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INTRODUCTION

The practice of releasing (stocking) fish into the wild is common in the 
management and conservation of fish populations. Releases are performed 
for different purposes, the most important being to increase the yield for 
commercial and recreational fisheries, to support endangered wild 
populations at risk of extinction or to reintroduce populations that have 
already become extinct (Fleming & Petersson 2001). There is a general 
concern, however, that releases of fish into the wild may constitute a threat 
to the genetic and ecological integrity of wild populations. Accordingly, 
several guidelines for the management of fish populations have been 
produced (e.g. FAO/UNEP 1981, Hindar et al. 1991, Ryman 1991, Laikre 
1999 and references therein). These recommendations suggest the use of fish 
of local origin when stocking is unavoidable, and also give guidelines for 
how hatchery populations should be maintained to avoid genetic change. A 
complete summary of the subject “fish releases” is far beyond the scope of 
this introduction. Most examples of stocking activities described below refer 
to enhancement and conservation of salmonid species, which are of 
economical importance and are released into the wild at a magnitude that has 
no equivalence among other fishes. 

Releases for improving fisheries, so-called fisheries releases, is the most 
common form of stocking activity, and is often initiated because the natural 
productivity has decreased due to e.g. habitat degradation or over-fishing 
(e.g. Vøllestad & Hesthagen 2001 and references therein). Releases aimed at 
increasing productivity are also performed in more or less intact ecosystems, 
and these practices are not based on any assumptions about declining sizes 
of wild populations but are undertaken mainly as a response to public 
demands for increased production (e.g. Laikre 1999 and references therein). 
Fisheries releases, which often involve salmonids, occur in many different 
forms, sometimes including stocking material of local origin (supportive 
breeding, see below). However, releases based on non-local fish are common 
and are considered a serious problem in many areas because of possible 
interactions with wild populations. Another example of a practice aimed at 
yield enhancement is the release of so-called “put-and-take” fish in waters 
where natural recruitment is impossible (e.g. Hesthagen et al. 1989). 
Although such introductions are not aimed at establishing self-sustaining 
populations and do not, in general, affect wild populations of the same 
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species, the practice may have negative effects on other species (e.g. 
Svärdson 1976). 

Releases aimed at saving populations from extinction, often referred to as 
conservation releases, typically involve the use of a local broodstock for 
production of stocking material. In salmonid fishes, for example, hatchery 
programmes are frequently used for artificial propagation of endangered 
wild populations. Normally, a fraction of the wild population is brought into 
captivity for reproduction and their offspring are typically reared in a 
hatchery for a period of time before they are released into the natural habitat 
to mix with wild conspecifics, a practice referred to as supportive breeding 
(e.g. Laikre & Ryman 1996). The main goal of this practice is to boost the 
total population size without causing harmful genetic effects through 
introduction of exogenous genes.  

Supportive breeding should be considered a temporary solution until the 
factors responsible for any population decline have been identified and 
removed. In reality, however, most such programmes tend to continue 
without fulfilling the desired goals, i.e. to restore the natural productivity. 
For example, in most large rivers in Sweden, supportive breeding 
programmes for Atlantic salmon Salmo salar and brown trout Salmo trutta
have been initiated to compensate for the loss of natural production caused 
by hydroelectric exploitation. Most of these large scale release programmes 
were initiated with the somewhat conflicting aims of maintaining fish 
production for fisheries and at the same time conserving threatened 
populations. Unfortunately, it appears that most supportive breeding 
programmes are considered successful as long as the releases of hatchery 
fish compensate for the loss to fisheries (Fleming & Petersson 2001). A 
serious consequence of this view is that habitat improvements to restore 
natural productivity are rarely performed and the populations concerned 
therefore become dependent on continued artificial propagation, which may 
have severe genetic effects for reasons discussed below.  

Releases of fish are also undertaken to re-establish populations that have 
become extinct due to e.g. previous hydropower exploitation. In such 
programmes, the first step is to identify and remove factors responsible for 
the extinction. Fish are then preferably reintroduced from nearby populations 
inhabiting similar environmental conditions and thus possibly having similar 
adaptations (e.g. Hansen et al. 2001). 

Escapes of farmed fish not intended for release is a problem in many 
areas. Farmed fish have typically been kept under artificial conditions for 
many generations and selected for economically important traits, and these 
domesticated fish may invade and interact with locally adapted wild 
populations, an example being the frequent escapes of farmed Atlantic 
salmon in the North Atlantic (e.g. Gausen & Moen 1991, Fleming et al.
2000, McGinnity et al. 2003) which threaten many wild salmon populations. 
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Despite the huge amount of resources used for different types of stocking 
activities, remarkably few attempts have been made to evaluate the 
efficiency and success of fish releases. A problem seems to be that many 
programmes are not designed to facilitate a feedback to the managers. In 
fact, most stocking programmes lack clear definitions of main goals and are 
not using monitoring to evaluate the effects (Cowx 1994, Waples et al. in 
press). A frequently discussed issue is whether fish released to supplement 
wild populations actually contribute to the natural productivity. In this 
context, the word “contribute” means that by releasing fish, the natural 
production will increase above what it would be capable of doing itself (e.g. 
Waples et al. in press). The relative fitness of released fish in the wild is a 
key parameter in this context. Considering salmonid species, Fleming & 
Petersson (2001) reviewed the literature on this subject and found few 
examples where released hatchery fish had contributed significantly to the 
wild production. However, most of the studies cited in their review included 
fish of non-local origin, or from multiple hatchery strains, and this may at 
least partly explain the low success of the released fish. Also, considering 
salmonid populations where supportive breeding is carried out to 
compensate for the effects of degraded river habitats, natural production will 
not increase as long as habitat improvements are not carried out. In such 
cases, the lack of a desired effect may not necessarily be a consequence of 
low fitness among released hatchery fish, but may simply be due to that 
natural productivity is restricted by the absence of suitable spawning/nursery 
habitats. The main problem appears to be that supportive breeding 
programmes with a principal conservation aim, i.e. to secure the future 
existence of threatened wild populations by releasing fish of local origin and 
at the same time carry out habitat improvements to restore natural 
productivity as soon as possible, are so rare that it is almost impossible to 
make a sound evaluation of the suitability of using this strategy to restore 
threatened wild populations. For example, in a review of 22 supportive 
breeding programmes for Pacific salmon, Waples et al. (in press) found no 
examples where supplementation had resulted in a self-sustaining wild 
population, but as habitat restorations were rarely performed it was 
impossible to judge whether these failures were due to external factors (that 
were responsible for the decline before supplementation began) or the 
supplementation itself. Much more research is needed within this area. 

