-
tent determinant of growth and performance. In fresh
water, average temperatures, seasonal patterns of vari-
ation and extreme values all differ grossly across the
geographical ranges of trout and salmon. For anadro-
mous individuals, spatial variations in marine envi-
ronment have an additional effect on performance,
since fish enter the sea from rivers that are widely
dispersed around the northern Atlantic seaboard to
engage in migrations through the ocean that differ in
duration and extent. Given their wide geographical
distribution and the disparate habitats they exploit,
the performance of salmonids is expected to vary
regionally (Friedland, 1998).

More locally, habitat parameters vary grossly be-
tween localities within some of the major river catch-
ments. This is due in large measure to the effects
of temperature—as it is affected by altitude—on the
fish themselves, and on the general ecology of the
streams they exploit. As is to be expected, therefore,
performance varies between salmonid groups in a
large number of observable ways. More particularly,
experimental and empirical evidence demonstrates
that performance varies on a plausibly genetic basis
with respect to a diverse set of qualities evident as
differences in the characteristics set out inTable 1.

5. Local adaptation

The performance variations listed above are ob-
served to reside among populations or among other,
larger geographical groupings. These variations are
therefore candidates for being of locally adaptive sig-
nificance and the result of natural selection—although,
as Adkinson (1995)has cautioned, non-uniform dis-
tributions of performance characteristics may also
reflect stochastic processes. Direct evidence of local
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Table 1
Performance characteristics that are reported to vary among populations or larger geographical groupings of salmonids

Characteristic Reference

Embryo development Berg and Moen (1999)
Hatching success Donaghy and Verspoor (1997)
Juvenile behaviour Hensleigh and Hendry (1998)
Juvenile performance McGinnity et al. (1997), Palm and Ryman (1999), Rikardsen and Elliott (2000)
Growth capacity Conover (1990), Nicieza et al. (1994), McGinnity et al. (1997)
Body morphology Riddell et al. (1981), Hard et al. (1999)
Habitat preference Hesthagen et al. (1995)
Timing of smolt migration Orciari and Leonard (1996)
Migratory behaviour Jonsson (1982), Svardson and Fagerstrom (1982), Jonsson et al. (1994)
Age at sexual maturity Hutchings and Jones (1998)
Homing behaviour Bams (1976), McIsaac and Quinn (1988), Candy and Beacham (2000)
Seasonal run-timing Saunders (1967), Hansen and Jonsson (1991), Laughton and Smith (1992)
Adult size Schaffer and Elson (1975), Jonsson et al. (1991)
Timing of spawning Heggberget (1988), Webb and McLay (1996), Hendry et al. (1999), Sakamoto et al. (1999)
Resistance to the parasite,

Gyrodactylus salaris
Bakke et al. (1990), Bakke (1991)

adaptation requires experiments involving recipro-
cal translocations between sites of individuals from
different populations, or raising of individuals
from different populations under common environ-
mental conditions. Such experiments are difficult,
long-term and expensive for salmonid species (but see
McGinnity et al., 1997). Despite the inevitable paucity
of direct evidence, there is a wealth of circumstantial
evidence for local adaptation in salmonids (reviewed
by Taylor, 1991; Elliot, 1994; Verspoor, 1997).

Though natural selection acts on the phenotype, it
increases the likelihood that any single genetic variant
or (more often) any composite genotype, that confers
selective advantage on its holder, will occur in the
next generation of the same population. Differential
selection reflects the differing survival and reproduc-
tive success of various genotypes when exposed to the
same environmental constraints. This dynamic tends to
increase the fitness of populations through local adap-
tation if the conditions of selection continue to prevail
over succeeding generations. Fixation of populations
for a single adaptive variant of any gene is unlikely,
since most performance traits are polygenic and since
most environments are heterogeneous. It is likely
that different gene combinations confer equivalent or
near-equivalent average fitness, especially across all
the disparate life-cycle phases that precede reproduc-
tion in many salmonids. Many different, but superfi-
cially equivalent, genetic outcomes can be envisaged

to result. Thus, among individuals within populations,
local adaptation need not reflect a single genetic so-
lution and any one of a set of related genotypes may
prove to confer approximately similar levels of fitness.

