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“You are an integral part of nature; your fate is 
tightly linked with biodiversity, the huge variety 
of other animals and plants, the places they live 
and their surrounding environments, all over the 
world. 

You rely on this diversity of life to provide you 
with the food, fuel, medicine and other essentials 
you simply cannot live without. 

Yet this rich diversity is being lost at a greatly 
accelerated rate because of human activities. 

This impoverishes us all and weakens the ability 
of the living systems, on which we depend, to 
resist growing threats such as climate change.” 
 

The official homepage of 
2010 International Year of Biodiversity 





ABSTRACT 
 
Genetic variation is essential for biological evolution, for maintaining viability of 
populations, and to ensure ecosystem resilience. Increased human exploitation and 
environmental change result in rapid loss of biological variation, including genetic 
diversity. Measures to halt this trend require that biological diversity is assessed 
and monitored. Assessment of biodiversity includes identifying patterns of 
distribution of genetic variation within individual species. 
 
This thesis focuses on spatial genetic structure and assessment of units for 
conservation in continuous environments without apparent migration barriers. 
Empirical data refer to Scandinavia and the model species are northern pike (Esox 
lucius), brown trout (Salmo trutta), and harbour porpoise (Phocoena phocoena). 
Questions regarding monitoring genetic diversity and releases of alien populations 
are also addressed. 
 
The spatial genetic structure of the northern pike in the Baltic Sea is characterized 
by isolation by distance and continuous genetic change. Positive genetic 
correlation was found among pike within geographical distances of less than 150 
km. This distance may be used to suggest management units in this area. For the 
brown trout, genetic monitoring identified two sympatric populations within a 
small mountain lake system. The situation is characterized by a clear genetic but 
no apparent phenotypic dichotomy. Scientific support for a genetically distinct 
Baltic harbour porpoise population is limited, and the spatial genetic structure of 
the harbour porpoise in Swedish waters needs to be clarified. 
 
Data for launching conservation genetic monitoring programs is available for only 
a few Swedish species. Millions of forest trees, fish, and birds are released 
annually in Sweden and the documentation on these releases is poor. To meet 
responsibilities of safeguarding biodiversity and surveying biological effects of 
releases, there is an urgent need for studies aimed at evaluating genetic diversity. 
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INTRODUCTION 
 
Homo sapiens evolved some 200,000 years ago. This is only a minute fraction of time 
since the Earth formed 4.6 billion years back. During a major part of this existence, 
humans have been a species among others. About 10,000 years ago humans changed 
their livelihoods from hunter-gatherers to farmers with settlements and domestication 
of plant and animal species. Once agriculture gained momentum, humans continuously 
exerted a larger pressure on the terrestrial biosphere. The onset of the Industrial 
Revolution in the 18th century intensified this pressure further. During these last 
centuries, human influence of this planet has grown to such a level that this era, 
starting with James Watt’s design of the steam engine in 1784, has even been coined 
the Anthropocene (Crutzen & Stoermer 2000; Crutzen 2002a,b).  
 
Since 1950, anthropogenic pressure has gathered speed and reached an unparalleled 
scale. Human processes now overshadow many natural forces (Vitousek et al. 1997; 
Crutzen & Steffen 2003). During this “Great Acceleration” (Steffen et al. 2004, 2007) 
immense increases in human activities like population and economical growth, land 
exploitation, and water use, have resulted in global-scale changes like increased 
carbon-dioxide atmospheric concentration, overexploited fisheries, and species 
extinction. Recently, a number of planetary boundaries for human environmental 
impacts not to be crossed to assure a stable Earth system have been identified 
(Rockström et al. 2009). Out of nine defined components, species loss is the only one 
that has exceeded its critical value by several magnitudes. Many scientists argue that 
now we are in the middle of the sixth mass extinction and unlike previous ones, the 
current episode is caused by the total dominance of a single species – humans (e.g. 
Erlich & Erlich 1981; Leakey & Lewin 1996; Pimm & Brooks 2000; Burney & 
Flannery 2005). 
 
Apart from human induced degradation and loss of species through e.g. climate 
change, environmental pollution, and destruction of habitats many plants and animals 
are also negatively affected by unrestrained large scale enhancement and harvest. Such 
activities may change the genetic composition and variability within species, and there 
is an urgent need for surveying and understanding such possible changes at the gene 
level.  
 
Species are not genetically homogeneous, but structured into groups (populations) of 
individuals that are more or less genetically distinct (Laikre et al. 2005). The 
significance of genetic variation within species as fundamental building stones and 
raw material for evolution and adaptation to an ever changing environment is well 
known (Schonewald-Cox 1983; Soulé 1986; Landweber & Dobson 1999; Amos & 
Balmford 2001; Allendorf & Ryman 2002; Frankham 2005a; Avise 2008). Also, 
recent research indicates that genetic diversity plays a decisive role for ecosystem 
resilience in terms of enhanced ecosystem recovery potential (Luck et al. 2003; 
Frankham 2005b; Reusch et al. 2005).  
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Multiple genetically distinct populations are needed for well-functioning species and 
ecosystems. With unknown future challenges it is optimal to spread your risks and not 
“put all eggs in one basket”. The importance of variability within and between species 
has been compared (Figge 2004) to the strategy behind financial portfolio 
managements (cf. Markowitz 1952). Future environmental changes like global 
warming, diseases, and parasites will cause new conditions for all biological life. If a 
portfolio of populations specialized at different conditions are present within a species, 
severe environmental changes might only affect or possibly eradicate some of the 
populations and the species as such will survive. If no genetic variation is left the 
buffer capacity is lost and the entire species may instead become extinct. In the larger 
perspective, such a species loss may in turn have large negative impacts on the overall 
ecosystem functions. 
 
On Earth we have a wide variety of animal and plant species structured into 
genetically distinct populations, representing a tremendous biological resource. There 
is not only a scientific but also a political understanding for the importance of 
preserving this intraspecific genetic diversity. Considering the extremely short time 
span modern humans have been present, we have caused considerable damage to 
ecosystems. It is now urgent to take the gene level diversity into account in practical 
ecosystem management; otherwise there is imminent risk of loosing a significant part 
of the present genetic variation within and between species. 
 
This thesis deals with a number of questions related to gene level diversity and consists 
of two parts. The first part is based on four papers with a common focus on depicting 
spatial genetic structuring in continuous environments, i.e. where individuals are 
continuously distributed in environments without apparent obstacles to migration. In 
such situations, where there may be no a priori basis for grouping individuals, the 
delineation of genetic structure is associated with special difficulties which are 
described below. Empirical cases analyzed are the northern pike (Esox lucius) in the 
Baltic Sea (PAPER I) and a situation of two sympatric brown trout (Salmo trutta) 
populations in a small mountain lake system in central Sweden (PAPER II). Further, the 
spatial genetic structure of harbour porpoises (Phocoena phocoena) in Swedish and 
adjacent waters is examined (PAPERS III and IV). PAPERS I, III, and IV were instigated 
from management concerns to suggest proper units for conservation and exploitation 
in the continuous aquatic environment of the Baltic Sea. 
 
The second part of this thesis concerns potentials for monitoring gene level diversity 
(PAPER V) and releases of alien populations in Sweden (PAPER VI). Possibilities to 
detect genetic changes within naturally occurring animal and plant populations in 
Sweden are explored, and the magnitude of annual releases in Sweden is examined, as 
well as which species are most commonly involved. Studies included in the first part 
of this thesis constitute the basis for the questions discussed in part two. Knowledge 
from studies describing spatial genetic structure is needed to identify and survey 
changes of gene level diversity caused by human activities.  
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BACKGROUND TO SELECTED TOPICS RELATED TO THIS WORK 
 
To introduce and guide the reader to the complexity of assessing and safeguarding 
genetic variation this section presents some selected topics and concepts of 
conservation genetics which are all related to this thesis. I discuss global agreements 
for conserving biodiversity, spatial genetic structuring, the existence of multiple 
populations and the difficulties in assessing genetic patterns in continuous 
environments, human induced threats to genetic variability, and the importance of 
surveying such changes at the gene level. All these components are important for 
retaining biocomplexity and for applying adequate management and conservation 
strategies.  
 

Convention on Biological Diversity 
The Convention on Biological Diversity (CBD) is the far most important instrument 
dealing with sustainable use of biological resources and the increasing threat to 
biodiversity. In relation to this thesis the CBD is relevant by stating that genetic 
variation must be retained, assessed, and monitored. 
 
The CBD was opened for signature at the Rio Earth Summit in 1992 (www.cbd.int). 
Today, after almost two decades and with 193 nations being parties to the convention, 
the loss of biodiversity is still massive. To obstruct the accelerating rate of biodiversity 
loss a number of commitments have been initiated. One example is the 2010 
Biodiversity Target, accepted at the Sixth Ordinary Meeting of the Conference of the 
Parties to the Convention on Biological Diversity in 2002, which aims to achieve a 
significant reduction of the current rate of biodiversity loss (COP 6 Decision VI/26; 
www.cbd.int). In line with the work of implementing the CBD, the United Nations 
declared 2010 to be the International Year of Biodiversity as a celebration of life on 
earth and of the value of biological diversity for human life. 
 
Although the convention stresses that diversity at all different levels – ecosystems, 
species, and genes – should be maintained (www.cbd.int), it is common that genetic 
diversity in implementation of the CBD is neglected (Laikre 2010; Laikre et al. 
2010a). In line with the CBD, a number of other documents, e.g. the Endangered 
Species Act (ESA), also state that not only species but subspecies and distinct 
population segment have legal protection. Despite this, there is an ongoing loss of 
biodiversity in front of our eyes – not least at the gene level – with several millions of 
population estimated to become extinct every year (Hughes et al. 1997, 2000).  
 