This thesis focuses on genetic and ecological consequences of fish 
releases, with special reference to supportive breeding of brown trout and 
translocation of European eel Anguilla anguilla. Both species are 
economically very important and are subjected to large scale release 
programmes in many European countries. The results are discussed in 
relation to the management and conservation of these and other fish species. 
Before going into the specific objectives and results of my thesis, I will give 
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a more general background and discuss in more detail some issues that are of 
importance when releasing fish into the wild. 
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BACKGROUND

Releases of fish of local vs. non-local origin 
Many studies have revealed pronounced differences between wild fish 
populations in morphological, behavioural, physiological and life history 
characters (e.g. Alm 1959, Myers et al. 1986, L’Abée-Lund et al. 1990). 
Population differentiation is also frequently studied by using molecular 
methods to analyse various loci in the genome, such as allozymes and 
microsatellites (e.g. Ståhl 1987, McConnell et al. 1997, Nilsson 1997). It is 
generally assumed that phenotypic and genotypic differences among wild 
fish populations reflect local adaptation. However, such an interpretation 
may not be correct for several reasons. First, most quantitative traits are 
influenced by environmental factors (Falconer 1989), which means that 
differences between populations not necessarily have to be genetically 
based. Second, if differences in quantitative characters between populations 
can be shown to have a genetic basis, there is still the possibility that these 
differences are the result of random genetic drift rather than selection (e.g. 
Lynch et al. 1999, Ritland 2000, Merilä & Crnokrak 2001, Palo et al. 2003). 
Third, population differentiation revealed by the use of selectively neutral 
genetic markers only indicates some degree of reproductive isolation and 
cannot be used as evidence for local adaptation. However, reproductive 
isolation is a prerequisite for local adaptation, and the finding of 
differentiation at neutral loci can be of value in defining suitable 
management units (e.g. Hedrick 2002). 

Releases of fish of non-local origin may have severe consequences. First, 
the released fish may not be very successful because they are not adapted to 
the environment in which they are stocked. This may explain the low success 
of many stocking programmes involving fish of non-local origin (Fleming & 
Petersson 2001 and references therein). Second, gene flow from released to 
wild fish may result in introgression of exogenous genes and a breakdown of 
locally adapted gene complexes with a reduction in fitness of the wild 
population as a result (e.g. McGinnity et al. 2003, cf. Lynch 1991). These 
effects may be pronounced even though the fitness of released fish is 
relatively low (e.g. McGinnity et al. 2003). There are also non-genetic 
arguments against the use of non-local material for stocking, such as an 
increased risk of transmission of diseases and parasites, an example being 
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the spread of Gyrodactylus salaris from Sweden to Norway as a result of 
introductions of Baltic salmon (Anonymous 1999). 

Knowledge of the amount and distribution of genetic variation in the wild 
is important for a genetically sound management of fish populations. Using 
various genetic markers, numerous studies have shown that salmonid 
populations are highly differentiated (e.g. Ryman 1983, Hansen & Mensberg 
1998), also on a microgeographic scale (e.g. Angers et al. 1995, Carlsson et 
al. 1999), although it is generally unclear to what extent these differences 
mirror local adaptation. Therefore, fish of local origin are typically preferred 
in supplementation programmes involving salmonid fishes (e.g. Laikre 
1999). For other fish species, basic knowledge about their population genetic 
structure is insufficient. The European eel is a good example of a species 
which has been extensively stocked in many countries in Europe during the 
last decades, despite a limited knowledge of its population genetic structure. 

How to sample a population to get a representative picture of its 
constitution with respect to some character is a very important issue when 
testing for population differences. Considering life history traits, for 
example, the variation between families can be pronounced (e.g. Wimberger 
1992, Geiger et al. 1997, papers I and III). If this source of variation is not 
recognised, sampling of individuals from a few families may yield 
unrepresentative trait mean values with spurious significances as a result. 
Likewise, in situations where genetic markers are used to infer population 
structure, sampling of juveniles from a limited number of families may yield 
unrepresentative allele frequency estimates (Allendorf & Phelps 1981; 
Hansen et al. 1997). Temporal genetic heterogeneity is a factor that may 
introduce similar artefacts. In age-structured populations with overlapping 
generations, individuals of different year-classes (cohorts) are expected to 
differ genetically as they originate from different (finite) sets of parents. As a 
consequence, these populations will display allele frequency fluctuations 
from one year to the next that occur in addition to allele frequency changes 
due to random genetic drift between generations (Jorde & Ryman 1995, 
Ryman 1997, Palm et al. 2003). When testing for population differentiation, 
temporal genetic heterogeneity may incorrectly be interpreted as true 
population differences if the temporal component is not accounted for (e.g. 
Waples 1998, papers II and V). 

Genetic and environmental effects of culture 
The rapid expansion of hatchery programmes for production of stocking 
material has raised concerns about how the hatchery environment may affect 
the fish. Hatchery produced fish may differ from their wild conspecifics for 
two reasons. First, artificial breeding and rearing of fish may result in an 



7

evolutionary divergence of the hatchery fish away from their wild 
conspecifics (e.g. Swain et al. 1991, Fleming & Gross 1992, 1993, Petersson 
et al. 1996, Einum & Fleming 1997, Fleming & Petersson 2001). The 
mechanisms responsible for such genetic changes are alterations of sexual 
and natural selection in the hatchery, and random genetic processes during 
breeding. For example, by providing a predator-free environment with 
surplus food, the hatchery environment may select for decreased anti-
predator responses and increased growth potential (Berejikian 1995, 
Petersson & Järvi 1995, 2000, Johnsson et al. 1996, Kallio-Nyberg & 
Koljonen 1997, Fernö & Järvi 1998, Einum & Fleming 2001 and references 
therein). Changes with a presumed genetic background have also been 
reported for e.g. egg production traits (e.g. Petersson et al. 1996), 
reproductive behaviour (e.g. Fleming & Gross 1993), morphology (e.g. 
Petersson et al. 1996) and aggression (e.g. Berejikian et al. 1996). 