Under some circumstances, however, dichotomous
sets of adaptations may result in different ecotypes
of the same species exploiting the same environments
using disparate life-history strategies with similar lev-
els of success. Thus, genetically separate anadromous
and non-anadromous (so-called “land-locked”) popu-
lations of Atlantic salmon exist sympatrically in many
of the river systems of eastern Canada (Verspoor and
Cole, 1989). Other examples occur among the on-
corhyncids. Separate genetic populations of summer-
and winter-run steelhead (Oncorhynchus mykiss) exist
in a northern California river (Nielsen and Fountain,
1999). Among sockeye salmon (O. nerka), river- and
sea-type populations are not highly genetically dif-
ferentiated. However, they differ markedly from pop-
ulations of lake-type fish which themselves display
high levels of inter-population variation (Gustafson
and Winans, 1999).

Currently, most molecular genetic studies of vari-
ation among populations are based on markers (i.e.
allozyme, mtDNA, minisatellite and microsatellite
loci) and the information they generate is generally
used with a presumption that the markers are selec-
tively neutral. The study of local adaptation is there-
fore not obviously amenable to direct investigation by
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screening molecular markers. The relationship
between levels and patterns of molecular genetic
variation and adaptation in performance traits is com-
plex, and to attempt an extrapolation from one to
the other may be mistaken and misleading (Hard,
1995). Nevertheless, there does appear to be a general
correlation between the level of differentiation at per-
formance traits and neutral molecular markersamong
populations (Butlin and Tregenza, 1998; Lynch et
al., 1999). Furthermore, for the limited number of
species for which evidence is available, it seems that
between-population differentiation in performance
traits is generally greater than that for selectively
neutral molecular markers. This suggests that local
adaptation of populations is a general phenomenon
(Lynch et al., 1999). The presence of outbreeding
depression—reduced fitness in progeny of matings
between individuals from different populations—also
strongly suggests that local adaptation is common
(Templeton et al., 1986). However, despite a rela-
tionship between individual heterozygosity and some
components of fitness (e.g. viability, growth rate,
physiological efficiency, fecundity;Mitton, 1993),
there is no evidence of a correlation between molec-
ular genetic variation and variation in performance
traits within populations (Butlin and Tregenza, 1998;
Lynch et al., 1999).

The targeted examination of molecular genetic
variation which may have a direct effect on perfor-
mance traits, and may therefore be influenced by
natural selection, is a relatively young but emerging
field (Nuzhdin et al., 1999; Purugganan, 2000; Stern,
2000). Genes involved in the immune response, and
therefore potentially influencing disease resistance
and susceptibility (e.g. those of the major histocom-
patibility complex, MHC) are of particular interest
in salmonids (Hordvik et al., 1993; Grimholt et al.,
1993, 2000). In some cases, a single gene of ma-
jor performance effect has been identified through
analysis of loci that were previously assumed to be
selectively neutral. In brown trout, kinetic differences
observed among allozymes at phosphoglucose iso-
merase (PGI-2∗ and PGI-3∗) and lactate dehydroge-
nase (LDH-5∗) loci indicate the potential for selective
differences among individual genotypes (Henry and
Ferguson, 1986, 1987). Indeed, it has been proposed
that the increased frequency of theLDH-5∗90 allele
in anadromous brown trout populations of northwest

Europe is due to the action of natural selection
(Ferguson and Fleming, 1983; Hamilton et al., 1989).
In Atlantic salmon, genetic variation at transferrin (Tf:
Verspoor, 1986), trypsin (TRP-2∗: Torrissen, 1991)
and a regulatory locus (PGM-1r∗: Pollard et al., 1994)
has been associated with variation in growth rates and
life-history type.

Perhaps the best evidence for local adaptation at a
single gene in salmonids comes from work on a malic
enzyme locus (MEP-2∗) in Atlantic salmon (Jordan
et al., 1997). Allele frequencies in populations in both
Europe and North America are significantly corre-
lated with summer freshwater temperatures (Verspoor
and Jordan, 1989). The same pattern of correlation
between allele frequency and summer water temper-
ature is found among tributaries within major river
systems (Verspoor and Jordan, 1989; Verspoor et al.,
1991). This pattern of differentiation among pop-
ulations is likely to arise from temperature-related
differences in growth rate (Jordan and Youngson,
1992; Gilbey et al., 1999) and age at first reproduc-
tion (Jordan et al., 1990; Morán et al., 1994) that are
observed within populations. There is no evidence,
as yet, that there are functional differences between
MEP-2∗ allozymes. However, the relationships be-
tween genotype and the various components of fitness,
and observations that extend across the entire species
range suggest—at the very least—thatMEP-2∗ is
tightly linked to another locus, or a group of loci, that
strongly influence performance (Jordan et al., 1997).