Sweden became a party to the CBD in 1993 and there is a strong political focus on 
issues relating to biological diversity and the convention. The policy for implementing 
the CBD in Sweden is based on 16 environmental quality objectives meant to 
“describe what quality and state of the environment are sustainable in the long term” 
(http://www.miljomal.se/Environmental-Objectives-Portal/). Although the importance 
of safeguarding biodiversity and maintaining sufficient genetic variation to assure long 
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term viability of particular species is explicitly stated (a specific interim target is about 
halting the loss of biodiversity by 2010), no actual plans for how to reach these goals 
within the time limits have been presented, and the time is currently running out. 
 

Spatial genetic structure 
Detailed information on the distribution of genetic variation between and within 
groups of individuals, i.e. information on the spatial genetic structure, is critical for 
understanding the biology of the species and for making proper management 
decisions. Laikre et al. (2005) describe three basic types of spatial genetic structuring, 
i.e. distinct populations, continuous change, and no differentiation, and the key 
parameter resulting in these patterns is the amount of genetically effective migration 
(gene flow). In the case of distinct populations, migration between populations is small 
enough for genetic drift and/or selection to override the effects of gene flow to a large 
extent. As gene flow grows larger, the pattern will change first into continuous change 
and finally into no differentiation, i.e. the species behaves as a panmictic unit. A 
continuous change is typically characterized by some degree of “isolation by 
distance”, which is described as the association between genetic similarity and 
geographical proximity (Wright 1943; Slatkin 1993). Under an isolation by distance 
scenario, the genetic differentiation increases with larger geographic distance.  
 
Genetically inadequate management may result in severe loss of genetic diversity and 
reduce the potential for long term viability (Schonewald-Cox 1983; Soulé 1986; 
Allendorf & Ryman 2002). Harvest represents a situation where not considering the 
population genetic structure constitutes a particular risk of severely reducing genetic 
diversity (Laikre et al. 2005). In many fishes, for example, genetically distinct 
populations use the same feeding grounds where they are harvested as a “mixture”. If 
so-called mixed fishery is carried out indiscriminately, there is a risk of weak 
populations being over-fished and possibly extirpated (Laikre et al. 2005; Allendorf et 
al. 2008). In situations with a spatial genetic pattern of continuous genetic change 
unrestrained harvest may also lead to local overharvest in a way similar to that of 
distinct populations (Laikre et al. 2005).  
 
Potentially negative genetic effects of the spread of alien populations are also expected 
to depend on the type of population genetic structure (Laikre et al. 2008) and the 
degree of genetic divergence between the released individuals and the native 
population. The highest risk for negative effects exists in the case of distinct 
populations where a considerable amount of genetic differentiation may occur between 
populations located at short geographical distances. In spite of the importance of 
taking the population genetic structure into consideration for management, such 
information is lacking for many species. Further, in cases where genetic information 
does exist, it is not always adequately incorporated into implemented management 
actions (Laikre et al. 2005).  
 
Assessment of the population genetic structure of a species is typically based on 
analysis of allelic variation at distinct gene loci that are presumed not to be affected by 
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environmental factors (but see André et al. 2010 and references therein). The most 
common approach to measure and quantify this intraspecific genetic variation is the 
estimation of the so-called F-statistics, initially introduced by Wright in the 1920s (cf. 
Wright 1922, 1978). Multiple examples exist that reflect how genetic studies modify 
previous conclusions on reproductive relationships based on only morphologic or 
ecologic data (see review in e.g. Allendorf et al. 1987).  
 

Detecting the existence of multiple populations 
The detection of genetically distinct multiple populations has been typically associated 
with apparent morphological or ecological differences. Genetically distinct multiple 
morphs or ecotypes separated by e.g. different times or locations for spawning are 
described to occur in areas lacking migration barriers for many northern temperate 
freshwater fish species (Bernatchez et al. 1996). Less common is to reveal sympatric 
populations on genetic data exclusively, without any prior indication of the existence 
of several groupings. For brown trout, the only previous example of detection of such 
multiple populations has been in Lake Bunnersjöarna (Allendorf et al. 1976; Ryman et 
al. 1979).  
 
The existence of sympatric populations may be much more common than anticipated 
because of the statistical problems associated with detecting it. In situations without 
contrasting homozygosity and where morphological or ecological differentiation is 
lacking, a consistent heterozygote deficiency at multiple loci is the only observation 
that unambiguously indicates the existence of more than one population under a 
selective neutrality hypothesis. Most population genetic studies of today routinely 
genotype c. 50 individuals at 10-20 loci, each of 10 alleles (Waples & Do 2010) and a 
larger sampling effort cannot typically be justified if prior indications of substructuring 
are lacking. Under conditions with no natural starting point for between groups allele 
frequency comparisons there is, however, often a low statistical power for detecting 
multiple populations when using commonly applied sample sizes (Waples & Gaggiotti 
2006). 
 

Assessing spatial genetic structure in continuous environments 
The most common approach when analyzing genetic structure is to compare groups of 
individuals defined a priori on the basis of geographic information, e.g. individuals 
from different lakes, islands, or distinct spawning areas. Statistical testing for allele 
frequency heterogeneity between groups constitutes the basis for identifying 
genetically distinct populations or groups of closely related ones. 
 
The same type of analysis is sometimes also used in situations with continuously 
distributed species by first grouping individuals on the basis of spatial proximity, and 
subsequently testing for genetic divergence among groups. Using this “traditional” 
approach for assessing genetic structure may cause problems because of the 
difficulties in adequately determining the number of groups and their spatial range. 
Further, situations of continuous change cannot be described appropriately on the basis 
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of discrete groupings. In situations where apparent boundaries are missing, it may be 
more helpful to use a strategy that either a) groups (clusters) individuals according to 
genetic similarity or to some criterion that is assumed to typify a randomly mating 
population (deme), or b) that relates genetic similarity of individuals to their spatial 
proximity. 
 

Defining units for management and conservation 
In management and conservation we need to determine what entities to manage and 
protect. There are several problems associated with the adequate description of the 
distribution of genetic diversity within a species, potentially resulting in the 
identification of too few or too many “biologically meaningful” units (Hedrick 2001; 
Allendorf & Luikart 2007). For example, a lack of statistical power when testing for 
genetic differentiation, or inability to identify adequate population boundaries, may 
result in designating too few units, which may lead to inadequate management efforts. 
Conversely, identifying too many may cause a potential waste of resources. 
 
The spatial genetic structure of a species may be used as a basis for defining groupings 
for management and conservation actions. Concepts like “evolutionary significant 
unit” (ESU) and “management unit” (MU) have been discussed for decades, and such 
units are typically defined from genetic data (e.g. Ryder 1986; Waples 1991; Moritz 
1994; Waples 1995; Crandall et al. 2000; Palsbøll et al. 2007). Although numerous 
definitions of ESUs exist in the literature (for review see e.g. Crandall et al. 2000; 
Fraser & Bernatchez 2001; Allendorf & Luikart 2007), there is a general agreement 
that they must be based on genetics. ESUs may be defined in the terms of for example, 
i) isolation and evolutionary importance (Waples 1991), and ii) reciprocal monophyly 
for mtDNA and significant divergence of allele frequencies at nuclear loci (Moritz 
1994).  
 
Management units (MUs) are typically described as demographically independent 
populations (Allendorf & Luikart 2007). Palsbøll et al. (2007) argue that the definition 
of MUs should be based on the amount of divergence rather than on the plain rejection 
of panmixia, in contrast to previous suggestions. It has been suggested that with 10% 
or more exchange of migrants, two populations should be considered demographically 
dependent (Hastings 1993) and therefore managed jointly; with lower levels of 
exchange, populations may in contrast be regarded as separate management units 
(McElhany et al. 2000; Palsbøll et al. 2007). However, there is a call for more studies 
focusing on these issues (Waples & Naish 2009). 
 
Multiple MUs may be identified within a single ESU (Allendorf & Luikart 2007). 
Moritz (1994) proposes ESUs to reflect historical population structure and long-term 
conservation, whereas he considers MUs as dealing with current population structure 
and short term management. 
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Monitoring gene level diversity 
Methods for monitoring biodiversity at different biotic levels, from genes to 
ecosystems, are necessary to meet the primary goal of conserving and sustainably 
using biological resources outlined in the CBD. Concerning the ecosystem and species 
level, the importance of monitoring is well documented (Noss 1990; Messer et al. 
1991; Davis 1993) and several programs are already implemented (e.g. Paulsen 1997; 
Rasmussen & Geertz-Hansen 1998; Norwegian Agency for Nature Conservation 1998; 
Swedish Environmental Protection Agency 1999; Martins et al. 2007). In contrast, 
programs aimed at monitoring changes at the gene level are currently missing although 
the importance of implementing such programs has been stressed several times (e.g. 
Laikre & Ryman 1997; Aho & Laikre 2004; Andersson et al. 2007). Thus, there is still 
a major lack of information on reduction of biodiversity at the gene level unless such 
changes are coupled to species or ecosystem losses (Laikre & Ryman 1997). 
 
The concept “genetic monitoring” has been used during the past decades in a number 
of studies within different fields. Schwartz et al. (2007) noted a discrepancy regarding 
its meaning and defined genetic monitoring as “quantifying temporal changes in 
population genetic metrics or other population data generated using molecular 
markers”. Further, they emphasized that genetic monitoring must include temporal 
data and that studies including genetic data from different sampling occasions pooled 
together should not be considered as genetic monitoring as they only represent single 
assessments.  
 
