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Abstract 
 

Humans can constitute a significant force affecting evolutionary processes in natural 
populations. The genes are the foundation of evolution and biodiversity. Therefore, the 
genetic structure of natural populations needs to be understood to rationally maintain 
resources subject to harvest. This thesis focuses on genetic variability and methods used 
to determine spatial and temporal genetic heterogeneities. Intense human exploitation 
generates particular challenges to conserve genetic diversity of fishes since exploitation 
by itself has genetic effects. My research concerns one of our most valuable fish 
species: the Atlantic herring (Clupea harengus). The genetic variability pattern of this 
species is complex, and previous studies of genetic differentiation in Atlantic herring 
have reported variable degrees of structuring when using different types of genetic 
markers – suggested reasons for this observation is that the difference can depend on 
statistical 'resolving power' or natural selection. 

Atlantic herring samples from the North Sea-Baltic Sea region were analyzed and the 
objectives of my research were to determine: i) spatial genetic structure, ii) whether 
allozymes and microsatellites provide similar descriptions of the differentiation pattern, 
iii) whether any genetic markers show influence of selection, iv) the impact of different 
factors such as type of marker, number of loci, and sample size on statistical power 
when testing for genetic differentiation, and v) the temporal stability of the spatial 
genetic structure and genetic variation.  

The results show: i) very low levels of spatial genetic differentiation in Atlantic 
herring, FST ≈ 0.002 for presumably neutral markers, where a major component appears 
to be a difference between the Baltic Sea and the Skagerrak/North Sea, ii) a 
differentiation pattern that is similar whether using allozyme or microsatellite genetic 
markers, iii) a conspicuous selection influence at a microsatellite locus that can be 
related to low salinity adaptation or associated environmental factors, iv) that statistical 
power for detecting quite low levels of divergence may be substantial for frequently 
used sample sizes and sets of markers; the difference in divergence signal between 
organelle and nuclear loci is dependent on where in the divergence process the 
populations are, which greatly affects the power relationship, and v) no changes in the 
amount of genetic variation or spatial genetic structure over a 24-year period. The 
pattern of selection in the outlier locus had also remained the same over this time 
period, and a conspicuously stronger correlation of pairwise FSTs among sampling 
localities than for any of the presumed neutral loci implies maintenance of selection 
pressure. 

The notion that the large population sizes of this species makes it unlikely to lose 
genetic diversity may be disputed. I found small local effective population sizes, and the 
evidence of a selection pattern hints of a distinct evolutionary lineage in the brackish 
Baltic Sea. When Atlantic herring are managed as very large units, as presently done, 
there can be detrimental effects on the genetic diversity if certain population segments 
are excessively harvested. 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A thing is right when it tends to preserve the integrity, stability, and beauty of the biotic community.  
It is wrong when it tends otherwise. 
 

- Aldo Leopold, A Sand County Almanac (1949)
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INTRODUCTION 
 
Today, more and more people are realizing the perils of our seas. Scientists warn that we are 
fishing too many fish out of the sea, the death of sea bottoms are spreading, and the small 
scale fishermen are losing their livelihood when huge trawlers vacuum the marine biota off-
shore. At the same time, demand for healthy seafood increases and long-term sustainability is 
forsaken for short-term economic revenue. Politicians and decision makers are unwilling to 
make controversial decisions based on precautionary, and what they consider 'vague', 
recommendations of scientists. Meanwhile, marine biodiversity loss increasingly impair the 
ocean’s capacity to provide food, maintain water quality, and recover from perturbations 
(Worm et al. 2005). 
 
This thesis is about one of our most valuable fish species, Atlantic herring (Clupea harengus), 
and the information we can get from analyzing genetic markers in samples from different 
locations and from different times. I examine gene frequencies to determine population 
structure since it is central for management and conservation. Population genetics deals with 
the 'bottom' level of biodiversity, the genes that build individuals and populations. The 
individuals and populations make up species and ecosystems for which monitoring programs 
to conserve biodiversity are implemented. But gene level biodiversity urgently needs attention 
as well (Laikre et al. 2008).  
 
The biodiversity within species is the foundation for evolution and makes adaptation to 
different environments possible. Conserving genetic variation both within and between 
natural populations has, in addition to ethical, also practical reasons (e.g. Frankel 1974; 
FAO/UNEP 1981; Ryman 1991; Primmer et al. 1999). The possible economical, ecological, 
and evolutionary loss caused by reduced genetic variability is difficult to estimate, but genetic 
alterations are difficult to reverse (Allendorf et al. 2008). We therefore have to be committed 
to the quest to retain as much of the genetic variation as possible. We need to better 
understand how genetic variability is distributed in time and space, and processes influencing 
this diversity (Frankel and Soulé 1981; Ryman 1991; Allendorf and Luikart 2007). 
 
 
Fisheries management and population genetics 
 
The impact of humans can have enormous evolutionary consequences on natural populations 
(Palumbi 2001). The biological diversity is continuously decreasing and conflicts between 
conservation and commercial interests often retard effective actions. In 2002, 84.4 million 
tons of fish products were produced worldwide by exploiting wild fish of the oceans (FAO 
2005). Since fish are the only major food source harvested from natural populations (Ryman 
et al. 1995), proper management of this resource is essential if we want to sustain any 
semblance of historical levels of harvesting. Unfortunately, fisheries have rarely been 
'sustainable' and there is mounting evidence for the peril of the marine ecosystems caused by 
fishing effects (Pauly et al. 1998, 2002; Jackson et al. 2001; Myers and Worm 2003, 2005; 
Devine et al. 2006; Österblom et al. 2007). Stocks are being overfished and the maximum 
long-term potential of the world marine capture fisheries appears to have been reached (FAO 
2005). Presently, biologically unsustainable levels of fishing is maintained by subsidies, 
which in combination with a low degree of protection, virtually guarantee that more fish 
stocks will collapse and that these collapses will be attributed to changes in environment or 
climate (Pauly et al. 2002).  
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In addition, serious harm to the genetic diversity may occur before stocks collapse (Ryman et 
al. 1995). For example, a significant decrease in heterozygosity and mean number of alleles 
was found in a population of the New Zealand snapper (Pagrus auratus) when comparing 
more recent samples with pre-exploitation samples from 1950 (Hauser et al. 2002). The stock 
was numerically reduced by 75% but the estimated minimum population size was still over 
three million fish. Despite very large numbers of individuals, exploited fish stocks can lose 
genetic diversity. 
 
Fisheries managers were slow to apply the principles of population genetics (Ryman and 
Utter 1987), although fisheries may change the evolutionary characteristics of harvested 
populations and induce irreversible changes in the gene pool (Allendorf et al. 2008 and 
references therein). Fisheries decrease population sizes, fragment populations, and selectively 
choose individuals during harvesting. 
 