6. Management of populations

Populations of salmon and trout comprise spawn-
ing aggregations that are reproductively, and therefore
genetically, discrete and within which mating is essen-
tially random. Populations are therefore the smallest,
non-divisible biological units that underpin recruit-
ment to the fisheries and they are, therefore, at the core
of any genetically based approach to management.
In some respects, the properties of populations make
it difficult to assimilate population-based concepts
into management practice. For example, although
salmonid populations are aggregated during spawning
and during juvenile life, they are often dispersed and
mixed in the pre-reproductive phase during which
most fisheries are active. Even before dispersal, the
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spatial boundaries of populations cannot be defined
with precision. Since fine-scale geographical structur-
ing is commonplace, it also appears highly probable
that populations are numerous, and very likely that
some populations are small. Usually, limitations in
management resources are likely to prevent manage-
ment initiatives at the finest levels, even if population
structure could be sufficiently resolved at these scales.

An expedient approach is needed to address this
practical dilemma. One approach might be to cast
larger numbers of single genetic populations into
smaller numbers of composite groupings where the
populations share sufficient relatedness to make them
amenable to the same forms of management. This
approach is potentially flexible since nested or inter-
changeable groupings can probably be derived that
relate specifically to particular management targets.
Thus, for example, groupings that permit the reg-
ulation of local marine fisheries operating during
the dispersed phase of life may well differ from the
groupings appropriate to consideration of the effects
of climate change, for example, acting on the same
populations during juvenile stream life.

In considering how to make the most appropriate
groupings, fisheries managers can usefully borrow
from a series of related concepts that have been
developed to facilitate the conservation of genetic
diversity at the population level.Bowen (1999)has
identified three linked themes that are of importance
academically and also in the practice of fisheries
management—ecology, systematics and evolution.
The themes are complementary, although they empha-
sise different aspects of population structure. The first
theme has generated the concept of the Management
Unit (Moritz, 1994a) which stresses the ecological
context of populations. The concept of the Evolution-
ary Significant Unit (Moritz, 1994b; Waples, 1995)
stresses the systematics theme, andBowen (1998)
has proposed a third concept, the Geminate Evolu-
tionary Unit to accommodate the evolutionary theme.
All these conceptual units are based on genetic anal-
ysis and have come to relate to the conservation of
genetic variations per se, rather than to more gen-
eral themes in practical management or conservation.
However, fisheries management and its two main
sub-themes—regulation and enhancement—can use-
fully borrow from them all. Beyond this,Crandall et al.
(2000)have argued for a weakening of the explicitly

genetic nature of conservation units, and a return to
the original concepts that also incorporate properties
that are plausibly, even if not explicitly, genetic into
the pool of information used to define conservation
units. Again, fisheries management can borrow from
this more pragmatic approach, using general insights
to reinforce genetic data, or to replace them when
they are not available.

Each of the three genetic management concepts
listed above is explicitly unitary, but all can be used to
generate groupings broadly based on the metapopula-
tion paradigm. The metapopulation emphasises hier-
archical patterns of relatedness among populations. It
envisages a spatial array of populations, showing high
levels of temporal independence tempered by low lev-
els of contact. Intuitively, the metapopulation appears
a potentially powerful construct in a range of manage-
ment contexts, even though supporting field evidence
for the practical application of the theory is presently
lacking (Hanski, 1998; Cooper and Mangel, 1999;
Young, 1999; Garant et al., 2000; Rieman and
Dunham, 2000). Using the metapopulation construct
as a template, appropriate ways for combining popu-
lations into the larger entities necessary for fisheries
management purposes can probably be devised, hav-
ing full regard to the more general importance of sus-
taining the ecological, systematics and evolutionary
themes.