Schwartz et al. (2007) identified two categories of genetic monitoring both of which 
are based on molecular markers; Category I is the identification of individuals, 
populations, species, and other taxonomical groups, and Category II refers to the 
monitoring of population genetic parameters (e.g. genetic variation, effective 
population size, population structure and migration). Focusing specifically on the type 
of monitoring needed for identifying and preserving gene level diversity (i.e. 
implementation of the CBD), we defined the term conservation genetic monitoring as 
“the systematic survey of amount of genetic variation, genetic composition, and spatial 
genetic structure with the aim of detecting potential changes of these parameters that 
may reflect or result in loss of gene level variability” (PAPER V).  
 
An important prerequisite for efficient conservation genetic monitoring is adequate 
“starting points” regarding current genetic composition of the particular species or 
population. Knowledge about naturally occurring temporal shifts due to genetic drift, 
gene flow, and natural selection is also needed to permit separation of normal 
fluctuations from changes caused by anthropogenic activities. In addition, for 
conservation genetic monitoring programs to be effective, genetic changes must be 
detected with a high probability. 
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Genetic effects associated with harvest and large scale releases 
Many natural animal and plant populations are subjected to harvest and large scale 
releases as part of the management of those populations. Such activities, carried out 
for several forest trees, fishes, and wildlife populations may, of course, have 
demographical and economical incitements but may affect the populations’ genetic 
variability and characteristics, including the spatial genetic structure (Fig. 1; Laikre & 
Ryman 1996; Ernande et al. 2003; Grift et al. 2003; Olsen et al. 2004; Allendorf et al. 
2008). 

 
 
Fig. 1. Schematic illustration of threats to genetic variability and the possible effects that need to be 
monitored to meet the aims of the convention on biological diversity. Various human induced 
pressures may result in i) loss of genetically distinct populations or population segments, ii) reduction 
of genetically effective population size (Ne) causing increased rates of loss of genetic variation through 
genetic drift, iii) change of genetic composition and loss of genetic variation through selection or, iv)  
inflow of alien genes (from PAPER V). 
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Harvest 
Harvest from natural populations is practiced for many animal and plant species 
(Laikre & Ryman 1996; Allendorf et al. 2008). As discussed by Laikre & Ryman 
(1996), the most obvious potential threat to gene level diversity caused by harvest is 
extinction of local gene pools as a result of overharvesting. Other negative effects of 
harvest apply to directional selection, by-catches, loss of alleles, and reduction of the 
effective population size (Ne) to levels where inbreeding and genetic drift may pose a 
problem (Ryman et al. 1981; Laikre & Ryman 1996; Allendorf et al. 2008). Apparent 
examples of harvest from wild stocks include those from marine and freshwater finfish 
populations. The entire forest industry and the widespread hunting of game birds are 
other examples where harvest takes place in natural populations.  
 
There are a number of empirical cases showing loss of genetic variation due to hunting 
(Allendorf et al. 2008). In addition, extinction of populations caused by overfishing 
has often been observed for both marine and freshwater fish species (Nelson & Soulé 
1987; Dulvy et al. 2003). With respect to the fishery, there are different so-called 
management regimes. “Centralized management” is dominating in Sweden (Neuman 
2002), implying that regulations regarding for example open or closed fishing seasons, 
bag limits etc., are issued by government authorities. In contrast, “local management” 
means that local organizations are given authority to modify such regulations 
according to local conditions. This is expected to make it easier to consider certain life 
history traits and/or genetics of harvested populations and generate a sustainable 
fishery on a local scale. 
 
As mentioned above, maintaining biocomplexity of a species is a goal of sound 
management. For example, Hilborn et al. (2003) and Schindler et al. (2010) showed 
evidence for the importance of intraspecific diversity in the sockeye salmon 
(Oncorhynchus nerka) in Alaska. Productivity of different sockeye salmon 
subpopulations changed considerably over time, leading to the conclusion that the 
disappearance of particular segments may directly affect the overall viability and 
productivity of the species. Similarly, collapses of separate stocks have been noticed as 
consequences of ignoring the existence of multiple populations in fishery management 
for the North Sea cod (Gadus morhua; Hutchinson 2008) and the Sacramento River 
fall Chinook salmon (Oncorhynchus tshawytscha; Lindley et al. 2009). 
 
Large scale releases 
Introduction of alien species – species that do not occur naturally in a particular habitat 
– represents one of the greatest threats to biodiversity worldwide (Chapin et al. 2000; 
Lodge 2001; www.cbd.int). Article 8h in the CBD specifically deals with alien species 
and in 2002, guidelines were adopted to reduce the spread of alien species and 
populations (COP Decision VI/23; www.cbd.int). To further raise public awareness on 
this issue, the 2009 theme for the annually observed International Day for Biological 
Diversity was Invasive Alien Species. Public attention regarding introductions 
typically focuses on the species level and well-known problems are introduced species 
preying on, or competing for resources with, naturally occurring ones. There are also a 
number of empirical examples of interspecific genetic mixing through introductions of 
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alien species (see Rhymer & Simberloff 1996). However, according to the CBD 
guidelines and the International Union for Conservation of Nature (IUCN), the term 
alien species (and invasive alien species) includes also entities below the species level 
(IUCN 2000; McNeely et al. 2001) and large scale releases of alien populations may 
constitute potential threats to biodiversity at the gene level (Laikre & Ryman 1996; 
Laikre & Palmé 2005). 
 
Large scale releases of alien populations occur all over the world within fields such as 
forestry, wildlife, and fishery management with the primary aim to increase the harvest 
of game and commercially valuable species. The scale of these releases is enormous, 
with billions of individuals translocated and released into natural settings. There are 
often large gaps in the knowledge of the genetic composition of both the released 
material and the wild, “receiving” population. 
 
Release of alien populations constitutes a risk for several negative effects on variation 
at the gene level. First, local populations may become extinct through displacement by 
introduced populations. Second, reduction of the population size through, for example, 
the spread of diseases, competition, or swamping may occur and result in an increased 
rate of inbreeding and loss of genetic variation. Third, hybridization and introgression 
may result in the breakdown of locally adapted genotypes or gene complex which in 
turn may lead to lower fitness (outbreeding depression) and extinction of the original 
population (Laikre 1999; Templeton 1986; Ryman et al. 1995; Laikre & Ryman 1996; 
National Research Council 2002). Further, in cases where individuals with local origin 
are brought up in captivity for reproduction and released into the wild, loss of the 
genetic variability of the natural population may occur due to reduction of effective 
population size resulting from demographic manipulation of family size (the so-called 
supportive breeding effect; Ryman & Laikre 1991; Ryman et al. 1995; Wang & 
Ryman 2001). 
 
There is strong empirical evidence that releases of alien populations have genetically 
affected wild populations (see Laikre et al. 2010b). For fish in particular there are 
numerous examples of genetic changes among and within population, e.g. for Adriatic 
grayling (Thymallus thymallus; Sušnik et al. 2004), Atlantic salmon (Salmo salar; e.g. 
Vasemägi et al. 2005; McGinnity et al. 2009), brown trout (Hansen et al. 2010), 
Chinook salmon (Lindley et al. 2009), and coho salmon (Oncorhynchus kisutch; 
Eldridge & Naish 2007; Eldridge et al. 2009). In addition, a recent paper presents 
evidence for bill morphology changes in wild mallard ducks (Anas platyrhynchos) due 
to hybridization with released ducks raised in captivity (Champagnon et al. 2010). 
 
It has been repeatedly stressed that large scale releases of fishes may cause negative 
genetic effects on wild populations (Ryman 1981; Hindar et al. 1991; Waples 1999; 
Naish et al. 2008) and such findings have recently led to a total ban on the introduction 
of alien salmonid populations in Denmark; only stocking with local material is allowed 
(Nielsen & Hansen 2008). A scientific discussion regarding genetic risks associated 
with large scale releases within the fields of forestry and wildlife management is, 
however, largely lacking (Laikre et al. 2010b). 
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To summarize this background section, there are several factors that need to be taken 
into consideration to not risk applying inadequate management strategies leading to 
depletions of gene level diversity. Information on spatial genetic structure is central to 
make proper decisions and in cases where individuals are continuously distributed in 
environments without boundaries to migration, individually based strategies may be 
helpful to depict the genetic pattern. For threatened species and species subjected to 
large scale harvest and/or enhancement it is most important to collect information on 
genetic composition. Further, conservation genetic monitoring is a valuable tool in 
terms of identifying and surveying changes at the gene level.  
 
 

STUDY AREAS AND MODEL SPECIES 
 
The main focus of the first part of this thesis is to depict spatial genetic structuring in 
different continuous environments. The northern pike in the Baltic Sea, the brown 
trout in a small Swedish mountain lake system (Lakes Trollsvattnen), and the harbour 
porpoise in the Baltic and adjacent waters are used as model cases. For all these 
studies there is a common intention of identifying units in the context of conservation 
and management. 
 
The Baltic Sea 
The Baltic Sea is a unique, young, and highly variable environment. Freshwater 
species have adapted genetically to a brackish environment, and marine species have 
adjusted to low salinity conditions. The area is holding vulnerable populations that 
may be evolutionarily exceptional, and the Baltic should thus be of great concern in 
conservation and management (Johannesson & André 2006). The genetic exchange 
with neighboring water bodies may be restricted for many species. Therefore, in the 
case of local species extinction in the Baltic, recolonization cannot be taken for 
granted (Johannesson & André 2006). Extensive commercial and sport fishing 
activities, eutrophication, and pollution threaten the local fauna (Andersson et al. 2000; 
Elmgren 2001; Almesjö & Hansson 2002; Grip 2003).  
 