The loss of biological diversity at the gene level is a concern when managing economically 
valuable species since harvesting is carried out on a very large scale. This does not necessarily 
imply that the species or populations must be placed under protection, but harvest (and 
enhancement) should be carried out in a way that is sound from the perspective of 
conservation genetics. The result may be both more healthy populations and an increased 
yield (Laikre and Ryman 1996). As an example, it has been estimated that if a global marine 
protected area system was implemented, 20% of the total fishing area needs be closed, 
resulting in US$270 million of lost profit per year (Sumaila et al. 2007). But this would also 
help sustain US$70-80 billion/year worth of fisheries (FAO 2000) and create one million jobs 
(Balmford et al. 2004).  
 
Ignoring loss of genetic resources may result in decreased productivity as well as loss of 
adaptive potential (Altukhov and Salmenkova 1987). In regards to fish, decreased 
productivity is an immediate concern, which has an instant effect on the fishing industry and 
the associated infrastructure. Adaptive potential must also be considered since it may enable 
populations to endure in a relatively unpredictable future environment (e.g. climate change 
with temperature and salinity fluctuations, disease resistance). Genetic markers permit 
empirical studies of the population dynamics of evolutionary processes. They are like built-in 
'tags', where the DNA code provides information regarding the background of each 
individual. Every individual carries the DNA inherited from its parents. We can use it to 
determine the population genetic structure, e.g. which population fish belong to and where 
they migrate (Palumbi and Warner 2003). 
 
 
The stock concept and genetic structure of fish 
 
Marine fisheries are typically managed at a stock-level, but the term 'stock' is differently 
defined depending on user. One biological stock definition proposed by Ihssen et al. (1981) 
is: “a stock is an intraspecific group of randomly mating individuals with temporal and spatial 
integrity.” Interpretations of this definition vary from harvest stocks, which describe groups of 
individuals where recruitment and mortality (especially fishing mortality) determines the 
abundance rather than genetic or phenotypic differences, to genetic stocks, which are to some 
degree reproductively isolated and therefore genetically different from other stocks (Carvalho 
and Hauser 1994). The latter concurs with an "evolutionary population" definition even 
though consensus is lacking for this concept also (cf. Waples and Gaggiotti 2006). However, 
the stock concepts are not sufficient for biologically sustainable management unless they also 
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relate to the genetic population structure (Aho and Laikre 2004; Laikre et al. 2005; PAPER III). 
Otherwise, reproductively but not ecologically separated populations can go extinct without 
our knowledge. 
 
Unexpected results have emerged from empirical population genetic studies of marine 
species. Fine-scale genetic structuring is possible in the vast oceans and larvae are capable of 
maintaining close links to 'home' (Palumbi and Warner 2003). Genetically differentiated 
Atlantic cod (Gadus morhua) populations have been detected on a fine geographical scale 
(Knutsen et al. 2003). Turbot (Psetta maxima), on the other hand, exhibits a panmictic 
population structure except for a sharp cline in genetic differentiation between the North Sea 
and the Baltic Sea (Nielsen et al. 2004; but see also Florin and Höglund 2007). This clinal 
pattern of differentiation between the Atlantic and the Baltic Sea is also evident in many other 
marine species (Johannesson and André 2006). Larval drift rather than adult dispersal is the 
primary cause for genetic similarity among cod populations in the North Sea-Skagerrak area 
(Stenseth et al. 2006). The prime example of panmixia that occurs in eel (Anguilla anguilla), 
which only spawn in the Sargasso Sea with an extreme trans-oceanic migration, was 
suggested to be caused by temporal rather than geographical heterogeneity (Dannewitz et al. 
2005). The identification of the genetic populations is useful for determining appropriate units 
for sustainable management. The stocks can then be better defined according to reproductive 
relationships (Laikre et al. 2005). 
 
 
Atlantic herring 
 
One of the economically most important species of fish is Atlantic herring. This fish has 
sustained human communities throughout history. Atlantic herring is not just valuable to 
humans but is an integral part of the food web. It is a major food source for mammals, birds, 
squids, and other fish as well. Herring is named in the Guinness Book of World Records as 
the most numerous fish (Hureau 1986). The fish form large schools and feed on copepods. 
They perform complex feeding and spawning migrations with a high degree of natal homing 
(Wheeler and Winters 1984). The migrations vary in timing from population to population 
and it is said that at least one population spawns any given month of the year (Whitehead 
1985). Female herring will deposit an average of approximately 30 000 eggs on sandy and 
gravel substrates (as well as on vegetation in the Baltic). 
 
Atlantic herring is a marine species but tolerates the ecologically marginal environment of the 
brackish Baltic Sea (cf. Johannesson and André 2006). Salinity is thought to be the most 
critical environmental variable in the Baltic Sea and adjacent areas (Florin and Höglund 
2007); it varies between 35‰ in the North Sea to scarcely anything in the Bothnian Bay. Low 
salinity decreases fertilization in marine fishes (Elofsson et al. 2003) and also early 
development in the closely related Pacific herring, Clupea pallasi (Griffin et al. 1998). 
Likewise, Atlantic herring larval development is impeded by low temperatures (Johnston et 
al. 2001). Climate influences herring recruitment; mild winters are typically followed by 
strong year classes in the Baltic Sea (Axenrot and Hansson 2003). 
 
 
Herring fisheries and stock management 
 
My research was partly conducted under the framework of a European Union funded program 
abbreviated HERGEN with the title “Conservation of diversity in an exploited species: spatio-
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temporal variation in the genetics of herring (Clupea harengus) in the North Sea and adjacent 
areas” (http://www.hull.ac.uk/hergen). It was undertaken to gather more detailed information 
regarding Atlantic herring genetic stock structure and to provide guidelines for conservation 
and management of this species.  
 
There is little by-catch of other fish and almost no disturbance of the sea bed when herring is 
fished for human consumption (ICES 2008a). International overexploitation of herring has 
historically caused collapse of stocks in several areas. FIG. 1 illustrates the present division of 
Atlantic herring management stocks in the Northeast Atlantic used by the International 
Council for Exploration of the Sea (ICES). ICES is the official scientific advisory body, 
which provides reports on the state of the most important fish stocks and advice for their 
management to e.g. the Northeast Atlantic Fisheries Commission and the Commission of the 
European Union. The commissions in turn decide limits on total allowable catches and 
quotas.  
 
The herring stocks sampled for these studies include the Norwegian spring-spawning herring, 
Downs winter-spawners, the North Sea autumn-spawners, and spring-spawners in the 
Skagerrak, the Kattegat, and the Baltic Sea (FIG. 1). There are also smaller components of 
autumn-spawners in the Skagerrak, the Kattegat, and the Baltic Sea, though they are not 
analyzed in this study. 
 
Herring has a long history of exploitation, also in Swedish waters. Good records dating back 
to the 10th century exist for Skagerrak while information on herring fisheries in the Baltic Sea 
is rare until after 1900 (MacKenzie et al. 2002). The fishery in Skagerrak was large by 
medieval/early modern standards. It has been characterized by fluctuating abundances which 
appears to be partly oceanographically/climatically driven (Alheit and Hagen 1997). The 
largest fishery in Europe during the 15th century was in Öresund where catches amounted to 
40 000 – 50 000 tons annually. However, the Bohuslän fishery in the Skagerrak greatly 
exceeded the Öresund’s medieval herring fishery during the 18th century and reached 270 000 
tons during a fishing season (Alheit and Hagen 1997). 
  