Second, in general fish are highly phenotypically plastic, and hatchery 
fish may differ considerable from wild fish as most environmental 
characteristics affecting fish development differ between the hatchery and 
the wild. For example, water velocity has been shown to affect the body 
shape of salmonid juveniles (Pakkasmaa & Piironen 2001a). In fact, most 
fitness related traits are assumed to be influenced to some extent by the 
rearing environment (reviewed in Einum & Fleming 2001).  

Many published studies on differences between wild and hatchery 
produced fish are based on direct comparisons of fish from the hatchery and 
wild born conspecifics (e.g. Petersson & Järvi 1993, 1997), which makes it 
difficult to separate environmental from genetic effects of culture. In other 
cases, fish of hatchery and wild origin have been reared under similar 
environmental conditions, thus facilitating the detection of genetically based 
differences (e.g. Johnsson et al. 1996, Fernö & Järvi 1998, Petersson & Järvi 
2000). One problem with these so-called “common garden” experiments is 
that they are often carried out under artificial hatchery conditions, and their 
value for predicting interactions between hatchery and wild fish in the wild 
may be somewhat limited (Einum & Fleming 2001, paper I). A further 
problem with comparative studies aimed at investigating effects of hatchery 
selection is that there is often no true wild norm available with which the 
hatchery fish can be compared. Ideally, such a comparison would include the 
wild population from which the hatchery fish were derived. However, pure 
wild fish in most supplemented populations have probably been eliminated 
through genetic introgression (paper II). Therefore, some studies have 
included wild fish from other populations (e.g. Fleming & Gross 1993), with 
the risk that differences related to hatchery culture are confused with 
interpopulational differences. Similarly, some studies are based on 
comparisons between farmed and wild fish (e.g. Johnsson et al. 2001, 
Fleming et al. 2002). As farmed stocks typically have been selected for 
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certain traits for many generations, the results obtained may not be very 
representative for e.g. a supportive breeding programme with no intentional 
selection, in which breeders are caught in the wild and their released 
offspring spend at least part of their life in the natural environment. 

The above listed laboratory studies reporting negative environmental and 
genetic effects of artificial culture on presumably important traits are 
supported by a few ecological studies carried out in natural or semi-natural 
environments, and which indicate a relatively low success of hatchery 
produced fish following release in the wild (e.g. Fleming & Gross 1993, 
Dellefors 1996, Einum & Fleming 1997, Fleming et al. 1997, 2000, 
McGinnity et al. 1997, 2003, Bohlin et al. 2002, but see Garant et al. 2003). 
These observations are supported by many genetic studies providing little or 
no evidence for introgression between hatchery and wild fish, despite 
extensive stockings (e.g. Moran et al. 1991, Hansen et al. 2001, reviewed in 
Fleming & Petersson 2001). However, as pointed out above, most studies 
aimed at elucidating the effects of stocking programmes have included 
hatchery fish of non-local or farmed origin. In this thesis, I focus on 
performance in the wild of hatchery produced brown trout of local origin 
(papers I-IV). 

Inbreeding and genetic drift 
In addition to introduction of exogenous genes into wild populations, the 
decline in abundance of many fish species due to other man-mediated 
processes (e.g. over fishing, habitat deterioration etc.) represents a major 
threat to intraspecific biodiversity (e.g. Laikre 1999). Besides an increased 
risk of extinction due to purely stochastic processes (Lande 1988), 
reductions in population size can have severe genetic consequences, 
including reductions in fitness due to inbreeding depression (e.g. Frankham 
1995, Hedrick & Kalinowski 2000) and loss of genetic variation important 
for the ability of individuals to respond to changing environmental 
conditions in the future (e.g. Frankham et al. 1999). 

The effective population size (Ne) is a parameter describing the joint 
effects of population characteristics important for the maintenance of genetic 
variation, and is defined as the size of an ideal population that would have 
the same rate of inbreeding or genetic drift as the observed population (e.g. 
Wright 1931, Crow & Kimura 1970, Crow & Denniston 1988). The effective 
size of a population depends on factors like sex ratio, variance in family size, 
temporal variation in the number of breeders etc., and is typically much less 
than the census size (e.g. Heath et al. 2002). A rule of thumb suggests an 
absolute lower limit of Ne = 50 for populations to avoid short-term effects of 
inbreeding depression (e.g. Allendorf & Ryman 2002 and references 
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therein). However, the persistence of wild populations in a long-term 
perspective, where enough genetic variation must be maintained to facilitate 
adaptation to changing environmental conditions, may require effective sizes 
of between 500 and 5000 (e.g. Franklin 1980, Lande 1995). 

In the management of fish (and other) populations, there are 
circumstances when demographic and genetic considerations may be in 
conflict with each other. For example, supportive breeding has previously 
been regarded as a “safe” form of stocking as no exogenous genes are 
introduced and the increase in reproductive output resulting from the 
supplementation may reduce the risk of extinction. This practice may not be 
without problems, however. Besides potentially harmful effects of hatchery 
selection, supportive breeding may result in elevated rates of inbreeding and 
genetic drift (Ryman & Laikre 1991, Waples & Do 1994, Ryman et al. 1995, 
Wang & Ryman 2001, Duchesne & Bernatchez 2002), and these effects may 
be pronounced even though the population size increases as a result of the 
propagation. The reason for this contradiction is that the variance in 
offspring number in the population as a whole may increase (and Ne may 
decrease) when the reproductive output from only a part of the population is 
magnified in a hatchery. Paper III in this thesis provides empirical data on 
variation among breeders in reproductive success under seemingly natural 
conditions, which is necessary information to be able to predict the overall 
changes in inbreeding and genetic drift in a population under supportive 
breeding.
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OBJECTIVES

This thesis deals with questions that are frequently addressed in the 
conservation and management of fish populations. The papers are 
particularly focused on supportive breeding of brown trout and assessment 
of population genetic structure in the European eel, but the results obtained 
are relevant for other species with similar ecological, genetic and/or 
management characteristics. The most important questions addressed are: 

What is the performance of hatchery produced fish released to support 
wild populations, and do released hatchery fish contribute to the natural 
productivity? 

What is the variation in reproductive success in the wild, and how does 
this parameter affect the genetically effective size of a population and the 
genetic consequences of a supportive breeding programme? 