Lakes Trollsvattnen 
Lake Östra Trollsvattnet and Lake Västra Trollsvattnet (collectively referred to as 
Lakes Trollsvattnen) are small, oligotrophic mountain lakes located in the County of 
Jämtland, central Sweden. The lakes are part of an ongoing genetic monitoring project 
of brown trout populations, the Lakes Bävervattnen project (Jorde & Ryman 1996; 
Laikre et al. 1998; Palm & Ryman 1999; Palm et al. 2003). In many ways, the Lakes 
Trollsvattnen system is representative of mountain lakes located in central and 
northern Scandinavia. Lakes Östra and Västra Trollsvattnet are connected by a channel 
of c. 100 m, and they constitute a seemingly homogenous environment without 
apparent obstacles to migration. The last period of glaciation sets the upper limit for 
the age of Lakes Trollsvattnen at c. 7,000 years.  
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Northern pike 
The northern pike is a freshwater species with a Holartic distribution range (Craig 
1996). In Europe its southern limits are the Pyrenees, middle of Italy, and the Balkan. 
The pike has been introduced in Spain and is also found in Portugal.  
 
In Sweden, the pike is widely spread, primarily found in freshwater lakes but it has 
also adjusted to the brackish environment of the Baltic Sea where it is continuously 
distributed over large areas. It has a high socioeconomic value and is subject to both 
commercial and extensive sport fishing efforts (Craig 1996; WWF 2010). The catch in 
2006 was estimated at 1,042 tonnes (of which the largest amount was from sport 
fishing; Swedish Board of Fisheries 2009).  
 
The pike is not regarded as threatened (globally listed as “least concern”; IUCN 2010), 
but is disappearing from parts of its previous distribution range along the Swedish 
Baltic coast (Andersson et al. 2000; Almesjö & Hansson 2002; Landergren 2004). It 
may be locally overharvested in Swedish coastal waters (WWF 2010) and it is subject 
to local enhancement in Sweden (Laikre & Palmé 2005), primarily to support sport 
fishing activities. To reduce the total fishing pressure on pike and to provide increased 
recruitment, new regulations associated with sport fishing were introduced in 2010; 
each fisherman has now a three fish daily bag limit and only fish in the range 40-75 
cm are allowed to be caught (Swedish Board of Fisheries 2010). 
 
Mark-recapture studies have documented a sedentary behavior of the pike (Karås & 
Lehtonen 1993 and references therein; Miller et al. 2001), and a strong tendency to 
home to previous spawning sites has been shown. In relation to its obvious biological 
and anthropogenic importance, little is known about the population genetic structure of 
the pike. Initial studies focus primarily on North American populations (e.g. Healy & 
Mulcahy 1980; Seeb et al. 1987; Senanan & Kapuscinski 2000), but the pike has 
attracted increased interest in Europe during the past decade (e.g. Jacobsen et al. 2005; 
Launey et al. 2006; Lucentini et al. 2006).  
 
There is a strong interest among coastal fishery managers in Sweden to change the 
current mainly centralized management systems into local management regimes. It has 
been suggested that the pike in the Baltic is particularly appropriate for local 
management from a biological perspective (Saulamo & Neuman 2002). Since there is 
a general lack of information on the population genetics of the northern pike in the 
Baltic, the suggestion of local management originates mainly from ecological data.  
 
Brown trout 
Due to a large number of introductions outside its native range in Europe, the brown 
trout has now a worldwide distribution (Elliott 1994). It is ecologically very diverse 
including both resident and migratory life history types (Elliott 1994) and the species 
is characterized by a strong instinct to return to natal rivers or streams to spawn. Their 
distinctive homing behavior results in the potential for large genetic differences at 
short geographical distances. Compared to many other species, a large part of the total 
genetic variation within the brown trout is distributed between populations (Ryman 
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1983, 1997; Ferguson 1989; Laikre et al. 1999). A lot of genetic variation is present on 
a small geographic scale; in freshwater substructuring has been found also within lakes 
(e.g. Allendorf et al. 1976; Ryman et al. 1979; Ferguson & Taggart 1991; PAPER II). 
 
Like the northern pike, the brown trout is important for commercial fisheries and it is a 
very popular species for sport fishing activities. Throughout its distribution range, the 
brown trout is subject to extensive stocking, hatchery breeding, and translocations 
(Laikre et al. 1999). In Sweden, a substantial number of releases of brown trout are 
conducted every year, including permissions by local authorities for improving 
fisheries (mainly to increase the number of fish available for sport fishing) as well as 
large scale compensatory releases of fish for production losses caused by hydropower 
developments (Laikre & Palmé 2005).  
 
The brown trout is not regarded as threatened (globally listed as “least concern”; 
IUCN 2010) although many genetically distinct populations have gone extinct due to 
environmental degradation, harvesting, and stocking (Laikre et al. 1999). Therefore, 
the remaining part of the intraspecific variation within the brown trout should be 
subject to conservation actions. 
 
Harbour porpoise 
The harbour porpoise is found in coastal water in the temperate zone of the northern 
hemisphere (Gaskin 1984; Rosel et al. 1995; Read 1999) and the species is the only 
cetacean regularly occurring in Swedish waters (Berggren & Arrhenius 1995a,b). The 
porpoise of the Baltic Sea attracts particular conservation interest (ABDG 2001; 
ASCOBANS 2002; Lindahl et al. 2003; Carlström et al. 2008) and these animals are 
listed as “critically endangered” (IUCN criterion C2a(ii); IUCN 2010). The number of 
porpoises in the Baltic is considered to be declining (Berggren & Arrhenius 1995a,b; 
Ahlén & Tjernberg 1996). Estimates of the number of animals in this area indicated 
500 or less around year 2000 (Hiby & Lovell 1996; Berggren et al. 2004) 
 
Much of the conservation concern is based on the assumption that harbour porpoises in 
the Baltic proper (the western borders defined by the Limhamn and Darss underwater 
ridges; cf. Fig. 1 in PAPER III) represent a genetically distinct population that is 
reproductively more or less isolated from adjacent ones farther west in the Belt, 
Kattegat, and Skagerrak Seas (IWC 2000; ASCOBANS 2002; HELCOM 2010). 
However, this opinion is mainly based on ecological and morphological differences 
observed among porpoises from this area.  
 
The notion of a genetically distinct Baltic harbour porpoise population has been widely 
spread and accepted as a fact by many involved in its management (Huggenberger et 
al. 2002; Koschinski 2002; Teilmann et al. 2004; HELCOM 2010). The IUCN has 
classified the porpoise of the Baltic as “a vulnerable geographical population” (Ingelög 
et al. 1993; ASCOBANS 2002), and recent suggestions for large scale research efforts 
are based on the idea of a genetically distinct population in this region (Hopkins 2005). 
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OBJECTIVES 
 
The first aim of the present thesis is to disentangle the spatial distribution of genetic 
variation in empirical cases where three model species inhabit environments 
characterized by lack of migration barriers. Further, an evaluation of the potential for 
monitoring changes in gene level diversity and an examination of the existing 
information on releases of alien populations in Sweden are also included. Although the 
studies mainly have a Swedish perspective the questions addressed are general and can 
be applied to other situations and species as well. 
 
 
Primary issues addressed in this thesis include: 
 

o Delineate and describe spatial genetic structure in environments without 
obvious barriers to gene flow (PAPERS I and II) 

 
o Suggest units for management and conservation in continuous environments 

(PAPERS I, II, III, and IV) 
 

o Address issues concerning genetic monitoring within a conservation framework 
(PAPER V) 

 
o Assess the extent of large scale releases of alien populations – an anthropogenic 

activity that is expected to result in gene flow and thus affect microevolutionary 
processes in wild, native, conspecific populations (PAPER VI) 

 
 
More specifically, the individual papers were aimed to answer the following questions: 
 
PAPER I  What are the characteristics of the spatial genetic pattern for 

the northern pike in the Baltic Sea? What are adequate sizes 
of management units?  

 
PAPER II  What is the spatial genetic structure of the brown trout 

inhabiting Lakes Trollsvattnen? How many populations of 
brown trout can be identified in this system by genetic 
monitoring? How are the populations spatially distributed? 
What are the genetic and morphologic characteristics of these 
populations? 

 
PAPERS III-IV           How many populations of harbour porpoise exist in Swedish 

waters? Can the harbour porpoise in the Baltic Sea be 
considered a genetically distinct population? 
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PAPER V What is currently known regarding genetic composition and 
spatio-temporal patterns of natural animal and plant 
populations in Sweden? Which species are suitable for pilot 
conservation monitoring programs? What are important 
issues with respect to monitoring gene level diversity? 

 
PAPER VI  To what extent are alien populations spread in Sweden within 

the fields of forestry, fisheries, and wildlife management? 
Which are the most commonly involved species? What 
genetic and other type of information exists regarding these 
releases? 

 
 

FINDINGS AND INTERPRETATIONS 
 
This thesis builds on results obtained from empirical genetic data as well as on 
information from articles, reports, and various unpublished sources. The major 
findings are presented below.  
 

Spatial genetic structure in continuous environments 
(PAPERS I, II, III, and IV) 
 
Depicting spatial genetic structuring in continuous environments, where there is no a 
priori basis for grouping individuals, is associated with special difficulties as 
mentioned above. In addition to using a “traditional” approach when testing for 
genetic divergence among different groups, we applied individual centered statistical 
methods on the data regarding the northern pike in the Baltic Sea and the brown trout 
in Lakes Trollsvattnen. To determine the number of groups and their spatial range we 
used the clustering approach implemented in the STRUCTURE software (Pritchard et al. 
2000; Falush et al. 2003). The program assigns individuals into groups under the 
assumption that the “best” grouping is characterized by as small deviations as possible 
from Hardy-Weinberg and gametic phase equilibrium within the groups identified. 
 