Substantial alterations of the abundance of key species in the Baltic Sea can be attributed to 
historical human impacts (Österblom et al. 2007). Furthermore, human impacts have 
increased considerably during the last decades, in many cases overshadowing natural factors 
(Ojaveer and Lehtonen 2001). One hundred years ago, the abundance of herring in the Baltic 
was much lower (Thurow 1997). The herring abundance increased substantially during the 
middle of the 20th century after the number of marine mammals in the Baltic Sea plummeted, 
but a decline commenced in the mid 1970s (MacKenzie et al. 2002). 
 
The status of the fisheries associated with samples that I have primarily focused on are 
summarized in the Appendix. For the most part, the stocks fare relatively well but recruitment 
has declined in some areas according to ICES. A positive note for herring, compared to other 
marine fishes, is that data suggest a higher resilience and likelihood to recover from stock 
collapses (Hutchings 2000). Unfortunately, the scientists’ management recommendations to 
the commissions have often not been followed, which may result in seriously depleted marine 
fish resources (Hansson 2002). 
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FIGURE 1. ICES Atlantic herring management subdivisions  
 (reproduced with permission from www.clupea.net/C. Zimmermann). 

 
 
Herring genetics 
 
Herring classification has historically been confusing (Ryman et al. 1984; Carvalho and 
Hauser 1994). A variety of terms have been used to describe groups of the species and a large 
number of stocks have been identified based on morphological, ecological, and behavioral 
differences (Heincke 1898; Bückman and Parrish 1958; Parrish and Saville 1965; Iles and 
Sinclair 1982; Rosenberg and Palmén 1982). Genetic studies have not provided general 
support for the existence of many of the proposed groupings.  
 
The amount of genetic differentiation in Atlantic herring is typically very small (TABLE 1). 
Exceptions are studies of local Norwegian fjord stocks and stocks in the Barents Sea (Jørstad 
et al. 1991, 2004; Shaw et al. 1999) where the samples show an uncertain taxonomic status 
and may be more similar to Pacific herring (Clupea pallasi). Early allozyme and 
mitochondrial DNA (mtDNA) studies did not reveal any obvious genetic differentiation on 
either side of the Atlantic, including the Baltic Sea and adjacent areas (Kornfield et al. 1982; 
Grant 1984; Ryman et al. 1984; King et al. 1987; Kornfield and Bogdanowicz 1987). Later, 
DNA studies of both mitochondria (Hauser et al. 2001) and particularly microsatellites, 
provided evidence for weak divergence in Atlantic herring (Shaw et al. 1999). 
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TABLE 1. Heterozygosities and FST values in Atlantic herring genetic studies together with geographic area surveyed, type of marker (number of loci or numbers 
of restriction enzymes used in parenthesis). Monomorphic and polymorphic loci are included for allozyme heterozygosities. N1 = number of samples, N2 = 
sample sizes, H = mean heterozygosity per locus or haplotype diversity (mtDNA), FST1 = range of FST values from pairwise comparisons, FST2 = overall FST. Sig. = 
significance of FST2: ns = not significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. n/a = not available. Table partly adopted from Hauser and Ward (1998). 
 

Reference  Geographic area Marker N1 2 H FST1 ST2 Sig. 
Kornfield et al. 1982 NW Atlantic allozymes (42) 14 41-98 0.048 n/a n/a ***1 
Grant 1984 NW & NE Atlantic allozymes (40) 6 40-56 0.065 n/a 0.004 ns 
Ryman et al. 1984 NE Atlantic, North, Baltic Seas allozymes (17) 17 30-100 0.086 n/a 0.009 ** 
King et al. 1987 NE Atlantic, North, Irish, Baltic, Celtic Seas allozymes (30) 27 23-100 0.045 n/a 0.002 ns 
Kornfield & Bogdanowicz 1987 NW Atlantic mtDNA (whole:16) 4 8-26 0.911 n/a 0.003 ns 
Dahle & Eriksen 1990 North Sea, Kattegat mtDNA (whole:12) 7 16-38 0.85 n/a 0.009 ns 
Jørstad et al. 1991 NW & NE Atlantic, North, Irish, Baltic, Celtic Seas, coastal Norway allozymes (6) 28 40-255 n/a n/a 0.1632 *** 
Jørstad et al. 1991 NW & NE Atlantic, North, Irish, Baltic, Celtic Seas allozymes (6) 23 40-159 n/a n/a 0.001 *** 
Turan 1997 North, Baltic, Celtic Seas, Iceland, coastal Norway, Barents Sea allozymes (27) 10 25-50 0.054 -0.008 - 0.1942 0.0492 *** 
Turan 1997 North, Baltic, Celtic Seas, 'Balsfjord' allozymes (27) 8 25-50 0.054 -0.008 - 0.0083 0.0002 *** 
Turan 1997 North, Baltic, Celtic Seas, Norway mtDNA (ND3/4:6) 5 50 0.89 n/a 0.013 ** 
Turan 1997 North, Baltic, Celtic Seas, Norway mtDNA (ND5/6:6) 5 50 0.89 n/a 0.004 ns 
Turan et al. 1998 Iceland, Norway allozymes (28) 4 46-50 0.062 n/a n/a *** 
Turan et al. 1998 Iceland, Norway, excl. Trondheimsfjord allozymes (28) 3 46-50 0.06 n/a n/a ns3 
Turan et al. 1998 NE Atlantic, Norway mtDNA (ND5/6:6) 4 46-50 0.92 n/a n/a n/a 
Shaw et al. 1999 Iceland, Norway, Barents Sea microsatellites (4) 4 46-50 0.91 0.001 - 0.0372 0.0202 *** 
Shaw et al. 1999 Iceland, Norway microsatellites (4) 3 46-50 0.92 0.001 - 0.0183 0.0093 *** 
Shaw et al. 1999 Iceland, Norway, Barents Sea allozymes (27) 4 46-50 n/a -0.002 - 0.1772 n/a n/a 
Shaw et al. 1999 Iceland, Norway allozymes (27) 3 46-50 n/a -0.002 - 0.0093 n/a n/a 
Shaw et al. 1999 NE Atlantic, Iceland, Norway mtDNA (ND5/6:6) 4 46-50 0.89 -0.002 - 0.0122 n/a n/a 
Hauser et al. 2001 North, Baltic, Celtic Seas, Iceland, Norway, Barents Sea mtDNA (ND5/6:6) 10 25-50 0.89 -0.003 - 0.0252 0.0042 ns 
Hauser et al. 2001 North, Baltic, Celtic Seas, Iceland, Norway, Barents Sea mtDNA (ND3/4:6) 5 48-50 0.89 -0.004 - 0.0352 0.0132 ** 
McPherson et al. 2001 NW Atlantic microsatellites (9) 6 60-75 0.806 0.000 - 0.014 n/a n/a 
McPherson et al. 2004 NW Atlantic, Scotian Shelf, Celtic, Baltic Seas, Iceland microsatellites (9) 17 50-164 0.804 0.009 - 0.0684 0.002 *** 
Jørstad 2004 Barents Sea allozymes (5) 14 47-96 n/a -0.002 - 0.7642 0.7542 *** 
Bekkevold et al. 2005 Baltic Sea, Kattegat, Skagerrak, Norway microsatellites (9) 20 44-120 n/a -0.0002 - 0.027 0.008 *** 
Jørgensen et al. 2005a Baltic Sea microsatellites (9) 24 50-116 n/a -0.002 - 0.026 n/a n/a 
Mariani et al. 2005 North Sea, Norway microsatellites (9) 16 75-114 0.807 0 .000 - 0.006 0.001 *** 
PAPER II Baltic Sea, Skagerrak, North Sea, Norway allozymes (11) 7 87-120 0.112 -0.003 - 0.003 -0.001 ns 
PAPER II Baltic Sea, Skagerrak, North Sea, Norway microsatellites (9) 7 87-120 0.837 -0.0002 - 0.0055 0.0025 *** 
PAPER III Baltic Sea, Skagerrak, North Sea, Norway microsatellites (9) 32 63-120 n/a -0.0002 - 0.027 0.009 *** 
Bekkevold et al. 2007 Baltic Sea, Kattegat, Skagerrak, Norway microsatellites (9) 11 77-112 0.812 0.0000 - 0.019 n/a n/a 
Jørgensen et al. 2008 Baltic Sea microsatellites (9) 7 100-116 n/a -0.0008 - 0.016 0.005 ns 
Watts et al. 2008 NW & NE Atlantic, Irish, Celtic, Baltic Sea microsatellites (12) 10 n/a 0.741 n/a 0.007 * 
PAPER V Baltic Sea, Skagerrak allozymes (11) 15 82-277 0.126 -0.004 - 0.009 0.001 *** 
PAPER V Baltic Sea, Skagerrak microsatellites (9) 13 96-100 0.832 -0.0008 - 0.0075 0.0025 *** 