Is there a spatial genetic structure in the European eel that must be 
considered in the management of this rapidly declining species? 
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MATERIALS & METHODS

Study species 

The brown trout  
Once restricted to Europe, the brown trout is now a global species which has 
been introduced in at least 24 countries (Elliott 1994). Like many other 
salmonid species, the brown trout is characterised by a pronounced 
population subdivision, with marked phenotypic and genotypic differences. 
This intraspecific diversity results largely from the fact that the brown trout 
occurs in a diversity of habitats and that local populations are often more or 
less isolated. Like all other salmonids, the brown trout spawn in freshwater. 
In some populations, the juvenile trout remain in their native stream during 
the whole life cycle to become the small resident trout usually found in small 
upland streams. In other populations, the juveniles leave their native stream 
for a feeding migration in the nearest lake or in the sea. The bewildering 
variation in life history, behaviour and morphology observed in salmonids 
has for long been recognised as evidence for local adaptation. However, 
there is little empirical evidence for this, and most previous studies only 
provide indirect evidence for the existence of local adaptation (e.g. Taylor & 
McPhail 1985, Taylor 1991, Palm & Ryman 1999, Pakkasmaa & Piironen 
2001b, but see Koskinen et al. 2002). 

The brown trout is an important international resource for both 
commercial and sports fisheries, and is therefore subject to considerable 
management actions, many of which are questionable from a conservation 
perspective. In Scandinavia, for example, stocking of non-local populations 
of trout to enhance mainly sports fisheries has been a serious problem 
(Vøllestad & Hesthagen 2001). Although several guidelines (both 
international and national) for the introduction and transfer of fish have been 
produced (e.g. Waples 1991, Laikre 1999, Sparrevik 2001), it appears that 
the implementation of these recommendations has been slow, and stocking 
of non-local trout is still a problem in many areas (Anonymous 2003). 
Brown trout are also released in huge numbers within supportive breeding 
programmes in many large rivers in Scandinavia to compensate for the loss 
of natural productivity caused by hydroelectric exploitation. In Sweden, for 
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example, the power companies are obliged to release more than 350.000 
hatchery produced trout each year in rivers flowing into the Baltic Sea. 

The European eel 
The European eel is a widely distributed species, found in most coastal and 
inland waters around Europe and along the Mediterranean coasts of Africa 
and Asia. Like the brown trout, the European eel is important for fisheries 
and provide a crucial income for over 25.000 fishermen (Dekker 2003). In 
contrast to the brown trout, however, little is known about the mysterious 
life cycle of the eel. In fact, spawning and eggs have never been observed in 
the wild, but the smallest larvae have been found in the Sargasso Sea near 
Bermuda, suggesting that spawning takes place nearby. The larvae, called 
Leptocephalus, drift with the Gulf Stream towards the coasts of Europe. 
Once they arrive, the larvae transform to more eel shaped so-called glass 
eels. The glass eels then migrate to inland waters, where they acquire green 
and yellow pigments and become yellow eels. After some years in 
freshwater, the yellow eels undergo a final transformation into silver eels, 
during which the eels become dark and their eyes grow bigger. Silver eels 
then leave the freshwater habitats and disappear into the vastness of the 
Atlantic Ocean on their last journey back to the as yet unknown spawning 
area.

In the last decades, a common strategy to maintain production for 
fisheries in certain areas where natural recruitment has declined has been to 
release large numbers of eels caught at other locations. Concerns have been 
raised considering the suitability of using this stocking strategy, as recent 
studies suggest that the European eel might be genetically substructured 
(Wirth & Bernatchez 2001, Daemen et al. 2001, Maes & Volckaert 2002). 
However, all previous genetic studies on this species lack temporal 
replication, and it is important to carry out further studies including temporal 
samples before any definitive conclusions about the population structure can 
be drawn. 

How the studies were performed 
The studies presented in papers I-IV were performed on sea-migrating 
(anadromous) brown trout from the River Dalälven in central Sweden 
(60º38  N and 17º26  E). In 1915, the power plant in Älvkarleby, located 
about 10 km from the river mouth, was completed and since then further 
upstream migration of brown trout and Atlantic salmon has been prevented 
by dam constructions. A supportive breeding programme was initiated in the 
1920s to compensate for the loss of natural production of trout and salmon. 
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Mature adults are caught annually, their offspring are reared in the hatchery 
for 2 years and are then released as smolts into the river. Starting from the 
late 1960s, all hatchery produced trout are marked before release, and since 
then only marked trout returning to the river have been used for captive 
breeding (Petersson et al. 1996). This means that the hatchery stock has been 
genetically closed for about seven generations. There is natural production of 
both trout and salmon in the river downstream the power plant. In recent 
years, unmarked wild born trout have been brought into captivity each year 
for production of hatchery fish, and their uniquely marked offspring have 
now started to return as adults. Thus, the total population consists of three 
identifiable segments; unmarked trout born in the river and uniquely marked 
trout originating from either hatchery produced or wild born parents. 

The studies presented in papers I and III were performed in an 
experimental stream in Älvkarleby, and were aimed at comparing the 
performance of trout of hatchery and wild origin under near-natural 
conditions. This was achieved by using genetic markers (microsatellites) to 
assess strain and family origins of experimental fish (see below). The 
experimental stream in Älvkarleby has a length of 110 m and a total area of 
345 m2 (Johnsson et al. 1999). In paper I, fertilized eggs from parents of wild 
born and seventh-generation hatchery origin were introduced in the 
experimental stream. Growth, survival and life history adoption among 
offspring were monitored and compared. In paper III, mature trout of wild 
born and hatchery origin were stocked in the experimental stream. Their 
offspring were sampled at different occasions after hatching, and were 
analysed using microsatellite markers which made it possible to assess and 
compare reproductive success of wild and hatchery trout (see below).  

In paper II, the amount of molecular genetic divergence between wild and 
seventh-generation hatchery trout was analysed using a total of 25 
microsatellite and allozyme loci. Individuals were collected over four years, 
which made it possible to account for temporal genetic heterogeneity within 
each group of fish. Furthermore, the estimated amount of genetic divergence 
between the groups was used in combination with estimates of the 
genetically effective size of each group to assess the level of gene flow from 
hatchery to wild trout in the river.  

In the study presented in paper IV, brown trout of wild and hatchery 
origin were either stocked as fertilised eggs in an enclosed area of the River 
Dalälven, or were kept in the hatchery for one year and were then released 
into the enclosed area. The growth, morphology and survival in the river of 
these groups were then monitored. This experimental design made it possible 
to compare performance in the wild of hatchery reared and wild born trout of 
the same genetic background, and thus facilitated an estimation of how 
environmental effects of culture may affect the performance of hatchery 
reared trout following release in the wild. 
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Paper V presents results from the most extensive genetic study of the 
European eel so far. Samples of glass, yellow and silver eels were collected 
from rivers along the European and African coasts between 1994 and 2002, 
and were analysed for genetic variation at six microsatellite loci. In total 
2626 eels were collected at 41 locations, and temporal samples were 
obtained from 12 of these sites, which made it possible to account for 
temporal genetic heterogeneity when assessing spatial genetic structure. 