In situations where discrete, spatially cohesive, and genetically distinct groups do not 
exist (or cannot be detected), analysis of the relationship between genetic similarity 
and geographic proximity may contribute information on the spatial structure that is 
not revealed by the above clustering approaches. In addition to the STRUCTURE 
software, we applied the technique of spatial autocorrelation to the northern pike in the 
Baltic to describe the spatial genetic structure and to identify operational units for 
management on the basis of correlation between genetic and geographic distances (cf. 
Sokal & Oden 1978a,b; Smouse & Peakall 1999; Diniz-Filho & Telles 2002). 
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Northern pike in the Baltic Sea 
Pikes in the Baltic do not seem to constitute a single panmictic population. Rather, the 
spatial genetic structure is characterized by a continuous genetic change and an 
isolation by distance scenario. These conclusions were supported by i) apparent 
deviation from random mating over the total area examined, ii) a significant genetic 
divergence among sampling regions, iii) the results from clustering analyses 
suggesting the existence of more than a single population, and iv) significant positive 
relationship between genetic and geographical distance between regions and a pattern 
of spatial autocorrelation that resembles the profile expected for a long-distance cline 
of genetic change (Fig. 2; cf. Diniz-Filho & Telles 2002). Also, the nine sampling 
regions in general showed significant pairwise allele frequency differences.  
 
 

 
Fig. 2. Summary spatial autocorrelation (Moran’s I) for the northern pike in the Baltic Sea. Each point 
represents the average (±SE) of the 30 I values for separate alleles plotted on the distance class 
midpoints. The distance classes were chosen to provide approximately equal number of pike-pairs in 
all classes (here about 2,800) resulting in 19 classes. The straight solid line is the linear regression 
fitted to the averages (r=0.56; P<0.05). The arrow indicates the distance at which the correlogram 
intercepts with the x axis (from PAPER I). 
 
 
In addition to the results presented in PAPER I, it is interesting to note the geographic 
distance over which genetic structuring is discernible. This distance was assessed 
through estimating the significance of the correlation coefficient for continuously 
increasing distance class sizes. All the correlations but the last one (700 km) were 
significantly larger than zero (Fig. 3; note that the last distance class must be zero by 
definition). Here, the spatial autocorrelations (r; Smouse & Peakall 1999) were based 
on eight loci, including Elu 2, Elu 6, and Elu12 (Hansen et al. 1999; Laikre et al. 
unpublished data) in addition to the five loci used in PAPER I, and pike from the 
Finnish regions Sundet and Stadsfjärden were excluded (thus resulting in a slightly 
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smaller total area than in PAPER I). The result indicates a clear relationship between 
genetic similarity and geographic proximity also over large distances. 
 

Fig. 3. Spatial autocorrelation (Smouse and Peakall’s r) for distance classes of increasing size 
(equivalent to r in the first distance class of correlograms with class widths of 50 km, 100 km, 150 km, 
etc.). Horizontal bars indicate 95% confidence limits for r under the hypothesis of no correlation.  
 
 
Brown trout in Lakes Trollsvattnen 
We found clear evidence for two sympatric brown trout populations occurring in this 
small mountain lake system. Each of the populations is present in Lakes Östra and 
Västra Trollsvattnet, respectively, as well as in the three neighboring lakes 
investigated. The two populations are almost as genetically distinct as separate species 
(FST≥0.10; cf. Table 5 in PAPER II) and the exchange of individuals between 
populations appears fairly small. The situation is not associated with apparent 
phenotypic dichotomy although we have not carried out any detailed comparisons 
between fish classified to different populations. As in many other lakes in this 
geographic area there is considerable phenotypic variation between individuals. 
However, this variation does not give any guidance as to what criteria to choose for 
grouping individuals.  
 
The amount of genetic divergence is of the same magnitude or larger than what has 
been found between sympatric distinct morphotypes of brown trout in other areas 
(Table 1). The genetic differentiation in Lakes Trollsvattnen also falls within the range 
of what is typically found among apparently isolated local populations within this 
region (Ryman 1983; Jorde & Ryman 1996; Palm et al. 2003). 

r

Distance class size (km)

r

Distance class size (km)
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Table 1. Examples of genetic divergence (estimated as FST) and/or genetic identity (I) between sympatric brown trout morphotypes. Note that the first row 
describes the genetic differentiation between the two sympatric brown trout populations identified in Lakes Trollsvattnen (PAPER II). 
  
  

Reference 
  

Locations (samples) 
  

Number of loci and  
type of marker 
  

  

FST 
  

Genetic  
identity (I) 

  

PAPER II 
  

Lakes Trollsvattnen:  
cluster A vs. cluster B 
   

  

14 polymorhic  
allozyme loci 

  

0.10-0.23***  
(depending on cut-off level) 

  

0.959 

Duguid et al. 2006 
 

Loch Awe (Scotland): 
ferox and brown trout 
   

5 microsatellite  
loci 

0.034*   - 

Duguid et al. 2006 
 

Loch Laggan (Scotland): 
ferox and brown trout 
   

5 microsatellite  
loci 

0.06*   - 

Crozier & Ferguson  
1986 

Lough Neagh (Ireland): 
dollaghan and salmon-trout 

12 polymorphic  
alloyzme loci 

0.009** - ***  
(significant level depending  
on locus) 
   

  - 

Ferguson & Mason  
1981 

Lough Melvin (Ireland): 
ferox, brown trout, sonaghen, and 
gillaroo 
   

5 polymorphic 
allozyme loci  
   

  - 0.001-0.999 
(pairwise 
comparisons 
between morphs) 
  

Ferguson & Taggart  
1991 

Lough Melvin (Ireland): 
ferox, sonaghen, and gillaroo 

13 polymorphic  
allozyme loci 

sonaghen–gillaroo: 0.03* - ***  
(8 loci significant, significant level 
depending on locus) 
gillaroo–ferox: 0.085* - ***  
(3 loci significant, significant level 
depending on locus) 
sonaghen–ferox: 0.118* - ***  
(4 loci significant, significant level 
depending on locus) 
   

  - 
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Table 1 (continued) 
 
  

Reference 
  

Locations (samples) 
  

Number of loci and  
type of marker 
  

  

FST 
  

Genetic  
identity (I) 

  

McVeigh & Ferguson  
1988 

  

Lough Melvin (Ireland): 
ferox, sonaghen, and gillaroo 

  

mtDNA 
  

No FST-values presented. Four mtDNA 
types were discriminated, of which types 
II and III were specific to gillaroo. Ferox 
showed only type I while sonaghen 
exhibited types I and IV, these were also 
present in gillaroo. 
   

  

  - 

McVeigh et al.  
1995 

Lough Melvin (Ireland): 
ferox, sonaghen, and gillaroo 

mtDNA Overall θ=0.334* 
Comparable with FST=0.17 (allozymes) 
and FST=0.148 (minisatellites) 
  

  - 

Prodöhl et al.  
1992 

Lough Melvin (Ireland): 
ferox, sonaghen, and gillaroo 

Multi-locus-DNA- 
fingerprinting analysis 

Overall FST=0.19***  
(significant level from ANOVA, 
comparison of each pairwise inter-
population mean band-sharing coefficient) 
  

  - 

Skaala & Jørstad  
1987 
 

Hardangervidda area (Norway): 
common large-spotted trout, 
intermediate morph and fine-spotted 
trout 
  

2 polymorphic  
allozyme loci 

No significant differences in allele 
frequencies between different morphs 

  - 

 
 
*: P<0.05, **: P<0.01, ***: P<0.001 
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Genetic monitoring of these populations confirms the temporal stability of the 
sympatric populations over a 20 year period (cf. Fig. 3 in PAPER II) which represents 
about three brown trout generations. This is an important observation as most previous 
studies revealing cryptic populations have included samples separated by a much 
shorter time span, thus preventing taking the temporal aspects into account (e.g. 
Allendorf et al. 1976; Ryman et al. 1979).  
 
The identification of a cryptic population structure is interesting in the context of 
speciation, as a sympatric origin of multiple populations may represent the first step in 
a sympatric emergence of new species (Bush 1994; Skúlason & Smith 1995; 
Bernatchez et al. 1996; Smith & Skúlason 1996; Schliewen et al. 2001). Our results 
indicate that the time period since the last glaciation (corresponding to approximately 
1,000 brown trout generations) is enough for reaching the observed degree of 
differentiation, and thus, a sympatric origin of these populations is possible. The 
isolating mechanism(s) for the sympatric situation in Lakes Trollsvattnen is not yet 
investigated. Given the strong homing behavior in the brown trout, separation in space 
or time for spawning are factors likely to be involved in the origin or maintenance of 
the two demes identified. 
 
Harbour porpoise in Swedish and adjacent waters 
The spatial genetic structure of the harbour porpoise in Swedish and adjacent waters 
still needs to be clarified. When reanalyzing the genetic data generally considered to 
most strongly support the view of genetic heterogeneity among the Swedish Baltic and 
the Kattegat-Skagerrak areas (mtDNA haplotype frequencies from Wang & Berggren 
1997; their Table 2), statistical significance could not be reestablished (cf. Table 2 in 
PAPER III). In addition, the level of differentiation between animals from these regions 
appears very low (FST estimated at 0.007). No other estimates of genetic differentiation 
between the Swedish Baltic porpoises and those further west were available at the time 
when PAPERS III and IV were published. However, Andersen et al. (2001) report an 
FST of 0.005 between inner Danish waters (including the Baltic, Belt, and Kattegat 
Seas) and the Skagerrak/Danish North Sea. This low estimate indicates considerable 
genetic exchange between populations in this region and is in congruence with our 
estimate between the Swedish Baltic Sea and the Kattegat/Skagerrak area. 
 