In defining fisheries-biased management units,
managers must aggregate genetic populations into
functionally related groupings that co-vary for
fishery-related parameters that are biologically mean-
ingful. This must be done in the context of knowledge
of underlying population structure based on explicitly
genetic insights or, inferentially, on the basis of a
general understanding of population genetic concepts.
In some cases, covariance in performance may reside
only at a geographical level—among contiguous pop-
ulations within a single river catchment, for example,
or within a contiguous group of catchments. As a re-
sult, the relevant management units will be defined as
relatively simple, spatial aggregation of populations.
In other cases, however, more meaningful groupings
might be applied based on an additional consideration
of performance variation. Thus, for example, the ge-
netically distinct sympatric populations of salmonids
cited in the previous section of this text (Verspoor and
Cole, 1989; Gustafson and Winans, 1999; Nielsen



202 A.F. Youngson et al. / Fisheries Research 62 (2003) 193–209

and Fountain, 1999) are best treated according to a
combination of performance and geographical crite-
ria, rather than by geography alone. Similarly, it is
highly likely that populations driving the various sea-
sonal runs of salmon (which distinguish the fisheries
of the UK and Ireland from most others) might form
the basis of similar, performance-based groupings.

The latter case can be evaluated in the framework
developed above. Thus, the productive performance
of fisheries based on populations generating early
running Atlantic salmon (so-called “spring” salmon
and early running grilse) shows a strong tendency
to co-vary among river catchments and to vary in-
dependently of populations producing other types of
fish (unpublished data). Populations generating early
running fish show spatial structuring, typically dom-
inating the higher altitude reaches of catchments in
which they occur (Laughton and Smith, 1992). The
early running habit is heritable (unpublished data) and
it is highly likely that it is locally adaptive, although
the basis of any adaptation is not known. Populations
generating early running fish are distinguished from
others by other explicitly genetic factors. Genetic
structuring within catchments is common (see above).
More specifically, the 125 allele at theMEP-2∗ lo-
cus tends to be associated with the relatively colder,
higher altitude freshwater environments that early
running fish use for spawning (see above). Popu-
lations driven by early running fish are therefore
characterised by relatively higher frequencies of the
125 allele. In addition,MEP-2∗ genotype is linked
with performance variation, both in freshwater and in
the sea (see above). Finally, the timing of spawning
(a plausibly adaptive performance trait) is earlier for
early running fish than for later-running types (Webb
and McLay, 1996). Assimilating all this information
in a metapopulation framework, suggests that func-
tional relatedness among high altitude locations in
contiguous catchments is likely to be greater than
among high altitude and low altitude sectors in the
same catchment. If so, grouping freshwater popu-
lations according to altitude, across catchments, for
the enhancement of the early running components
of the fisheries appears to be appropriate. Equally,
since time of return to rivers is a proxy for eventual
spawning location (Laughton and Smith, 1992), it
is similarly appropriate to group seasonal elements
of the fisheries for the regulation of exploitation.

Both these management approaches identify rational,
fisheries-biased groupings that have the particular
merit of being consistent with the conservation of
the genetic populations on which the fisheries are
based.

7. Discussion

As reviewed above, an abundance of information
based on a wide range of studies indicates that pop-
ulation structuring exists for both salmon and trout
throughout their geographical ranges. Evidence of per-
formance variations, plausibly attributed to local adap-
tation, is compelling enough to suggest that the use of
a precautionary approach to management that takes
population structuring into account is essential. The
thrust of the evidence for structuring and adaptation
also establishes the relevance of genetic considera-
tions to the economics of the fisheries, according to the
case outlined near the beginning of this paper. Genetic
considerations are therefore a matter of self-interest
for salmonid fishery management, aside from the
more general issue of the value of biodiversity.

From a biodiversity perspective, the exact de-
tails of genetic structuring are of undoubted interest.
However, for fisheries management, the fine-scale
conservation of particular variant alleles, or their fre-
quencies or distributions, for example, will certainly
be judged too restrictive a criterion for action. On the
other hand, biodiversity considerations link strongly
with fisheries management practice, through a strong,
shared interest in local genetic adaptation and its
conservation. Thus, patterns of local adaptation are
of unquestionable interest to all three conservation
themes (i.e. genes, species and ecosystems) identi-
fied by Bowen (1999)and also to the more practical
considerations of fisheries management.