 

1 Pooling spring vs. fall samples showed highly significant differences in allele frequencies; 2 Includes samples which may be more closely related to Clupea pallasi; 3 Includes sample from Balsfjord which may not 
represent the local population, it is proposed that Norwegian spring-spawners may have been sampled instead; 4 Pooling NW Atlantic samples, NE vs NW Atlantic resulted in FST ~ 0.065; 5 Excluding outlier locus.
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Subsequent studies examining microsatellite differentiation have provided similar results with 
the following observations: i) significant differences between East and West North Atlantic as 
well as among northwestern spawning groups (McPherson et al. 2001, 2004), ii) weak 
differentiation across North Sea spawning aggregations (Mariani et al. 2005), iii) patterns of 
genetic differentiation co-varied with salinity differences among spawning locations 
independent of their geographical distance in the western Baltic and the North Sea 
(Bekkevold et al. 2005), and iv) significant associations between genetic differentiation and 
environmental parameters (salinity and surface temperature) in the Baltic Sea (Jørgensen et al. 
2005a). A precursory study by Jørgensen et al. (2005b) is not included in TABLE 1 since 
spatial structure is not analyzed. They conclude that genetically distinct sympatric populations 
spawn at Rügen in the southern Baltic Sea.  
 
Effective population size (Ne) is a critical parameter in conservation genetics since it 
quantifies the rate at which genetic variability is lost in a population. The effective population 
is the size of a hypothetical 'ideal' population that would have the same decrease in gene 
diversity over the time period involved as the actual population (cf. Crow and Kimura 1970). 
Ne can be estimated to determine the extent of genetic threat. The smaller Ne is, the more 
susceptible to loss of genetic diversity the population is. A threshold value of Ne = 500 to 
5000 has been recognized as necessary to retain long-term evolutionary potential (Franklin 
and Frankham 1998; Lynch and Lande 1998; Allendorf and Ryman 2002). Ne has not been 
estimated in Atlantic herring previously but has been assumed to be large. 
 
 
Comparing markers and statistical methods 
 
Statistical power is the probability of correctly rejecting a null hypothesis when the 
hypothesis is false. Power is a critical issue in conservation genetics since it quantifies the 
potential of detecting genetic differences in space or time (Dizon et al. 1995; Ryman and 
Jorde 2001; PAPERS I and IV). In most population genetic studies, the fundamental question is 
whether samples are likely to represent the same population or gene pool. We want to identify 
genetically alike units to determine evolutionary relationships and to provide a base for 
conservation management actions. Using genetic markers, sampling design, and statistical 
methods that provide a high probability of detecting true differences (i.e. a high statistical 
power) is important in this context.  
 
Information from different types of genetic markers is frequently combined in empirical 
population genetics. To interpret their variation patterns is not always straightforward. 
Examples of commonly used nuclear genetic markers are microsatellites, allozymes, and 
SNPs, which are DNA codes or proteins coded by DNA in the nucleus. There are also 
extranuclear genomes in subcellular structures of the cytoplasma, which are called organelle 
genes. The two main organelle markers scored are mitochondrial DNA (mtDNA) and 
chloroplastic DNA (cpDNA, which only occurs in plants). Organelles differ from nuclear 
markers in that they are haploid, which means that there is only one copy of the DNA that is 
inherited from one of the parents in diploid organisms. MtDNA for example, is normally 
inherited from the mother in animals. These inherent differences in markers need to be 
accounted for when interpreting genetic patterns.  
 
Since organelles are haploid and inherited from only one parent, they are expected to undergo 
larger genetic drift than nuclear loci (e.g. Birky et al. 1983, 1989; Avise 2004). The stronger 
'divergence signal' from organelles has been suggested to be easier to detect compared to 
nuclear markers (Bamshad et al. 1996; Seeb et al. 1999; Hoarau et al. 2004). However, since 
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organelles are haploid the sample size (number of genes) is only half of that of a nuclear 
locus. Moreover, organelle DNA represents only one locus, whereas many nuclear loci can be 
screened for each individual. These factors are expected to reduce the relative power of 
organelles for detecting divergence (Laikre et al. 1998; Liu and Cordes 2004), making it 
unclear whether the marker types provide different statistical power. Similarly, a variety of 
methods to combine test statistics or P-values of multiple loci may be employed to test the 
hypothesis of identical allele frequencies. However, assessments of the methods’ relative 
merits are lacking. 
 
In the HERGEN project, allozymes, microsatellites, mtDNA, and a major histocompatibility 
complex locus (MHC; a genomic region playing an important part in the immune system) 
have been scored. We are currently working with a comparison of the genetic structure 
relayed by these different molecular markers (André et al. in preparation). The issue of 
different statistical power between nuclear and organelle markers is relevant here. Otherwise, 
my molecular marker analyses involve allozyme and microsatellite data. 
 