Using the same sample sizes as in Wang & Berggren 1997, we assessed the probability 
of obtaining the degree of divergence found between porpoises in the Baltic and the 
Kattegat-Skagerrak area. We found that it was approximately equally likely to obtain 
an FST≥0.007 when the true divergence is zero (Fig. 4a) as it was to obtain an 
FST≤0.007 in a situation of a true divergence of FST=0.05 (corresponding to 10% 
migration; Fig. 4b). Consequently, with these sample sizes and the haplotype 
frequencies and FST observed by Wang & Berggren (1997; FST=0.007) it is not 
possible to distinguish between the alternative hypotheses of panmixia and that of a 
demographically independent Baltic population.  
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Fig. 4. The distribution of 1,000 simulated FST values (achieved using POWSIM; Ryman & Palm 2006) 
from two samples when the true divergence is a) FST=0 and b) FST=0.05. See PAPER III for 
assumptions. 
 
 
In addition to the Wang & Berggren study 1997, there were at the time of publication 
of PAPERS III and IV only five other scientific studies dealing with the genetic 
structure of the harbour porpoise in the Baltic Sea and the adjacent waters (Table 2). 
While all these papers include Baltic Sea animals, Wang & Berggren 1997 is the only 
one focusing directly on the question of genetic distinctness of the harbour porpoises 
of the Baltic. None of the six studies use individual based methods, and neither do they 
address the issue of a possible pattern of isolation by distance. Such analyses were also 
impossible to carry out within the framework of this thesis, since genotypic data on 
individuals were not available in most cases, and the exact location of sample 
collection was frequently not clearly presented. 
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Table 2. Empirical population genetic studies of spatial structure in harbour porpoises in Swedish and adjacent waters. n=number of animals. IDW=Inner 
Danish Waters. FST- and P-values not provided by the authors have been calculated with GENEPOP using allele/haplotype frequencies presented in the 
publication; such values are given in italics. Note that the definitions of geographic areas vary among publications.  
  
  

Reference 
  

n  
(total) 

  

n  
(Baltic Sea) 

  

Number of 
regions 

  

Material  
  

Marker 
  

Number 
of loci 

  

Overall heterogeneity 
  

Geographic areas 
studied 

       

  

Total 
number of 
alleles/ 
haplotypes 
  

  

FST 
1) 

  

  

P-value 
  

 

  

Andersen 
1993 

  

314 
  

93 (IDW) 2) 
  

5 
  

By-catch 
Stranded 

  

Allozymes 
  

2 
  

5 
  

-0.003 3) 
  

0.608 3) 
  

Inner Danish 
waters, North Sea, 
West Greenland, 
Dutch coast, 
Canada 
  

Andersen et 
al. 1995 

143 57 (IDW) 2) 3 By-catch 
Stranded 

Microsat. 2 23 0.008 0.003 4) Inner Danish 
waters, North Sea, 
West Greenland 
  

Andersen et 
al. 1997 

124 53 (IDW) 
2) 3 By-catch 

Stranded 
Allozymes 
Microsat. 

2/3 5/32 0.031 <0.05 5) Inner Danish 
waters, North Sea, 
West Greenland 
  

Andersen et 
al. 2001 

807 32 (IDW= 
169) 

6 Mostly 
stranded 

Microsat. 12 147 0.002-
0.014 6) 

<0.05 7) Inner Danish 
waters, Danish 
North Sea-
Skagerrak, British 
North Sea, Ireland, 
Norwegian 
westcoast, West 
Greenland 
  

Tiedemann et 
al. 1996 

39 20 8) 2 Stranded mtDNA 1 9 0.077 0.006 Baltic Sea, North 
Sea 
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Table 2 (continued) 
 
  

Reference 
  

n  
(total) 

  

n  
(Baltic Sea) 

  

Number of 
regions 

  

Material  
  

Marker 
  

Number 
of loci 

  

Overall heterogeneity 
  

Geographic areas 
studied 

       

  

Total 
number of 
alleles/ 
haplotypes 
  

  

FST 
1) 

  

P-value  

  

Wang & 
Berggren 
1997 

  

65 
  

27 
  

3 
  

By-catch 
  

mtDNA 
  

1 
  

11 
  

0.044 
  

0.002 9) 
  

Baltic Sea, 
Kattegat-Skagerrak 
Seas, Norwegian 
westcoast 
  

Wiemann et 
al. 2010 

497 
(mtDNA) 
305 
(Microsat.) 
  

89  
(mtDNA) 
65 (Microsat.) 

5 By-catch 
Stranded 

mtDNA 
Microsat. 

1/15 42/number 
of alleles per 
microsat. 
locus ranged 
from 4 to 26. 
  

0.195/ 
0.009 

0.082/ 
0.038 

North Sea, 
Skagerrak, 
Kattegat, Belt Sea, 
Inner Baltic Sea 

 
 
1) FST or equivalent. 
2) IDW not clearly defined. Unclear if animals from the Baltic Sea are included.  
3) Refers to IDW vs. North Sea. (IDW(summer) vs. North Sea(summer): FST=0.057, P=0.003. IDW(winter) vs. North Sea(winter): FST=0.037, P=0.01.) 
4) No significant differentiation in pairwise comparison between the IDW and the North Sea. 
5) No significant difference between the Baltic and Kattegat Seas. Significant difference between IDW and Danish North Sea-Skagerrak. 
6) No overall FST-estimate is presented. Values refer to pairwise FST-values between six regions. 
7) No significant difference between the Baltic and Kattegat Seas. Significant differentiation between IDW and Danish North Sea-Skagerrak. Deviation from   
Hardy-Weinberg expectations (heterozygote deficiency) and/or allele frequency differences occur within IDW and the Danish North Sea-Skagerrak.  
8) The Baltic Sea sample seems to include specimens from the Belt Seas. 
9) Recalculation yields P>0.05 (non-significant) for the pairwise comparison between the Baltic Sea and the Kattegat-Skagerrak Seas. 



____________________________________________________________________________ 

 

34 

Four of the six above mentioned genetic studies (available in 2008) reported small but 
statistically significant genetic differences between porpoises of the North Sea and 
Skagerrak on the one hand, and those of the area of Kattegat/Belt/Baltic on the other. 
The results suggest the existence of a spatial structure over the entire area, but the type 
of structuring and the boundaries between potentially distinct populations is unclear. 
The majority of the studies dealing with harbour porpoise population structure do not 
apply strict genetic methods but use morphologic or ecologic data (Appendix; see also 
Palmé et al. 2004). 
 
We have stressed repeatedly that a better understanding of the spatial genetic structure 
of harbour porpoises in Swedish and adjacent waters is required for an evaluation of 
the current management and protection regime (Palmé et al. 2004; Palmé 2007, 
PAPERS III and IV). We advocate that cumulative genetic data available for porpoises 
in this region should be analyzed jointly using appropriate statistical techniques. To 
my knowledge, Wiemann et al. 2010 is the first study designed according to our 
recommendations. This study includes 497 harbour porpoises from the Baltic Sea and 
adjacent waters (including the Belt, Kattegat, Skagerrak, and North Seas), and genetic 
data from both microsatellites (n=305) and mtDNA. Regarding microsatellite data, 
significant but minor divergence was reported between the Baltic and the Belt Seas 
(FST=0.003* when all samples are included; FST=0.005* when only by-caught animals 
are included). For mtDNA, they found a significant genetic heterogeneity between the 
Baltic and the Belt Seas only when the analysis was restricted to by-caught animals 
(FST=0.049**). No FST-values for Baltic-Kattegat comparisons are presented in this 
study. Their STRUCTURE analysis based on microsatellite data indicate that the harbour 
porpoise within the entire study area constitutes two populations. In line with what has 
previously been reported, Wiemann et al. (2010) also find that the major genetic 
distinction is between animals from the North Sea/Skagerrak-area (perhaps also from 
the Kattegat Sea) and those further east. 
 

Sampling efforts required for detecting multiple populations 
(PAPER II) 
 
The fact that we only found evidence for multiple brown trout populations (in terms of 
significant heterozygote deficiencies) in five out of 19 sampling years supports the 
idea of sympatric populations potentially being a commoner phenomenon than 
generally anticipated. If so, a larger sampling effort than is commonly applied in 
studies of genetic structuring might be necessary to reveal the existence of cryptic 
populations. Computer simulations conducted to address the issue of the sample sizes 
necessary for detecting multiple populations through heterozygote deficiency at 
various degrees of divergence indicate that c. 100-150 individuals are needed in 
situations when sampling with equal probability from two populations having a true 
divergence of FST in the range 3-5%, when analyzing ten 10-allelic loci (Fig. 5a-b). 
Such sampling efforts would correspond to 2-3 years of sampling with data sets 
routinely available today (cf. Waples & Do 2010).  
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For FST=1%, about 1,400 individuals may be necessary for detecting heterozygote 
deficiency with a 95% probability if a data set of ten 10-allelic loci is used (Fig. 5c). 
 