Population structuring is detectable on a range of
spatial scales that extends down to sub-catchment lev-
els. One of the extremes in the range of discontinu-
ities can be identified. Thus, in the case of brown trout
isolated by waterfalls or living in lakes without patent
connection with other bodies of water, inward gene
flow is zero. Below this high level of exclusion, exam-
ples of isolation-by-distance or “stepping stone” type
scenarios of exchange have been identified. Although
the nature of inter-population boundary zones remains
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unknown, individual salmonids are capable of precise
homing at fine geographical scales that are sufficient
to limit genetic exchange among populations when
spawning takes place. Indeed, it is worth noting that
population structuring based on the homing behaviour
of individuals has an immediate, ecological relevance
that transcends genetic considerations. Homing links
the productivity of particular geographical localities
across inter-generational time-scales. Thus, any local
deficit in spawning will not be immediately or substan-
tially compensated by recruitment of spawners drawn
from less depleted spawning populations elsewhere,
and stream production of juvenile fish may fall below
potential capacity.

As Taylor and Dizon (1999)have pointed out, labo-
ratory genetics is practised with a strong bias towards
acceptance of null hypotheses. Consequently, the ex-
tent and order of real structuring of genetic variation
among salmonids is likely to exceed that which is
evident from the literature. Furthermore, functional
variation, including adaptive variation, can exist in
the absence of parallel variation in the necessarily
small sample of allele markers usually deployed in
laboratory studies of genetic structuring. In the spe-
cial context of the fisheries, a precautionary ap-
proach to management aims to conserve inter- and
intra-population variation in order to maximise the
economic value of the resource. From a fisheries
management perspective, therefore, the most rele-
vant appreciation of the likely scope for conservation
can be gained by using a composite of knowledge
(Crandall et al., 2000). The most powerful expedi-
ent approach views the morphological, ecological,
physiological and behavioural features of popula-
tions, against a background knowledge of patterns of
explicitly genetic variation.

The concept of population structuring is informa-
tive for management and, in view of the strength
of the evidence, should now become one of fishery
management’s canons. The relevant spatial scales for
structuring should be recognised and management
should be practised according to these. This is al-
ready the case in the Pacific North America where
the weight of empirical and genetic evidence has
been sufficient to establish microevolution and lo-
cal adaptation as a basis for salmonid management
(see, e.g.NRC, 1996). It will likewise be necessary
to devise a set of procedures for the management of

Atlantic salmonid fisheries that is consistent with the
conservation of population structuring.

However, developing a fully precautionary ap-
proach requires that a further issue of importance
should be accommodated—namely, the almost cer-
tainly dynamic natures of both local adaptation and
population structuring (Lande and Shannon, 1996;
Bowen, 1998). For salmonids, as for other animals,
knowledge is lacking of historical systems of change
and the routes that led to population structuring as
it is currently observed. More critically, however, no
basis exists on which to predict future changes in
local selective pressures or to predict future systems
of adaptive response (Youngson and Verspoor, 1998).
Thus conservation usually assesses population struc-
turing in terms of its current form, and local adap-
tation is treated as a response to selective pressures
that are currently active. The broader approach, how-
ever, should also accommodate responses to selective
pressures (including, for example, climate change)
that vary across time. Accordingly, retention of adap-
tive genetic capacity within and among salmonid
populations must be considered among fisheries
management’s main aims, and a commitment to con-
serve a capacity for change must therefore be added
to the more conventional commitment to conserve
existing structure. This slight paradox can be resolved
without difficulty (Bowen, 1998, 1999) and may, in
future, present a rationale for devising a more creative
approach to genetic management than can be justified
on the basis of present knowledge (Youngson and
Verspoor, 1998).

Creative types of management involving transfers
between populations may become feasible when the
inter-relationships among populations, the perfor-
mance variation they encompass, the extent of local
adaptation and the consequences of adaptation for
population persistence are much better understood.
Now, in the almost total absence of this knowledge,
only conservative and precautionary approaches to
management can be considered to be valid. No man-
agement intervention can be envisaged that is com-
pletely free of effects on population structuring and,
as an expedient, fisheries management must devise
valid ways to offset future biodiversity needs against
current fishery requirements. The essence of the prob-
lem of reconciling these partly divergent interests can
then be seen to concern a balance of techniques and
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approaches to management, and a balance in the force
with which they are applied.