 
OBJECTIVES 
 
The aim of the present thesis is to disentangle different aspects regarding genetic structure. 
The marine fish Atlantic herring is an object of this research but several of the questions are 
general and apply to other conservation issues and species as well. I analyzed Atlantic herring 
samples from the North Sea-Baltic Sea region and the objectives of my research were to 
determine: i) spatial genetic structure of Atlantic herring in this region, ii) whether allozymes 
and microsatellites provide a similar differentiation pattern, iii) whether any genetic marker 
show influence of selection, iv) impact of different factors on statistical power when testing 
for genetic differentiation, and v) the temporal stability of the spatial genetic structure.  

 
The individual papers focus on these main questions:  
 
PAPER I:  What factors impact statistical power when testing for differentiation at 

multiple loci?  
 
 Motivation: Statistical power quantifies the potential of detecting genetic 

differences in space or time but the relative importance of sampling strategy and 
statistical methodology needs to be examined. Factors considered in this paper are 
genetic variability, sample sizes, number of loci, allele frequency distributions, 
and statistical methods. 

 
PAPER II: Do allozymes and microsatellites provide concordant results regarding the 

differentiation patterns in Atlantic herring in the North Sea-Baltic Sea 
region? 

  
 Motivation: It has been suggested that contrasting patterns regarding the nature 

and extent of genetic structuring may be caused by selection on certain loci when 
using different molecular techniques. Can any evidence of natural selection be 
detected in the present material, or are other factors such as statistical power 
causing possible discrepancies? 
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PAPER III: Can the genetic differentiation patterns in Atlantic herring in the North Sea 

and adjacent areas be used to estimate proportional contributions to mixed 
aggregations?  

  
 Motivation: Even though herring migrate long distances and mix in large feeding 

aggregations, the existence of genetically and phenotypically diverse stocks imply 
natal homing. Information on spatial genetic stock structure can be used to 
estimate the proportional contributions to mixed feeding aggregations which are 
targeted by fisheries. 

  
PAPER IV: Is the relative performance of detecting genetic differences of either organelle 

or nuclear markers better than the other? 
  
 Motivation: Organelle and nuclear genetic markers have fundamentally different 

transmission dynamics; the potential effects of these differences on power to 
detect divergence have been speculated on but they need to be investigated. The 
relative performance of organelle and nuclear markers are examined analytically 
and with computer simulations in this paper.  

 
PAPER V: Has the spatial genetic structure of Atlantic herring in the Baltic Sea and the 

Skagerrak changed over the past decades? 
  
 Motivation: From a conservation perspective, it is important to know whether the 

spatial genetic structure is stable over time. Temporal investigations are also 
needed to detect possible changes in genetic biodiversity. Samples from 
1979/1980 and 2002/2003 are examined here and effective population sizes are 
estimated. 
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MATERIALS AND METHODS 
 
The details are given in the separate papers, but I provide a brief overview of the sampling, 
laboratory procedures, and some basic concepts here. 
 

 
 
FIGURE 2. Geographical location of sampling sites. Samples with autumn spawners are 
marked with green, winter spawners in blue, and spring spawners in red. Five localities 
where samples cover a 24-year period marked with stars and four other localities with 
double bullets are the main focus of my research. An additional 27 mixed feeding 
aggregations were sampled in the Skagerrak/North Sea (cf. Paper III). 
 
 
Sampling 
 
The sampling localities are in the North Sea (includes the Skagerrak), the Norwegian Sea, the 
Kattegat, and the Baltic Sea (FIG. 2, TABLE 2). Sampling for the HERGEN project was 
conducted by institutions in three different countries through research and commercial 
fishing. Fish were categorized according to weight, length, sex, and gonadal stage, and 
spawning season and age were assessed using otoliths. For PAPERS II and III, collection of 
samples was done within the HERGEN project while I coordinated additional sampling with 
help from local fishermen for PAPER V. Old samples that had been assayed for allozymes and 
kept at the Division of Population Genetics, Stockholm University, since 1979 and 1980 are 
also included in PAPER V.  
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TABLE 2. Summary of Atlantic herring samples genetically analyzed for Papers II, III, and V 
(cf. Fig. 2). 
 

Region 
    Locality 

Latitude/Longitude Sampling 
year 

Sample 
size 

ICES 
Division1 

Spawning 
season 

Baltic Sea      
 Himmerfjärden 59˚04'N / 17˚45'E 1979/1980 145 27 Spring 
   2002 100   
   2003 277   
 Kalix 65˚48'N / 22˚43'E 1980 100 31 Spring 
   2002 100   
   2003 120   
 Vaxholm 59˚26'N / 18˚18'E 1979 100 27/29 Spring 
   2002 100   
   2003 100   
Western Baltic     
 Kattegat 55°73'N / 11°37'E 2002 44 IIIc/22 Spring 
   2003 100   
 Kolding Fjord 55°49'N / 09°54'E 2002 100 IIIc/22 Spring 
   2003 100   
 Lillebælt 55°45'N / 09°72'E 2003 100 IIIc/22 Spring 
 Limfjord 57°06'N / 10°06'E 2003 100 IIIa Spring 
 Rügen  54°23'N / 13°43'E 2002 300 IIIc/24 Spring 
   2003 200   
Skagerrak     
 Flatbrotten 58°32'N / 11°25'E 1979 100 IIIa Spring 
   2002 100   
   2003 120   
 Måseskär  58°32'N / 11°32'E 1979 100 IIIa Spring 
   2002 100   
   2003 120   
 Tjøme 59°35'N / 10°55'E 2002 120 IIIa Spring 
   2003 120   
North Sea     
 Aberdeen  57°42'N / 1°27'W 2003 91 IVb Autumn 
 Berwick 56°18'N / 0°58'W 2002 100 IVb Autumn 
 Cape Wrath  58°38'N / 5°13'W 2002 84 VIa Autumn 
   2003 96   
 Flamborough  54°34'N / 0°27'W 2002 97 IVb Autumn 
   2003 77   
 Karmøy  59°14'N / 05°10'E 2002 100 IVa Spring 
 Orkney 59°12'N / 1°40'W 2002 106 IVa Autumn 
   2003 84   
 Shetland 60°29'N / 1°40'W 2002 90 IVa Autumn 
 Whiten Head  58°36'N / 4°20'W 2002 99 VIa Autumn 
   2003 86   
Downs     
 English Channel  50°7'N / 0°25'E 2001 80 VIId Winter 
   2003 63   
Norwegian Sea     
  Møre  62°78'N / 06°08'E 2003 78 IIa Spring 

 

1 cf. ICES maps: http://www.ices.dk/aboutus/icesareas.asp 
 
TABLE 2 summarizes the 32 samples dealt with to varying degrees in PAPERS II, III, and IV. A 
subset of Atlantic herring samples is also used as an empirical example of estimating 
statistical power in PAPER I. In PAPER II, seven recent samples are analyzed. PAPER III 
includes analysis of spawning fish from 18 locations where some locations were sampled 
more than once (a total of 32 samples) and an additional 27 samples (not listed in TABLE 2) of 
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mixed feeding aggregations. PAPER V compares older with more recent samples from five 
locations, with three temporal replicates at each location (a total of 15 samples). 
 