 
 
Fig. 5. Probability to detect significant heterozygote deficiency (estimated using a slightly modified 
version of the POWSIM software; Ryman & Palm 2006) with different sets of loci (all alleles 
segregating at approximately equal frequencies) at different levels of genetic divergence, a) FST=5%, 
b) FST=3%, and c) FST=1%. Note the different scaling at the x axis for FST=1% (only ten 10-allele loci 
are depicted for sample sizes larger than 500). The particular levels of divergence are achieved by 
letting two populations, each of Ne=1,000 be exposed to random genetic drift during 200, 120, and 40 
generations, respectively. 
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Implications for management based on results from case studies 
(PAPERS I, II, III, and IV) 
 
Consideration of genetic variability within a species is critical to make correct 
management decisions. Based on the knowledge on intraspecific genetic variation, the 
following implications for management are seen for the three model species examined 
in this thesis: 
 
Northern pike in the Baltic Sea 
The spatial autocorrelation genetic patch size (i.e. an area with a diameter equal to the 
distance of the x axis intercept; Sokal & Wartenberg 1983) has been suggested as the 
minimum geographical distance between units for conservation (Diniz-Filho & Telles 
2002). Applied to the pike in the Baltic, such units, e.g. in the form of marine 
protected areas, should be located at least 100-150 km apart. With respect to dispersal, 
Palumbi (2003) suggests that at least 50% of the progeny should remain within 
reserves in marine environments to ensure self-sustainability. He proposes a 
simulation approach for estimating the progeny mean dispersal distance on the basis of 
isolation by distance. Applied to our data from the Baltic, this distance would be 
around 10-25 km. As a starting point the size of fishery management units may be 
based on these assessments, comprising areas within which individuals would be 
expected to be reasonably self-sustaining and genetically similar. Combining these two 
estimates implies that the size of fishery management units could correspond to areas 
of about 10-150 km. The indications of a relatively restricted gene flow lend support to 
the idea that the pike would be appropriate for local fisheries management in the 
Baltic. It appears that the genetic results are in line with those from ecological studies 
indicating a sedentary behavior and strong homing. 
 
Sympatric brown trout populations 
The cryptic brown trout population structure found within the small Lake 
Trollsvattnen system emphasizes the need both for increased efforts to assess 
intraspecific variation, and to monitor such diversity over time. The identified clusters, 
characterized by a substantial degree of genetic divergence, should be considered two 
separate populations. Although no commercial fishing takes place in Lakes 
Trollsvattnen, parallels can be drawn to mixed fishery situations. The isolating 
mechanism(s) in Lakes Trollsvattnen is still unclear, but the maintenance of the 
identified intraspecific genetic variability has a high ecosystem value. The case of the 
Lakes Trollsvattnen system illustrates a clear example where the natural way of 
grouping individuals – by lake – is misleading and hides the genetic signal. With 
sampling strategies often practiced today, there is a risk of not detecting biocomplexity 
when proposing management policies for seemingly continuously environments. With 
such ignorance, gene level diversity may of course be lost.  
 
Harbour porpoise in the Baltic Sea 
A better understanding of the spatial genetic structure for the harbour porpoise is still 
urgent and should receive high priority. For conservation reasons it is crucial to know 
if a genetic heterogeneity in Swedish and adjacent waters reflects a clinal genetic 
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change over the area or if it mirrors a distinct Baltic population. The management 
needed would differ between those scenarios and would also be affected by the 
geographic locations of possible genetic groupings. It is not obvious that the results 
presented by Wiemann et al. (2010) motivate the assumption that harbour porpoises in 
the Baltic proper represent a genetically distinct population. It has been argued that 
rejection of panmixia should not constitute the primary basis for identification of 
conservation units; rather the degree of demographic independence and genetic 
divergence should be the basic criteria for assigning such units (Palsbøll et al. 2007). 
Wiemann et al. (2010) do not report actual estimates of migration between the Baltic 
Sea and adjacent areas. However, the very small Baltic-Belt FST-values for nuclear loci 
presented in their study lend little or no support for the concept of a demographically 
independent Baltic population. 
 
Although the existence of a genetically distinct and demographically independent 
Baltic population, that could justify managing these porpoises as a separate unit, has 
only limited support in genetic data, this does not prove that a Baltic population does 
not exist. Applying the so-called precautionary principle (cf. Principle 15 of the Rio 
Declaration) implies that the possibility for a genetically unique population should be 
taken into consideration until strong evidence to the contrary is provided. Wiemann 
and co-workers have adopted our previous suggestion that, for the time being, and in 
line with the precautionary principle, the Baltic harbour porpoise should be treated as a 
separate population. 
 

Monitoring gene level diversity and releases of alien populations 
(PAPERS V and VI) 
 
These papers were both produced as part of the work in implementing the CBD in 
Sweden. While article 7 in the convention recognizes the need for systematic surveys 
of biodiversity to ensure protection and sustainable use of our biological capital, article 
8h deals with alien species (including taxonomic entities below the species level) and 
their biological effects. 
 
Potentials for monitoring gene level biodiversity 
For the time being, there is a lack of systematic surveys regarding genetic variation, 
genetic composition, and spatio-temporal genetic structure of Swedish species. Thus, 
the possibilities to detect losses of genetic biodiversity are small. Altogether, 374 
species occurring naturally in Sweden have been the subject of scientific studies 
considering population genetic characteristics, some of them studied more than once 
resulting in 775 publications. Only a few Swedish species have been well studied with 
respect to genetic composition, with a few fishes (brown trout, Atlantic salmon, and 
Arctic char; Salvelinus alpinus) and forest trees (Scots pine; Pinus sylvestris and 
Norway spruce; Picea abies) largely dominating the population genetic research (cf. 
Fig. 2 in PAPER V). 
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Genetic monitoring programs require adequate temporal data. Within the 775 
publications there are only 32 (4%) genetic studies including temporally separated 
samples involving natural populations of 15 Swedish species (cf. Table 1 in PAPER V). 
Half of the studies focus on fish species of which eight involve the brown trout. Only 
two include plant species and no more than four studies (all concerning the brown 
trout) systematically follow consecutive cohorts and thus provide detailed information 
on temporal genetic changes. 
 
To date, 17,315 species worldwide are recorded as threatened on the IUCN Red List 
(IUCN 2010), indicating an enormous need for monitoring. However, not all 
threatened species or populations can possibly be monitored in the foreseeable future. 
We suggest six categories of species for which genetic monitoring is particularly 
urgent and should be prioritized. These are species that are i) subject to large scale 
release operations, ii) subject to large scale harvesting, iii) classified as “near 
threatened” or “least concern”, iv) at small population sizes, and v) subject to other 
types of monitoring. Species not included in these categories but where extended time 
series of samples are available, should also be subjected to monitoring programs. 
 
Releases of alien populations in Sweden 
Extensive releases of genetically alien populations are common in Sweden, and the 
documentation regarding these activities is scarce. Releases are primarily made to 
enlarge and support wild stocks of many fish species and to increase the availability of 
game birds for recreational hunters. A large number of trees with non-local origin are 
also “released” during rejuvenation of forests after deforestation. Within fishery 
management, releases are allowed after permission from the county administrative 
boards. In addition to these permits, fish are released as compensation for reduced or 
lost production because of hydropower developments. Game birds, i.e. mallards, gray 
partridges (Perdix perdix), and pheasants (Phasianus colchicus), are allowed to be 
released unconditionally in Sweden. However, permission from the county 
administrative boards is required for keeping and breeding any wild bird or 
mammalian species. Within the field of forestry, landowners are, in general, forced to 
replant after deforestation, and regulations exist regarding which provenances should 
be used. These directives state that in some cases, alien material is allowed and even 
recommended.  
 
Roughly, annual releases in Sweden amount to several millions of forest trees, fishes, 
and birds. Species that are mainly involved are Atlantic salmon, common whitefish 
(Coregonus spp.), brown trout, Arctic char, grayling (Thymallus thymallus), Scots 
pine, Norway spruce, pheasant, mallard duck, and gray partridge.  
 
There is a major lack of documentation regarding releases of fishes, birds, and forest 
trees in Sweden. Information about the number of individuals released, the geographic 
and genetic origin of those individuals as well as the sites where they have been 
released is largely missing. Substantial differences among counties with respect to 
details of recording information about fish releases or the keeping of birds also exist.  
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Meeting the responsibilities stated in the CBD 
To meet the political goals of safeguarding biodiversity, there is an urgent need for 
more studies aimed at evaluating genetic diversity and assuring genetic sustainability. 
A majority of Swedish species have not been the subject of a single population genetic 
study. In addition, adequate basic information, and thereby starting points for genetic 
monitoring programs, are lacking for most species subject to harvest and/or 
enhancement. However, for some highly exploited species (e.g. Atlantic salmon, 
brown trout, and Norway spruce) extensive genetic data is available and programs to 
monitor genetic diversity in these species should be initiated as soon as possible. 
 
To permit an overview of the dimensions of large scale enhancements and their 
biological effects, it is central that all releases are registered in a clear, easily 
accessible, and consistent manner. Information that must be recorded includes the 
number of individuals released, genetic characteristics of released populations, as well 
as detailed information about wild populations occurring in the area of release. Such 
information is crucial for launching monitoring programs aimed at identifying possible 
effects of releases on gene level diversity. Further, laws and regulations about releases 
and keeping of alien populations in captivity (from which unintentional escapes may 
occur) must be reviewed.  
 
 

CONCLUSIONS 
  
This thesis contributes to the understanding of issues related to spatial genetic 
structure, protection of gene level diversity, and potentials for identifying changes at 
the gene level that may constitute threats to biodiversity. The main findings are: 
 

o Isolation by distance and a continuous genetic change characterize the genetic 
structure of the northern pike in the Baltic Sea (PAPER I). 

 
o The northern pike in the Baltic is appropriate for local fisheries management. 