Incorporating the genetic dimension of salmonid
biology into management will require the modifica-
tion of many current practices. As a default position,
management should operate securely within the con-
straints that population structuring imposes. Injudi-
cious or gratuitous introductions or transfers among
populations should not take place and planned actions
should attempt to compare the real likely gains in
productivity against contingent effects on population
structuring. The use of salmon of farmed origin for
stocking, for example, has a superficial attraction that
can be shown to be illusory. The progeny of farmed
stock out-performed and displaced native fish at the ju-
venile stage but did not return at expected frequencies
from the ocean (Einum and Fleming, 1997; McGinnity
et al., 1997; Ferguson et al., unpublished data). En-
hancement should be based on local brood-stock and
mating schemes that are stratified and quasi-natural.
When transfer among locations is necessary, matched
stocks from similar environments in nearby catch-
ments should be used. Recently,Young (1999)has
integrated these concepts formally in the context of
the metapopulation paradigm, proposing that introduc-
tions can be rationalised in terms of the manipulation
of natural straying rates among sites. The nature of
populations should continue to be explored using com-
plementary studies based on genetic, and behavioural
and performance variations, in order to further facili-
tate local management.

No fisheries are without effect on salmonid popula-
tions since fishing mortality reduces the size of adult
spawning populations and limits the range of genetic
variation available to be represented in the progeny
generation. In some respects, the effect of fishing mor-
tality among female salmonids is likely to have more
impact, since a relatively larger part of the maturing
females may be susceptible to exploitation because of
their tendency to greater age and greater body size. In
contrast, only the larger fish among the male spawn-
ing group are likely to be exploited and, additionally,
any loss of genetic variation due to fishing mortality
among large males is likely to be compensated by in-
creased spawning opportunities for small males. On
the other hand, the size-selective nature of most fish-
eries can be seen to militate against the spawning of
larger fish generally, on the basis of the expression of

heritable traits for faster growth or for greater size at
maturity.

Thus, while fisheries regulation is often carried
out on a solely numerical basis, there are qualitative
aspects to management that must also be considered.
These include ensuring that exploitation is not overly
biased towards a particular component of single
populations by, for example, size-selective fisheries.
Management must also ensure that exploitation falls
evenly among numerically robust populations, in or-
der to avoid distortions in inter-population exchange
of fish and genes. Relatively greater protection must
be afforded to small or failing populations, in order
to maintain their productive capacity within the wider
grouping, and also in order to conserve their genetic
status.

Beyond these considerations, phenotypic and adap-
tive genetic potential is limited on local geographical
scales by the total potential of the species, and also by
temporal and spatial rates of exchange at the popula-
tion level where parts of the total variation reside. In
order to conserve adaptive potential it is necessary to
conserve high intrinsic levels of variation at all spa-
tial scales and, in particular, to conserve diversity in
performance at whatever population level it resides.
Within populations, effective population size should
be maintained at high levels in order to foster the lo-
cal retention of potentially adaptive genetic variation.
By these means, broad-scale variety and local adaptive
potential will be conserved. In addition, local adaptive
potential should be enhanced through the maintenance
of high levels of abundance in all populations, in order
to conserve the dynamic aspects of population struc-
ture through the natural exchange of fish and genes
among populations. In these ways, fisheries managers
can aim to promote the numerical productivity of the
fisheries, while giving new weight to the promotion
of the adaptive variety that adds so much to their aes-
thetic and economic value.

References

Adkinson, M.D., 1995. Population differentiation in Pacific
salmon: local adaptation, genetic drift, or the environment?
Can. J. Fish. Aquat. Sci. 52, 2762–2777.

Allendorf, F.W., Ryman, N., Stennek, A., Ståhl, G., 1976. Genetic
variation in Scandinavian brown trout (Salmo trutta L.):
evidence of distinct sympatric populations. Hereditas 83, 73–82.



A.F. Youngson et al. / Fisheries Research 62 (2003) 193–209 205

Armstrong, J.D., Braithwaite, V.A., Huntingford, F.A., 1997.
Spatial strategies of wild Atlantic salmon parr—exploration and
settlement in unfamiliar areas. J. Anim. Ecol. 66, 203–211.

Bakke, T., 1991. A review of the inter- and intraspecific variability
in salmonid hosts to laboratory infections withGyrodactylus
salaris Malmberg. Aquaculture 98, 303–310.

Bakke, T.A., Jansen, P.A., Hansen, L.P., 1990. Differences in the
host resistance of Atlantic salmon,Salmo salar L., stocks to
the monogeneanGyrodactylus salaris Malmberg, 1957. J. Fish
Biol. 37, 577–587.