Assessment of parentage and population structure 
The introduction of enzyme electrophoresis in the mid 1960s revolutionised 
the analysis of heritable genetic variation in natural populations. With this 
method, it became possible to study allelic variation at protein coding loci, 
so-called allozymes (e.g. Utter 1991), and although this type of marker is 
generally less variable as compared to more recently developed markers 
such as microsatellites, it is still an important tool in the study of genetic 
variation in the wild.  

Microsatellites belong to the category of non-coding tandemly repeated 
DNA (Litt & Luty 1989). A typical microsatellite consist of short (1-6 base 
pair) identical (or nearly identical) DNA sequences that are repeated in a 
row. Shortly after the advent of the polymerase chain reaction, i.e. the 
procedure by which a given section of the DNA is magnified under 
laboratory conditions, it was found that microsatellites tend to vary with 
respect to length between individuals. It was also discovered that the 
different length variants at a given microsatellite locus exhibit co-dominant 
Mendelian inheritance, and that a typical animal genome may include tens or 
hundreds of thousands of microsatellites (e.g. Estoup et al. 1993). Since 
then, microsatellites have been used as genetic markers in a variety of 
studies within the fields of population genetics, evolutionary biology and 
systematics. Because of the high mutation rate typical for most 
microsatellites, this marker type is extremely suitable for parentage analysis 
(e.g. DeWoody et al. 1998). 

In this thesis, microsatellite markers were used either to determine 
parentage of experimental fish (papers I, III and IV) or to assess population 
genetic structure (II and V). Allozymes were used in paper II to increase the 
number of variable markers for the analyses of genetic divergence between 
wild and hatchery trout, and to facilitate a comparison of results obtained 
using different types of markers. Parentage of experimental fish was 
assessed using two different approaches. In situations where tissue samples 
were available from all potential parents, as was the case in papers I and III, 
parentage was assessed by comparing the alleles at a given microsatellite 
locus from each offspring with the alleles in each of the potential parental 
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crosses. Potential parental crosses with alleles incompatible with those of a 
particular offspring, at one or more loci, were excluded from the set of 
possible crosses (e.g. O´Reilly et al. 1998). If several variable loci are used, 
this method is generally very powerful. In paper III, for example, the number 
of potential parental crosses were as high as 144, but parentage could still be 
determined for 100% of the offspring when 11 loci were used. 

In situations where tissue samples are not available from all potential 
parents, as was the case for some data sets in paper IV, a different and more 
complicated approach must be used which takes into account the probability 
that an offspring that match a known parental cross may have been derived 
from parents from which tissue samples were not available. I used the 
software CERVUS (version 2.0, Marshall et al. 1998) to carry out 
likelihood-based parentage analyses, where the confidence of each parentage 
was evaluated using a simulation procedure implemented in the program. In 
this procedure, the power to detect the correct parentage of an individual 
depends on the number of loci used, the variability pattern of the loci, and 
the proportion of the total number of potential parents sampled. This method 
is not as powerful as the “allele matching” procedure described above. For 
example, parentage (with 80% confidence) was only possible to assess for 
about 55% of the offspring in paper IV. 

The population genetic structure of River Dalälven trout (paper II) and the 
European eel (paper V) was investigated using an analysis of variance 
framework (e.g. Weir & Cockerham 1984). In analyses including temporal 
samples, a hierarchical approach was used where the total genetic variance 
was partitioned into components due to intra- and inter-population 
differences (e.g. Schneider et al. 2000), which made it possible to separate 
temporal genetic heterogeneity within populations from true population 
differentiation. A so-called assignment test (Cornuet et al. 1999) was used in 
paper II as a complement to the more traditional methods described above. 
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RESULTS & DISCUSSION

Performance in the wild of hatchery produced trout 
Previous studies on River Dalälven trout, performed under laboratory 
conditions, have indicated differences between individuals of wild and 
hatchery origin in growth rate (Petersson & Järvi 1995, 2000, Johnsson et al.
1996), anti-predator behaviour (Fernö & Järvi 1998), competitive ability 
(Petersson & Järvi 2000), reproductive behaviour (Petersson & Järvi 1997), 
and stress response (Lepage et al. 2000), which are all traits believed to be 
important for fitness. In most of these studies, the experimental fish were 
reared under common environmental conditions in the hatchery, suggesting 
that the differences observed may have a genetic basis and may have 
evolved in response to divergent selection regimes in the wild and hatchery 
environments. In sharp contrast to these studies, the results of paper I, in 
which fertilised eggs from wild and hatchery parents were stocked in the 
experimental stream, suggest no or very small differences between the wild 
and the seventh-generation hatchery trout. In fact, when family effects were 
accounted for, no differences between the origins were detected considering 
growth characteristics, survival and life history adoption during the first year 
of life.

Possible explanations for the conflicting results include different norms of 
reaction of wild and hatchery trout in the different environments (hatchery 
vs. near-natural), or spurious results due to unrecognised family effects in 
previous laboratory studies. Alternatively, the phenotypic stock differences 
observed in previous laboratory studies may be difficult to detect under the 
more heterogeneous natural environmental conditions in the experimental 
stream. It is concluded in paper I that several generations of artificial 
breeding and rearing may not have affected the ability of hatchery trout to 
compete with wild trout following release in the river. However, this 
interpretation may not be correct as subsequent studies (papers II and III, see 
below) suggest that the genetic characteristics of the wild segment probably 
have been heavily affected by hatchery produced trout spawning in the wild, 
and there is thus a possibility that both segments may have changed as a 
result of altered selection in the hatchery environment. 