 
Laboratory methods 
 
Both allozyme and microsatellite genetic markers are utilized. Allozyme commonly refers to 
the electrophoretic expression of a variant at a particular protein locus. Genetic variation in 
enzyme-coding genes often result in different electrophoretic patterns since the protein 
molecules have differences in size and electrical charge. Briefly, enzyme starch gel 
electrophoresis is performed by extracting crude protein from muscle or liver tissue which 
have been kept frozen since sampling until analysis, introducing the samples to a gel, then 
separating the molecules of the samples in an electric field. The gels are stained specifically 
for each enzyme. A more comprehensive description of allozyme methods is available in e.g. 
Utter et al. (1987). All allozyme genotyping of the present material was done at the Division 
of Population Genetics at Stockholm University. 
 
Microsatellites consist of short non-coding DNA sequences with repetitive patterns, so-called 
variable-number tandem repeats. They are genotyped by i) extracting DNA ii) amplifying the 
DNA by polymerase chain reactions (PCR) using locus specific primers of non-repetitive 
sequences flanking the arrays (i.e. the microsatellites) and iii) size-fractioning the PCR-
products. The methods and utilities for microsatellites are further described by e.g. Wright 
and Bentzen (1994). Microsatellite genotyping of the present material was done at Tjärnö 
Marine Biological Laboratory of Göteborg University in Sweden, at the Department of Inland 
Fisheries of the Danish Institute for Fisheries Research in Denmark, and at the Molecular 
Ecology and Fisheries Genetics Laboratory of the University of Hull in United Kingdom. 
 
 
Basic concepts 
 
Measures of differentiation 
 
Genetic markers like allozymes and microsatellites are used to elucidate the genetic structure 
of populations. An important aspect of this is to detect differentiation and quantify it. 
Estimation of so-called F-statistics is currently the most common approach to measure 
intraspecific genetic differentiation. The concept was initially conceived by Wright in the 
1920’s (cf. Wright 1922, 1978) with similar methods developed by e.g. Nei (1973, 1977), Nei 
and Chesser (1983), Weir and Cockerham (1984), and Weir (1996).  
 
Briefly, the total amount of gene diversity is calculated as the total expected heterozygosity 
HT which is based on the average allele frequencies in the whole set of samples. The expected 
heterozygosity within each sample (HS) and the proportion of genetic heterogeneity from 
differences between samples is quantified as FST = (HT - HS)/HT (when sampling bias has not 
been accounted for, which adds a lot of complexity). FIS quantifies deviations from expected 
number of heterozygotes in a sample based on Hardy-Weinberg proportions, while FIT 
quantifies deviations from Hardy-Weinberg expectation in the total material. (G.H. Hardy and 
W. Weinberg discovered in the early 1900’s that, given certain assumptions such as random 
mating, genotypic frequencies can be calculated from the allele frequencies. Genotype 
frequencies of p2 + 2pq + q2 constitute a Hardy-Weinberg equilibrium of two alleles with 
frequencies p and q.)  
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The F-statistics are related to each other such that (1 - FIT) = (1 - FIS)(1 - FST). An FIT close to 
zero indicates panmixia (random mating in the total material and no population structure). 
 
 
Evolutionary processes 
 
Natural selection, migration, mutation, and genetic drift are the key processes influencing the 
genetic composition of populations. Genetic drift is caused by random fluctuations in allele 
frequencies between generations when population size is limited. Theoretically, genetic drift 
is the more prominent force in small populations while selection is more important in larger 
populations. Commonly used genetic markers are usually presumed selectively neutral, but 
they can be affected by natural selection through for example linkage to genes that impact 
fitness. A 'neutral' genotypic difference does not provide evidence for variation of the 
phenotype by itself. Neutral genetic markers do, however, reflect reproductive relationships. 
 
Migration (gene flow in a population genetic sense) between subpopulations has an overall 
homogenizing effect but it can introduce variation locally. Mutations introduce diversity 
randomly and genetic drift is also random; both processes act as differentiators. The relative 
importance of these processes can be used to infer genetic history (e.g. Björklund et al. 2007). 
Migration and drift are expected to have similar effect on all selectively neutral genetic 
markers whereas mutation rates and selective pressures may differ between loci. Since gene 
flow and genetic drift have opposing effects, where migrants counteract the genetic drift in 
subpopulations, a steady state will be approached, a so-called migration-drift equilibrium. If 
there is no migration, expected FST = 1 at equilibrium and the populations are completely 
diverged. 
 
 

RESULTS AND DISCUSSION 
 
The results from the present thesis elucidate genetic issues regarding herring population 
structure in Swedish and adjacent waters. Furthermore, they describe effects of variability and 
differences in statistical power when different types of genetic markers are compared. They 
also expose how selective neutrality should not simply be assumed to be generally valid for 
any marker. Answers to the questions in the objectives are summarized under conclusions. 
 
 
Spatio-temporal genetic structure of Atlantic herring in Swedish waters and adjacent areas 
(PAPERS II, III, and V) 
 
The level of spatial differentiation in Atlantic herring is extremely low; FST is merely a few 
per mill for neutral loci. The studies in this thesis do not contradict observations from other 
studies of Atlantic herring (cf. TABLE 1). Much higher degree of divergence have not been 
reported (except when taxonomically different samples were included). The somewhat higher 
point estimates in e.g. Bekkevold et al. (2005), Jørgensen et al. (2005a, 2008), and PAPER III, 
where the same microsatellite loci were used and pairwise FST estimates reached as "high" as 
0.027, did not account for possible selection which was initially revealed in PAPER II. 
FST = 0.027 is only considered high when comparing to e.g. FST = 0.002. For some 
comparative figures, Ward et al. (1994) reviewed electrophoretic data from 57 species of 
marine fish and estimated the average degree of genetic subpopulation differentiation to be 
0.062. They estimated FST = 0.222 for 49 species of freshwater fish and 0.108 for seven 
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anadromous fish species. Atlantic herring is therefore at the lower end of already low levels of 
differentiation among marine fishes. 
 
A major component of spatial genetic structure in this region appears to be a difference 
between the Baltic Sea and the Skagerrak/North Sea. Gene flow is likely; differentiation is 
low and western Baltic herring swim out of the Baltic to feed in the Skagerrak. Here, they mix 
with both local Skagerrak and North Sea stocks. We found that these aggregations are 
primarily composed of local Skagerrak stocks during winter. The other stocks are then in 
transit to or from spawning grounds. Mixed summer samples consist of about equal amounts 
of North Sea and western Baltic/Kattegat stocks, while local Skagerrak stocks make up a 
smaller proportion (PAPER III). 
  
The amount of genetic structure measured as FST was as large between the Baltic Sea and the 
North Sea/Skagerrak as among all samples (PAPER II and V). This was also the case among 
the old samples (PAPER V). The Baltic Sea is geographically peripheral and changes gradually 
in salinity and temperature. (The Skagerrak has a somewhat lower salinity of ~30‰ compared 
to the North Sea’s 35‰ salinity due to runoff and outflow from rivers and the Baltic.) Clinal 
patterns of genetic differentiation have been observed for other species (Johannesson and 
André 2006), and such a pattern is particularly evident with two alleles in the outlier locus 
Cpa112 (PAPER II and V). They exist in much higher frequencies in the Baltic than in the 
Skagerrak, and even less in the samples from the North Sea. This selective pattern has not 
changed over the longer time period investigated either (see below; PAPER V). 
 