Bams, R.A., 1976. Survival and propensity for homing as affected
by presence or absence of locally adapted paternal genes in
two transplanted populations of pink salmon (Oncorhynchus
gorbuscha). J. Fish. Res. Bd. Can. 33, 2716–2725.

Berg, O.K., Moen, V., 1999. Inter- and intra-population variation in
temperature sum requirements at hatching in Atlantic salmon.
J. Fish Biol. 54, 636–647.

Bernatchez, L., Osinov, A., 1995. Genetic diversity of trout (genus
Salmo) from its eastern native range based on mitochondrial
DNA and nuclear gene variation. Mol. Ecol. 4, 285–297.

Bernatchez, L., Guyomard, R., Bonhomme, F., 1992. DNA
sequence variation of the mitochondrial control region among
geographically and morphologically remote European brown
trout, Salmo trutta, populations. Mol. Ecol. 1, 161–173.

Blanco, G., Sanchez, J.A., Vazquez, E., Rubio, J., Utter, F.M., 1992.
Genetic differentiation among natural European populations of
Atlantic salmon,Salmo salar L., from drainages of the Atlantic
Ocean. Anim. Genet. 23, 11–18.

Bouza, C., Arias, J., Sánchez, C.L., Martı́nez, P., 1999. Genetic
structure of brown trout,Salmo trutta L., at the southern limit
of the distribution of the anadromous form. Mol. Ecol. 8, 1991–
2001.

Bowen, B.W., 1998. What is wrong with ESUs? The gap between
evolutionary theory and conservation principles. J. Shellfish
Res. 17, 1355–1358.

Bowen, B.W., 1999. Preserving genes, species, or ecosystems?
Healing the fractured foundations of conservation policy. Mol.
Ecol. 8, S5–S10.

Butlin, R.K., Tregenza, T., 1998. Levels of genetic polymorphism:
marker loci versus quantitative traits. Phil. Trans. R. Soc. Lond.
B 353, 187–198.

Candy, J.R., Beacham, T.D., 2000. Patterns of homing and straying
in southern British Columbia coded-wire tagged chinook
(Oncorhynchus tshawytscha) populations. Fish. Res. 47, 41–56.

Carlsson, J., Olsen, K.H., Nilsson, J., Overli, O., Stabell, O.B.,
1999. Microsatellites reveal fine-scale genetic structuring in
stream-living brown trout. J. Fish Biol. 55, 1290–1303.

Cawdery, S.A.H., Ferguson, A., 1988. Origins and differentiation
of three sympatric species of trout (Salmo trutta L.) in Lough
Melvin, Ireland. Pol. Arch. Hydrobiol. 35 (Suppl. A), 267–277.

Conover, D.O., 1990. The relation between capacity for growth
and length of growing season: evidence for and implications of
countergradient variation. Trans. Am. Fish. Soc. 119, 416–430.

Cooper, A.B., Mangel, M., 1999. The dangers of ignoring
metapopulation structure for the conservation of salmonids.
Fish. Bull. 97, 213–226.

Crandall, K.A., Bininda-Emonds, O.R.P., Mace, G.M., Wayne,
R.K., 2000. Considering evolutionary processes in conservation
biology. Trends Ecol. Evol. 15, 290–295.

Crisp, D.T., 1995. Dispersal and growth rate of 0-group salmon
(Salmo salar L.) from point-stocking together with some
information from scatter-stocking. Ecol. Freshwater Fish 4, 1–8.

Cross, T.F., Healy, J.A., 1993. The use of biochemical genetics
to distinguish stocks of Atlantic salmon,Salmo salar L., in
Ireland. Irish Fish. Invest. Ser. A 23, 61–66.

Cross, T.F., Mills, C.P.R., de Courcy Williams, M., 1992. An
intensive study of allozyme variation in freshwater resident and
anadromous trout,Salmo trutta L., in western Ireland. J. Fish
Biol. 40, 25–32.

Crozier, W.W., Ferguson, A., 1986. Electrophoretic examination of
the population structure of brown trout,Salmo trutta L., from
the Lough Neagh catchment, Northern Ireland. J. Fish Biol. 28,
459–477.