The results of paper II also contradict previous laboratory studies 
comparing wild and hatchery trout from the River Dalälven. When temporal 
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genetic heterogeneity within segments was accounted for, the genetic 
divergence between the wild and the seventh-generation hatchery segment 
was shown to be zero or nearly so. On the basis of the amount of allele 
frequency shifts between consecutive cohorts, Ne was estimated as 60 and 
163 for the wild and the seventh-generation hatchery segment, respectively. 
Based on the estimates of Ne, and the genetic divergence (FST) between the 
two segments, the uni-directional gene flow from hatchery to wild trout was 
assessed to about 80% per generation, with a lower confidence limit of 20%. 
While the finding of no genetic divergence at neutral loci between hatchery 
and wild trout does not necessarily rule out the possibility of genetic 
differentiation at quantitative traits, it is hard to imagine how differences 
between the segments would be accumulated over generations with such a 
pronounced gene flow, even in a situation with a pronounced difference in 
selective regimes between the wild and hatchery environments (cf. Ford 
2002).

One of several possible explanations to the conflicting results of paper II 
and previous studies is that the phenotypic differences observed in the 
laboratory reflect genetic differences that develop within single year classes, 
but which are not accumulated over generations. If there is a pronounced 
difference in selective regimes between the wild and the hatchery 
environments, some degree of differentiation between wild born and 
hatchery produced trout may be generated from the egg to adult stage. 
Assuming additive genetic variance for the traits under study, experimental 
fish derived from returning adults of wild born and hatchery origin may 
therefore differ in spite of a pronounced gene flow on the spawning grounds 
in the river. 

The point estimate of 80% gene flow from the hatchery to the wild 
segment (paper II) coincides almost exactly with the average proportion of 
adult hatchery trout caught in the permanent trap in Älvkarleby during recent 
years. Thus, although this point estimate is associated with a large amount of 
uncertainty, the results indirectly suggest that the reproductive success of 
hatchery produced and wild born trout may be rather similar in the river. 
This conclusion is supported by results obtained in paper III. In this study, 
reproductive success of wild born and hatchery produced trout was 
compared directly in the experimental stream in Älvkarleby. There was a 
pronounced variation in reproductive success among breeders (see below), 
but no significant difference between wild born and seventh-generation 
hatchery trout.  

The results obtained in paper IV suggest that trout reared under hatchery 
conditions differ in morphology from trout of the same genetic background 
reared in the river. These differences remained for some months following 
release of the hatchery reared trout in the wild. The study also showed that 
hatchery reared trout had a relatively low survival in the river during the first 
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summer following release, but the difference in survival between wild born 
and hatchery reared trout was not evident during later life stages. Hence, the 
results of paper IV suggest that environmental effects of culture affect the 
performance of hatchery produced fish following release in the wild, but 
these effects tend to diminish over time and were not detectable 12 months 
after release in this study.  

Results from previous genetic and ecological studies suggest that released 
fish are generally less successful than wild conspecifics and frequently fail to 
contribute significantly to populations (reviewed in Fleming & Petersson 
2001). The reasons behind these failures can be many. Most supplementation 
programmes cited in the above mentioned review included fish of non-local 
origin. Considering programmes aimed at maintaining/restoring productivity 
of endangered populations by using a broodstock of local origin, there is an 
urgent need for information on performance of hatchery produced 
individuals in the wild (e.g. Fleming & Petersson 2001, Waples et al. in 
press). Many supportive breeding programmes succeed in having higher 
survival rates among juveniles during the rearing phase in the hatchery as 
compared to the wild. Many programmes have also higher adult-to-adult 
survival rates as compared to the wild, often with a replacement rate well 
exceeding 1.0, suggesting a potential to rapidly increase overall population 
size through artificial propagation (Waples et al. in press). However, data are 
almost non-existent when it comes to performance (reproductive success) of 
hatchery produced fish once they have returned to spawn (but see Fleming et 
al. 1997).  

The studies included in this thesis provide, for the first time to my 
knowledge, empirical data on performance of hatchery produced fish and 
their progeny under near-natural environmental conditions, as well as an 
estimate of the gene flow from the hatchery to the wild segment in a 
supportive breeding programme using a broodstock of local origin. The 
results suggest that hatchery produced trout may be able to compete with 
wild born conspecifics as no pronounced differences between origins were 
observed in reproductive success (paper III) or survival of offspring (paper 
I), and the estimated level of gene flow (paper II) also indicates roughly 
similar reproductive success of hatchery produced and wild born trout. 
However, a phenotypic response to the hatchery environment and a lack of 
experience among hatchery reared trout may reduce their survival initially 
following release in the wild. In spite of this, a closer examination of 
hatchery records (J. Dannewitz, unpublished results) suggest that captive 
breeders in the River Dalälven have a replacement rate well exceeding 2 (a 
replacement rate of 1.0 would correspond to a stable population size), which 
indicates a potential for rapid population growth. Although the present 
results suggest that released hatchery produced trout of local origin may well 
have the capacity to contribute to natural productivity (if necessary 
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conditions for population growth are fulfilled, which is not the case for River 
Dalälven), it is important to consider potential negative effects of supportive 
breeding, such as a reduced fitness of the whole population (wild + captive) 
due to selection in captivity (e.g. Ford 2002, see below). 

Variation in fitness related traits and the effective 
population size 

Ne is one of the most important parameters in biological systems and affects 
many processes that are of importance to biological conservation (e.g. 
Waples 2002a). A key parameter influencing Ne is the variance among 
individuals in the genetic contribution to the next generation (e.g. Wright 
1931, Crow & Kimura 1970, see above), which cannot be computed without 
evaluating the life-time reproductive success of individuals. Ideally, 
measures of reproductive success should include both mating success and 
offspring survival (e.g. Waples 2002b). High variances may result from 
reproductive differences among individuals within sexes and/or from an 
unequal sex ratio among reproducing individuals. Estimation of Ne from 
demographic data is difficult in natural populations because information on 
the variance in reproductive success among individuals is rarely available. 
However, the development in recent years of molecular methods suitable for 
parentage analysis has revolutionised the study of mating systems and 
individual reproductive success in the wild (e.g. Petrie & Kempenaers 1998, 
Bouteiller & Perrin 2000, Garant et al. 2001). 

This thesis provides empirical data on variation in reproductive success 
and offspring survival in brown trout under near-natural and natural 
conditions. In experiment 1 in paper I, fertilised eggs from a total of 19 
families were stocked in the experimental stream. Figure 1 shows the 
distribution of offspring among families after the first growth season, which 
deviated significantly from the distribution predicted assuming an identical 
survival probability among families. In experiment 1, a pronounced family 
variation was observed also for growth characteristics (length, mass and 
condition factor). Similar results were obtained in experiment 2 in paper I, in 
which a half-sib mating design was used and significant male and female 
effects on growth characteristics of offspring were observed. However, the 
relative importance of genetic and environmental factors in generating the 
observed pattern is hard to uncover, as it was difficult to separate these 
sources of variation in the experimental design used. The results obtained in 
paper I suggest that family effects can be pronounced and should be 
accounted for in comparative studies of, for example, wild and hatchery fish. 
Otherwise, there is a risk that family and group (population) effects are 
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confused, particularly in cases where experimental fish originate from few 
families.