The spatial structure and the amount of genetic variation did not change over the 24 years 
examined (PAPER V). I had initially expected to observe a loss of allelic diversity and 
heterozygosity since during this time period, the herring stocks examined have decreased 
between 35-50%. However, it might not be that surprising that a change cannot be detected in 
this case. For one, these samples do not predate major exploitation, so genetic diversity may 
have been lost prior to sampling. Another reason can be that the abundances have been 
fluctuating, and it takes a long time to build up genetic diversity. There can also be declines 
and subsequent increases of genetic diversity due to immigration between sampling 
occasions. If the density of local subpopulations decreases, it allows nearby subpopulations to 
immigrate (Allendorf et al. 2008). Depending on the rate of change, it may be difficult to see 
an effect in this comparatively short time period. Furthermore, the power for detecting loss of 
low frequency alleles in these large populations is possibly quite low. I would have liked to 
further explore the expectations regarding change in genetic diversity and the ability to detect 
it but it has been beyond the scope of my current engagement. 
 
 
Factors affecting statistical power  
(PAPER I) 
 
'General' factors impacting statistical power were investigated in PAPER I and the results show 
that power increases with increasing differentiation, larger and more samples, more loci, more 
alleles and uniform frequencies. Skewed allele frequencies exhibit differences between testing 
methods. The power for detecting divergence may be substantial for frequently used sample 
sizes (30-100 individuals) and sets of genetic markers (5-10 loci) even at FST values less than 
0.01.  
 
The results of PAPER I show that the choice of statistical method may be critical for detecting 
an existing genetic structure. The G-test was deemed to be unreliable in many situations. 
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Pearson’s traditional chi-square is the preferable method when testing loci with few alleles 
and skewed frequencies while other combinations of variables exhibit only minor differences 
between chi-square, randomization and Fisher’s exact tests. Fisher’s exact test performed well 
when there were few loci with many alleles while power decreased with fewer alleles at many 
loci. Combining P-values from Fisher’s exact or the permutation test (Fisher’s method) 
sometimes yield poor power, especially for small contingency tables with large differences 
between the row and column totals. For example, such situations can occur when performing 
pairwise sample comparisons of di-allelic loci with skewed allele frequencies. Pairwise 
sample comparisons are frequently reported in population structure analyses (e.g. PAPER II, 
TABLE 3).  
 
 
Statistical power of organelle versus nuclear markers  
 (PAPER IV) 
 
The comparison in PAPER IV concerns the statistical power for detecting genetic divergence 
when using organelle or nuclear markers. The expected relationship between organelle and 
nuclear FST-values given the ideal situation of strict uniparental organelle transmission, an 
even sex ratio (Ne,female = Ne,male), an infinite island model of migration, equal female and male 
migration rates, assuming low mutation rates, selective neutrality, and migration-drift 
equilibrium, is 
 

, 
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where R is defined as the ratio between the respective markers’ level of differentiation 
measured as FST (eq. 10 in PAPER IV). When there is no migration (m = 0), equilibrium FST is 
expected to be the same (F*

ST = 1) for both markers, and R = 1. In contrast, when migration 
occurs (m > 0) the magnitude of F*

ST,organelle may be up to four times larger than that of 
F*

ST,nuclear, depending on the values of Ne and m. 
 
The ratio R will change as populations diverge genetically (cf. FIG. 1, PAPER IV). In the early 
stages of differentiation FST will increase at a greater rate for organelle than for nuclear loci, 
but as equilibrium (between migration and genetic drift) is approached the difference will 
typically decrease. In the first generation after separation organelle FST is four times larger 
than that for nuclear loci (R = 4). Depending on the migration rate, and how far the 
divergence process has proceeded, the amount of organelle differentiation is expected to be 
similar to nuclear differentiation (measured as FST) or up to four times larger, but not smaller 
(under 'ideal' conditions). The potentially stronger divergence signal from an organelle marker 
is, among other things, therefore dependent on where in the differentiation process the 
populations of interest are. 
 
In reality, the number of populations is finite. When comparing the infinite island model of 
migration with the finite one, the difference in the ratio R appears minor, at least to a good 
approximation, unless both Ne and the number of subpopulations (s) are very small. 
Nevertheless, for conservation issues, recently fragmented, few and small populations are 
frequently the concern. As an example, the change of FST and R during the early stages of 
differentiation for a population size of Ne = 100 is illustrated for s = 5 and s = ∞ in FIGS. 3a 
and b, respectively. When s = ∞ and m = 0.01, R = 2.51 at 500 generations, whereas R = 2.74 
for the same migration rate (m = 0.01) and a small number of populations (s = 5; FIG. 3b). 
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Under complete isolation (m = 0), equilibrium R approaches unity (1) for any value of s. The 
finite island model appears fairly robust even with a limited number of subpopulations. 
 
 

 
 
FIGURE 3. Expected change of FST (a) and R (b) over time (t generations) with diploid 
Ne = 100, migration rates m = 0 or m = 0.01. The number of subpopulations (s) is five 
or infinity. Assumptions include strict uniparental organelle transmission, an even sex ratio, 
equal male and female migration rates, selective neutrality, and no mutations.  
 
 
The organelles will have the same or up to four times stronger divergence signal than nuclear 
genetic markers but the sample size is halved if the same number of individuals are scored 
and there is only one organelle locus. Computer simulations aided in evaluating the relative 
performance for detecting genetic heterogeneity in organelle and nuclear markers when R 
ranges between 1-4. The results showed that when allele frequency distributions are the same 
for the markers: i) the relative power of organelles is strongly dependent on the ratio 
R = FST,organelle/FST,nuclear, ii) when R = 1, using an organelle rather than a nuclear locus always 
results in less power (as expected since the only difference is that the sample size is halved), 
iii) scoring more than two nuclear loci is more powerful than analyzing an organelle in all the 
cases examined, regardless of R, iv) one organelle is more powerful than one nuclear locus at 
R > 2, and v) the power is approximately the same at R = 2.  
 