Crozier, W.W., Moffett, I.J.J., 1989. Amount and distribution
of biochemical genetic variation among wild populations and
a hatchery stock of Atlantic salmon,Salmo salar L., from
north-east Ireland. J. Fish Biol. 35, 665–677.

de Woody, J.A., Avise, J.C., 2000. Microsatellite variation in
marine, freshwater and anadromous fishes compared with other
animals. J. Fish Biol. 56, 461–473.

Dittman, A.H., Quinn, T.P., 1996. Homing in Pacific salmon:
mechanisms and ecological basis. J. Exp. Biol. 199, 83–91.

Donaghy, M.D., Verspoor, E., 1997. Egg survival and timing of
hatch in two Scottish Atlantic salmon stocks. J. Fish Biol. 51,
211–214.

Einum, S., Fleming, I.A., 1997. Genetic divergence and interactions
in the wild among native, farmed and hybrid Atlantic salmon.
J. Fish Biol. 50, 634–651.

Elliot, J.M., 1994. Quantitative Ecology and the Brown Trout.
Oxford University Press, Oxford.

Elo, K., 1993. Gene flow and conservation of genetic variation
in anadromous Atlantic salmon (Salmo salar). Hereditas 119,
149–159.

Estoup, A., Rousset, F., Michalakis, Y., Cornuet, J.-M.,
Adriamanga, M., Guyomard, R., 1998. Comparative analysis of
microsatellite and allozyme markers: a case study investigating
microgeographic differentiation in brown trout (Salmo trutta).
Mol. Ecol. 7, 339–353.

Ferguson, A., 1986. Lough Melvin—a unique fish community.
Occasional Papers Irish Sci. Technol. 1, 1–17.

Ferguson, A., Fleming, C.C., 1983. Evolutionary and taxonomic
significance of protein variation in the brown trout (Salmo trutta
L.) and other salmonid fishes. In: Oxford, G.S., Rollinson,
D. (Eds.), Protein Polymorphism: Adaptive and Taxonomic
Significance. Academic Press, London, pp. 85–99.

Ferguson, A., Mason, F.M., 1981. Allozyme evidence for
reproductively isolated sympatric populations of brown trout
(Salmo trutta L.) in Lough Melvin, Ireland. J. Fish Biol. 18,
629–642.

Ferguson, A., Taggart, J.B., 1991. Genetic differentiation among
the sympatric brown trout (Salmo trutta) populations of Lough
Melvin, Ireland. Biol. J. Linn. Soc. 43, 221–237.

Ferguson, A., Taggart, J.B., Prodöhl, P.A., McMeel, O., Thompson,
C., Stone, C., McGinnity, P., Hynes, R.A., 1995. The application



206 A.F. Youngson et al. / Fisheries Research 62 (2003) 193–209

of molecular markers to the study and conservation of fish
populations, with special reference to the genusSalmo. J. Fish
Biol. 47 (Suppl. A), 103–126.

Fontaine, P.-M., Dodson, J.J., 1999. An analysis of the distribution
of juvenile Atlantic salmon in nature as a function of relatedness
using microsatellites. Mol. Ecol. 8/2, 189–198.

Fontaine, P.-M., Dodson, J.J., Bernatchez, L., Slettan, A., 1997.
A genetic test of metapopulation structure in Atlantic salmon
(Salmo salar) using microsatellites. Can. J. Fish. Aquat. Sci.
54, 2434–2442.

Friedland, K.D., 1998. Ocean climate influences on critical Atlantic
salmon (Salmo salar) life history events. Can. J. Fish. Aquat.
Sci. 55 (Suppl. 1), 119–130.

Galvin, P., Cross, T., Ferguson, A., 1994. Genetic differentiation
and gene flow in Atlantic salmon,Salmo salar L.: a case
study of the River Shannon system in Ireland. Aquacult. Fish.
Manage. 25, 131–145.

Galvin, P., Taggart, J., Ferguson, A., O’Farrell, Cross, T., 1996.
Population genetics of Atlantic salmon (Salmo salar) in the
River Shannon system in Ireland: an appraisal using single
locus minisatellite (VNTR) probes. Can. J. Fish. Aquat. Sci.
53, 1933–1942.

Garant, D., Dodson, J.J., Bernatchex, L., 2000. Ecological
determinants and temporal stability of the within-river
population structure in Atlantic salmon (Salmo salar L.). Mol.
Ecol. 9, 615–628.
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