Figure 1 Individual family size (number of offspring that survived the first growth 
season) among families of wild and hatchery origin stocked in the experimental 
stream in experiment 1 (paper I). The observed distribution of offspring among 
families (grey vertical bars) deviates significantly from the Poisson distribution (—) 
predicted assuming an identical survival probability among families (Kolmogorov-
Smirnov Dmax=0.46, P<0.01).  

In paper III, the observed variance in reproductive success among breeders 
was used to estimate the genetically effective number of breeders (Nb). Table 
1 presents data on mean number of offspring, variance in reproductive 
success, Nb and the effective to census size ratio (Nb/N) for two experiments 
carried out in the experimental stream. The variance in reproductive success 
was pronounced, especially in experiment 1. Interestingly, the variance 
among breeders in offspring number in experiment 1 increased from the first 
sampling of offspring, which was performed immediately after hatching, to 
the final sampling after the second growth season. These results indicate that 
non-random survival among offspring (cf. Paper I) may further increase the 
variance among parents in reproductive success. In fact, an almost complete 
dominance of only one family after the first growth season ( 70% of 
offspring derived from this parental cross) was mostly attributable to this 
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effect. The pronounced variance in reproductive success yielded estimates of 
the Nb/N ratio ranging from 0.12 to 0.59. The results of this study clearly 
show that the genetically effective number of breeders may be much smaller 
than the number of breeders observed on the spawning ground. 

Table 1 Data from two experiments presented in paper III in which brown trout (24 
adults in each experiment) were allowed to spawn in the experimental stream in 
Älvkarleby. Mean number of offspring among parents (µ), variance in offspring 
number among parents ( 2), the same variance scaled to its expected value at µ=2
(which corresponds to a stable population size)( 2*, with 95% confidence interval 
within parenthesis), effective number of breeders (Nb) and effective to census size 
ratio (Nb/N) estimated from data on fry caught in the trap immediately after hatching 
and from data on one-summer (1s) and two-summer (2s, only experiment 1) old 
juveniles caught in the stream. The mean and variance were averaged over the sexes. 

Experiment 1   Experiment 2  
Parameter

Fry 1s 2s Fry 1s 
µ 1540 67 16 330 21 

2 1 463 674 27 743 1833 256 363 531 
2* 4.5 (3.5-6.3) 26.5 (8.6-53.4) 29.3 (6.9-59.8) 11.4 (6.5-19.1) 6.7 (4.5-11.0) 

Nb 14.2 3.2 2.9 6.9 10.5 
Nb/N 0.59 0.13 0.12 0.29 0.44 

Spatio-temporal genetic variation in European eel 
The extraordinary adaptation to the North Atlantic gyral system, with a 
supposed single spawning event in the Sargasso Sea and a trans-oceanic 
migration pattern, has made the European eel a prime example of the 
panmixia paradigm (e.g. deLigny & Pantelouris 1973, Lintas et al. 1998). 
This view was widely accepted until recently, when two independent studies 
using microsatellites (Wirth & Bernatchez 2001) and allozymes (Maes & 
Volckaert 2002) reported evidence for a weak but significant population 
structure characterised by isolation by distance. For such a structure to 
develop and to be maintained, there must be temporal and/or spatial 
separation in the Sargasso Sea of adult eels arriving from different locations 
in Europe, followed by non-random return of larvae to their parents’ 
freshwater habitat through either active swimming, seasonal current changes 
or different pathways of the Gulf Stream. 

In sharp contrast to the recent suggestions of a spatial genetic structure, 
no significant inter-location genetic heterogeneity and hence no isolation by 
distance was observed in the study presented in paper V. Instead, 
hierarchical analysis unveiled that genetic variation among temporal samples 
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within sites well exceeded the among geographical sites component. The 
contrasting results between this and previous studies regarding the isolation 
by distance pattern is puzzling. A plausible explanation is that previous 
results represent an artefact due to temporal genetic variation not accounted 
for. Samples included in the study by Wirth and Bernatchez (2001) were all 
collected in the same year; the five most northern samples consisted of older 
yellow and silver eels whereas the eight southern samples consisted of glass 
eels. In the presence of temporal genetic variation, such a sampling scheme 
may produce a spurious correlation between genetic and geographical 
distance among pairwise comparisons of locations that may incorrectly be 
interpreted as isolation by distance. A similar artefact may explain the 
observations of Maes and Volckaert (2002), as their study also relied on 
samples collected in different years and only one distant sample (consisting 
of eels that differed in age from all other sampled eels) was the main 
contributor to the observed pattern of isolation by distance. The results 
presented in paper V indicate that European eels sampled at different 
locations across the entire distribution range most likely belong to a single 
genetically homogeneous population, a finding that may have implications 
for the future management of this rapidly declining species (see below). 
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MANAGEMENT IMPLICATIONS

Supportive breeding 
Supportive breeding is a practice aimed at increasing the reproductive output 
of a population without introducing exogeneous genes, and this type of 
supplementation was previously considered “safe” from a conservation 
genetic perspective. However, recent theoretical work suggest that the fitness 
of the wild segment may decrease because of influx of genes from the 
captive segment which may have been affected by altered selection in the 
artificial environment (Lynch & O’Hely 2001, Ford 2002). The reproductive 
success of released hatchery produced fish in the wild is a key parameter in 
this context, but empirical data on performance of hatchery fish following 
release in the wild has been lacking so far. Previous theoretical work also 
suggest that supportive breeding may result in a reduced genetically 
effective size with elevated rates of inbreeding and genetic drift (e.g. Ryman 
& Laikre 1991, Ryman et al. 1995). The mean and variance in number of 
offspring produced by individuals in the wild and captive environments are 
important factors influencing these effects. However, this type of empirical 
data is also typically sparse or lacking. 