Fishery management units should have the size of about 10-150 km (PAPER I). 
 

o Two distinct sympatric brown trout populations exist in the seemingly 
homogenous Lakes Trollsvattnen system. The populations are characterized by 
a high degree of genetic divergence although the situation is not associated with 
apparent phenotypic dichotomy (PAPER II). 

 
o Larger sampling efforts than what is common in many population genetic 

studies may be required to detect the existence of multiple populations in the 
absence of a natural starting point for making gene frequency comparisons 
(PAPER II). 
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o To date, there is only limited genetic support for a distinct Baltic harbour 
porpoise population. In line with the precautionary principle, these animals 
should, however, be treated as a separate population (PAPERS III and IV). 

 
o Only a few Swedish species have been well studied with respect to genetic 

composition. The brown trout is the only species where systematic studies 
following consecutive cohorts exist (PAPER V). 

 
o For a few species, including the Atlantic salmon, brown trout, and Norway 

spruce, extensive genetic data is available and pilot conservation genetic 
monitoring programs should be initiated for these species as soon as possible 
(PAPER V). 

 
o Millions of forest trees, fishes, and birds are annually released in Sweden. Most 

of these individuals represent alien populations, with a genetic origin differing 
from the wild, native conspecific populations (PAPER VI). 

 
o The documentation of genetic and other types of information regarding releases 

of alien populations in Sweden is poor (PAPER VI). 
 
 

REFLECTIONS 
  
It is a fact that many species and populations are severely affected by human activities. 
This became utterly clear to me when I realized to what massive extent alien 
populations are released into the wild. Such populations are, in many cases, spread 
without any concern about the possible negative effects on genetic variation in the 
native population. It is also alarming that adequate basic information on population 
genetic structure is lacking for most species, making it hard to safeguard biodiversity 
and virtually impossible to identify and survey anthropogenic caused genetic changes. 
The human negative impact on biological diversity is large and our ignorance to 
survey these effects is worrisome. 
 
Given the strong political focus on issues relating to biological diversity and the 
implementation of CBD in Sweden and many other countries, surprisingly little is 
done to halt the loss of biodiversity at the gene level. I think it is very important that 
the research community contributes with information that can be used in the practical 
work of conservation. A significant part of my work was initiated by the Swedish 
Environmental Protection Agency as part of the work in implementing the convention 
and to provide conservation and management guidelines for the porpoise. When it 
comes to releases of alien populations in Sweden and conservation strategy for the 
harbour porpoise in the Baltic, the information on gene level diversity has been largely 
neglected. Together with my supervisors, I have been involved in various reports 
(Palmé et al. 2004; Laikre & Palmé 2005; Laikre et al. 2007, 2008) and several 
workshops and meetings (for example, the workshop on releases of alien populations 
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in Sweden arranged in Stockholm in 2006 by the Scientific Council for Biological 
Diversity, the Swedish Environmental Protection Agency, and Stockholm University 
and the ASCOBANS meeting in Bonn 2009 discussing the harbour porpoise) where 
we have tried to put forward our research results on these issues to a broader audience. 
My impression from this is that it is sometimes difficult to get the message across of 
taking the gene level diversity into account in practical work. For example, discussions 
regarding genetic risks associated with releases of game birds and replanting after 
deforestation are largely lacking. This is unfortunate as it impedes the process of 
implementing the CBD and safeguarding biodiversity. In the case of the harbour 
porpoise in Swedish and adjacent waters, a more thorough knowledge of the 
population genetic structure is needed to assure that the present management policy is 
the most relevant.  
 
Why do we sometimes fail to get the message of retaining gene level diversity across? 
Why are political processes aimed at protecting genetic variation so slow? I can 
imagine three major reasons. First and foremost, genes are “invisible”. It is much 
easier to arouse enthusiasm for protecting diversity that can actually be visualized. 
Second, negative effects due to, for example, harvest and enhancement activities may 
take a long time to detect whereas the short economical advantages are obvious. Third, 
population genetics in many ways has its own “language” with theoretically concepts 
not easy to grasp. The interpretation of research results is not straightforward without 
basic knowledge of the subject and it is therefore important that we improve our ability 
to communicate the message of safeguarding biodiversity at all levels. 
 
A professor in Ecological Economics, Robert Costanza (1999), described four possible 
scenarios to be achievable by 2100, reflecting different views of future technology and 
free marketing. One of the four scenarios is the ecological and environmental 
sustainable world of “Ecotopia”. In line with Costanza’s vision of a future Ecotopia, 
we still have time to enter a desired course towards sustainability. Although many 
environmental and societal signs today point at a troublesome future, it is important 
not to cave into despair. Many choices will surface along the path, and with the right 
decisions and joint efforts biological life on Earth as we know it today can survive the 
Anthropocene and reach a common future on the planet.  
 
Biological resources provide the foundation for life on Earth. The present loss of 
biodiversity will reduce the potential for nature and thereby humans to cope with 
future environmental changes. In light of the United Nations’ proclamation of 2010 as 
the International Year of Biodiversity, we need to act and we need to act now.  
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APPENDIX 
 
Studies on population differentiation in harbour porpoise in the Baltic Sea and adjacent waters using morphologic and/or ecologic data. n=number of animals. 
IDW=Inner Danish Waters. Note that the information given in the “n (Baltic Sea)” and “Geographic areas studied” columns refers to that provided by the 
cited papers; the definitions of the Baltic Sea and other areas vary among publications. 
 
  

Reference 
  

n  
(total) 

  

n  
(Baltic Sea) 

  

Character 
  

Geographic areas 
studied 
  

  

Conclusions regarding the Baltic 

  

Andersen 1972 
(citing Andersen 
unpubl.) 
  

  

Not 
presented 

  

Not 
presented 

  

Skull characters 
  

IDW and North Sea 
  

No significant difference between areas. 

Angerbjörn et al. 
2006 

24 12 Movement and 
habitat use 
(inferred from 
isotopes) 
  

Baltic Sea and 
Kattegat-Skagerrak 
Seas 

Individual porpoises use habitats both in the Baltic and 
Kattegat-Skagerrak Seas. 

Berggren et al. 
1999 

47 17 Level of 
contaminants 
(e.g. DDTs and 
PCBs) 
  

Baltic Sea, Kattegat-
Skagerrak Seas, and 
Norwegian westcoast 

Significant differences between the Baltic and Kattegat-
Skagerrak Seas and between the Baltic Sea and the 
Norwegian westcoast. 

Bruhn et al. 
1999 

40 19 Level of 
contaminants 
(e.g. CBs and 
DDTs) 
  

Belt/German Baltic 
Sea, North Sea, and 
West Greenland 

Similar CB concentrations in North Sea and Belt/Baltic Sea 
specimens; significantly higher than in Greenland animals. 
Concentrations of e.g. some chlorinated pesticides decreased 
in the order Belt/Baltic>North Sea>Greenland. 

 Börjesson  
& Berggren 
1997 

 103  29  Skull characters  Baltic Sea and 
Kattegat-Skagerrak 
Seas 
  

 Significant differences between female samples from the 
Baltic and Kattegat-Skagerrak Seas in some characters.  
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APPENDIX (continued) 
 
  

Reference 
  

n  
(total) 

  

n  
(Baltic Sea) 

  

Character 
  

Geographic areas 
studied 
  

  

Conclusions regarding the Baltic 

  

Börjesson & 
Read 2003 

  

183 
  

95 
a 

  

Time for 
reproduction 

  

Baltic Sea, Kattegat-
Skagerrak Seas, North 
Sea, and Bay of Fundy-
Gulf of Maine 
  

  

Significant differences between the Baltic and Kattegat-
Skagerrak Seas and between the Baltic and North Seas. 

Huggenberger et 
al. 2000, 2002 

242 58 Skull characters Baltic Sea, transition 
area 

b, and German 
Bight 
  

Significant differences between all areas. 

Kinze 1985 548 89-101 
c 

(depending 
on character) 
  

Skull characters Baltic Sea, North Sea, 
and Dutch coast 

No significant difference between the Baltic and North Seas. 
Significant difference between Baltic and Dutch coast. 
  

Koschinski 2002 
(citing BMBF 
1997) 
  

Not 
presented 

Not 
presented 

Skull characters German North and 
German Baltic Seas 

Significant difference between areas. 

Lockyer 1999 863 41 Tooth characters Multiple localities 
including IDW, 
Skagerrak, Baltic Sea, 
North Sea, and West 
Greenland 
   

Significant pairwise differences between e.g. the Baltic Sea, 
IDW, Skagerrak, and North Sea. 

Teilmann et al. 
2004 

52 1 Movement/ 
migration 
(satellite 
tracking) 
   

IDW and Danish North 
Sea-Skagerrak 

Restricted movements between areas. 

van Utrecht 
1960 

   

30 11 
d Growth Baltic Sea and North 

Sea 
Slight growth difference between the Baltic and North Seas. 
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APPENDIX (continued) 
  
  

Reference 
  

n  
(total) 

  

n  
(Baltic Sea) 

  

Character 
  

Geographic areas 
studied 
  

  

Conclusions regarding the Baltic 

  

van Utrecht 
1978 

   

  

488 
  

389 
a 

  

Growth 
  

Baltic Sea and North 
Sea 

  

Slight growth difference between the Baltic and North Seas. 
  

Yurick & 
Gaskin 1987 

473 6 
e Skull characters Eastern North Pacific, 

western and eastern 
North Atlantic 
  

Differences in one character between Baltic and Dutch 
males. In another character Dutch, Baltic, and North Sea 
English males differed significantly from each other. 

e 
  

 
 
a The Baltic Sea sample represents data previously published by Møhl-Hansen (1954). It appears that these animals are actually from the Belt Seas (see Møhl-
Hansen 1954). 
  
b The “transition area” comprises the Belt, Kattegat, and Skagerrak Seas. 
  
c From the map provided by Kinze (1985) it appears that the majority of the Baltic Sea animals are actually from the Belt/Kattegat-area. 
  
d The Baltic Sea is not defined.  
  
e The Baltic Sea is not defined. The authors point out that the differences observed between areas should be regarded with caution because they may result 
from clustering effects. Further they state that the Baltic sample was too small for realistic comparisons. 
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