This thesis provides results that are important to be able to predict the 
genetic and ecological effects of a supportive breeding programme. First, the 
findings presented in papers I-III suggest that hatchery reared trout of local 
origin have the capability to reproduce in the wild and, if conditions for 
population growth are fulfilled, contribute to the natural productivity, i.e. 
increase the production above the natural level. This is of course the 
intention of supportive breeding programmes aimed at preserving 
endangered populations. However, under these conditions, potential negative 
effects of hatchery selection acting on the captive segment will most likely 
affect also the wild segment through genetic introgression (cf. Lynch & 
O’Hely 2001, Ford 2002). In a study based on hatchery records on the 
captive segment of the River Dalälven trout, Petersson et al. (1996) observed 
changes in several life history traits during the period 1968-1991, supporting 
the view that hatchery selection may have a significant impact on fitness 
related traits. Given the pronounced gene flow from hatchery to wild trout in 
the river, it would not be surprising if the several decades of massive 
releases of hatchery trout have resulted in a considerable genetic (and 
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phenotypic) change of the wild segment as well. These results highlight the 
importance of restoring river habitats to increase natural productivity and 
thereby minimise potential negative effects of hatchery selection during 
supportive breeding. 

Second, the results of paper IV indicate that phenotypic responses to the 
artificial environment during hatchery rearing may result in a relatively low 
performance of hatchery produced fish immediately following release in the 
wild. These results are consistent with previous laboratory (e.g. Dellefors & 
Johnsson 1995, Johnsson et al. 2001, Sundström & Johnsson 2001) and field 
(e.g. Dellefors 1996, Bohlin et al. 2002) studies indicating that 
environmental effects of culture can be pronounced, and suggest that those 
effects should be considered and, if possible, minimised through changing 
rearing practices. This might be achieved by, for example, predator training 
of hatchery fish (Berejikian et al. 1999) and the use of a more nature-like 
rearing environment (Berejikian et al. 2000). 

Third, the results presented in paper III suggest that supportive breeding 
may not necessarily result in elevated rates of inbreeding and genetic drift. In 
a situation where offspring number is binomially distributed among parents 
(i.e. all breeders have the same probability to contribute to the next 
generation) in both the wild and the captive segment, and the reproductive 
output from a fraction of the breeders is magnified in a hatchery, supportive 
breeding may indeed result in an increased variance in reproductive success 
in the population as a whole and thus a potential reduction in effective size 
(figure 2a, cf. Ryman & Laikre 1991, Ryman et al. 1995, Wang & Ryman 
2001). However, in situations with variances in reproductive success in the 
wild segment corresponding to those observed in paper III ( 2* = 4.5-29.3, 
table 1), supportive breeding can, if managed properly, increase the effective 
size of the whole population under a wide range of conditions (figure 2b, cf. 
Wang & Ryman 2001). It must be stressed, however, that the genetic 
outcome depends on the mean and variance in offspring number in both the 
wild and the captive environments. In the hypothetical examples presented 
in figure 2, offspring number is assumed to be binomially distributed among 
captive breeders, which is not likely to be true for any supportive breeding 
programme. However, a comparison with other salmonid species (Waples 
2002b) suggests that the variance in offspring number among captive 
breeders might be possible to keep at much lower levels than those observed 
under seemingly natural conditions in paper III, indicating the potential to 
increase the genetically effective size through supportive breeding.
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Figure 2 Effects of varying the number of breeders brought into captivity for 
supportive breeding (Nc), on the inbreeding (NbI, measures the rate of increase in 
inbreeding) and variance (NbV, measures the rate of gene frequency change) effective 
sizes of an initial breeding population of 100 individuals. The mean number of 
offspring reaching maturity for wild and captive breeders is 2 and 10, respectively. 
The variance in offspring number is a) binomial for individuals both in the wild and 
in captivity, and b) 26.5 for individuals in the wild (observed in experiment 1 in 
paper III) and binomial for captive breeders. The variance in offspring number in the 
breeding population as a whole (captive + wild) is plotted on the right axis. The 
dotted line indicate the effective size (NbI=NbV) if no supportive breeding is 
performed. To estimate NbI and NbV of the breeding population as a whole, I first 
combined the means and variances in offspring number in the wild and captive 
segments following Ryman et al. (1995) and Wang & Ryman (2001), and then 
applied the equations of Crow & Kimura (1970) to estimate effective sizes. The 
variance plotted was scaled to its expected value at a mean number of offspring of 2 
to visualise changes in the variance independent of variation in population growth. 
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Translocation of European eel 
Since the beginning of the 1980s, the number of glass eels entering European 
rivers has declined to only about 1% of former levels without any obvious 
reason (Dekker 2003). Possible causes for the crash include over-fishing, 
pollution, over-exploitation of freshwater habitats, diseases, and climate and 
ocean current changes (e.g. Knights 2003). In the last decades, a widespread 
management strategy has been to transfer newly arrived glass eels from 
locations were they are overabundant to other suitable freshwater habitats 
where the abundance does not exceed carrying capacity (e.g. Wickström et
al. 1996). The initial aim of these stockings was to maintain eel production 
for fisheries in certain places, but the strategy may be positive for the total 
annual production of adult eels in Europe as well (e.g. Wickström 2001, 
Limburg et al. 2003). The finding of no detectable spatial genetic structure 
in this species (paper V) may suggest that the practice of translocating eels 
does not necessarily have to include genetic considerations with respect to 
the geographical origin of the eels used for stocking. However, it is 
necessary to perform ecological studies focusing on other possible negative 
effects of eel translocations, such as a reduced homing behaviour (Westin 
1990, 2003) and disease transmission (e.g. Ashworth & Blanc 1997). 

Testing for population differentiation 
In paper II, no evidence for a temporally stable genetic differentiation 
between hatchery and wild trout was detected, which contrasts previous 
genetic studies on the same stocks in which the temporal genetic component 
was not recognised. Similarly, the inclusion of temporal genetic data gave 
the unexpected result of no obvious spatial genetic structure in the European 
eel (paper V), indicating that temporal and spatial sources of genetic 
variation might have been confused in previous studies reporting isolation by 
distance in this species. While the necessity of accounting for temporal 
genetic heterogeneity when assessing population genetic structure has 
attracted more and more attention among population geneticists working on 
freshwater and anadromous fishes, a common view considering marine 
species is that because the effective sizes of many populations are believed 
to be large, temporal genetic variation may be so small that it can be safely 
ignored as a potential confounding factor. The results of paper V suggest that 
this view may not be universally true, which emphasises the need to consider 
this source of variation when evaluating subtle population structure, and 
when planning monitoring programmes for threatened marine fishes.
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