The molecular method researchers ought to choose to get the most statistical power is highly 
dependent on the situation at hand. Conservation actions are often directed towards small 
and/or isolated populations, which are situations when differentiation becomes large. Genetic 
divergence is then likely to be detected by either organelle or nuclear markers. An organelle 
may be the better option than a single nuclear locus when populations are beginning to 
become fragmented since R is large during the early stage of differentiation. An organelle can 
also be better compared to one nuclear locus in other situations of little divergence, as for 
example with many marine species that experience high levels of gene flow or have large 
population sizes slowing down differentiation, such as the case of Atlantic herring. However, 
the overall statistical power will usually be low since the FSTs are small in such situations. A 
better option than scoring an organelle locus may be to score several nuclear loci since more 
than two nuclear loci will always provide more power than an organelle under 'ideal' 
conditions and when the allele frequency distributions are similar. 
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An organelle marker with many alleles may be more powerful than one or more nuclear ones 
segregating for fewer alleles (cf. PAPER I). However, the highly skewed haplotype frequency 
distribution of organelle markers in many situations can decrease their efficiency compared to 
e.g. microsatellites (Hauser et al. 2001). Even allozymes have been found to often reveal 
more genetic differentiation than mtDNA (Hauser and Ward 1998). An Atlantic herring 
mtDNA survey revealed evidence for genetic differentiation between Icelandic stocks and 
other north-eastern Atlantic stocks but failed to confirm other stock differences observed with 
allozymes and microsatellites (Hauser et al. 2001). MtDNA is a widely used population 
genetic marker although its relevance for population size estimation and description of genetic 
history has recently been questioned (e.g. Ballard and Whitlock 2004; Bazin et al. 2006). 
There are suggestions that mtDNA genetic diversity is unpredictable and unreliable for 
assessing effective population sizes (Nabholz et al. 2008). 
 
Departures from ideal conditions including skewed sex ratios, biparental organelle 
transmission, sex biased migration, or the effect of mutation on FST (cf. Hedrick 1999, 2001) 
may have substantial effect on R in some situations. To correctly interpret observed patterns 
of genetic differentiation in practical situations, the expected FSTs and the statistical power of 
the genetic markers used should be evaluated, taking the observed allele frequency 
distributions into consideration. 
 
 
Statistical power of herring data 
(PAPER II) 
 
The allozyme loci assayed in this thesis have few alleles at skewed frequencies, while 
microsatellites have many alleles with more uniform frequency distributions. When 
summarizing the statistics (TABLE 1 in PAPER II and TABLE 2 in PAPER V) there is a striking 
difference in number of significances for the marker types. The statistical power is expected 
to be higher when there is more genetic diversity. 
 
TABLE 3. Statistical power for detecting various assumed true levels of population 
differentiation (FST) by means of Fisher's exact test when using the present loci, allele 
frequencies, and sample sizes of the Atlantic herring data in Paper II. The tests were 
performed for both the seven sampling localities and the two regions (the Baltic and North 
Seas). The power is expressed as the proportion of simulations that provide statistical 
significance at the 0.05 level. The locus Cpa112 is excluded. 
 

  Allozymes  Microsatellites 

True FST 7 localities 2 regions 7 localities 2 regions 

0.0000 0.048 0.031 0.066 0.063 
0.0001 0.061 0.039 0.101 0.127 
0.0010 0.390 0.332 0.950 0.975 
0.0020 0.772 0.681 1.000 1.000 
0.0050 0.999 0.982 1.000 1.000 
0.0100 1.000 1.000 1.000 1.000 

 
 
The statistical power of the Atlantic herring data (PAPER II) was remarkably high for both sets 
of markers; allozymes detected a true FST of 0.005 with a probability over 98% while 
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microsatellites were even better and detected genetic differentiation of only 0.001 with almost 
as high probability (TABLE 3). Power simulations with sample sizes, loci, and allele 
frequencies of samples in PAPER V revealed high power for low levels of differentiation as 
well (data not shown). 
 
Higher levels of heterozygosity result in higher statistical power and a larger capacity to 
detect minute differentiation for the microsatellites. There are more negative allozyme FST 
estimates since the mean is close to zero and the corresponding distribution of allozyme 
differentiation estimates is wider than for the more variable microsatellites (cf. FIG. 2, PAPER 
II). The two types of markers exhibit correlated differentiation – pairwise sample comparisons 
with comparatively high microsatellite differentiation will also have higher allozyme 
differentiation (cf. FIG. 5, PAPER II). The microsatellites examined here exhibit superior 
power, but the allozymes reveal very low levels of differentiation also. 
 
 
The Hedrick effect 
(PAPER II) 
 
The microsatellites have high mutation rates and high levels of heterozygosity compared to 
allozymes. Hedrick (1999, 2005a) points out that differentiation measured as FST cannot 
exceed the level of homozygosity. Therefore, we can expect higher FST estimates for loci with 
low variability. Hedrick (2005a) suggests a correction of FST when comparing loci with 
different levels of genetic variation, the so-called standardized genetic differentiation measure 
G'ST.  
 
In regards to my herring data, the standardization does not appear useful. Firstly, the 
microsatellites have higher FST estimates than the allozymes in the herring material which is 
opposite of what is expected according to the Hedrick effect. Secondly, mutation-genetic drift 
equilibrium for Atlantic herring can hardly be assumed. The small amount of genetic 
differentiation may be caused by a shallow evolutionary history as well as considerable gene 
flow, and herring population sizes are known to fluctuate (cf. Alheit and Hagen 1997; 
MacKenzie et al. 2002; FIG. 1, PAPER V). Thirdly, the depressing effect of heterozygosity on 
FST occurs primarily when the mutation rate is higher than the migration rate, that is, when the 
distribution of genetic variation is predominantly determined by mutation rather than gene 
flow (Hedrick 2005a). With respect to the herring data, several observations indicate that 
migration plays a more important role than mutations in shaping Atlantic herring spatial 
genetic structure (PAPER II). Therefore, the Hedrick effect should be of minor importance and 
possible to disregard. It has since been confirmed that the use of G'ST should be applied with 
caution since it might be misleading (Ryman and Leimar 2008). 
 
 
Selection 
(PAPERS II and V) 
 
The assumption of selective neutrality has a history of controversy. A question is whether 
selection or drift is the primary force driving evolution (Kimura 1983; Gillespie 1991). There 
is now a rather general consensus that much molecular variation is neutral, but the distribution 
of selection and how it affects genetic variation needs continued investigation. Several 
researchers have proposed that selection affects allozyme variability (cf. Guinand et al. 2004). 
Suggestions that balancing selection acts on some allozyme loci in Atlantic herring were 
made by McPherson et al. (2004) while Turan et al. (1998) suggested directional selection on 
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the basis of their observations. Allendorf and Seeb (2000) tested the hypothesis that natural 
selection at allozyme loci comprises their effectiveness for describing gene flow among 
populations. They did not find any tendency for differences between genetic marker types. 
They concluded that it is important to examine many loci when estimating genetic 
differentiation but irrelevant whether these loci are allozymes or other nuclear DNA markers. 
 
It is important to identify outlier loci so that loci with 'selection signatures' can be excluded 
before inferring population structure (Luikart et al. 2003). In PAPER II, I used a simulation 
method developed by Beaumont and Nichols (1996) to identify possible candidate loci 
influenced by selection. Somewhat surprising, it was a microsatellite locus (Cpa112) that 
turned out to be an obvious outlier. Microsatellites are frequently claimed to be neutral (cf. 
Jørgensen et al. 2008). As noted earlier, this locus had two alleles with much higher 
frequencies in the Baltic samples. They appear to be negatively correlated with salinity. Both 
Bekkevold et al. (2005) and Jørgensen et al. (2005a) detected significant associations between 
salinity and genetic differentiation of Atlantic herring in the Baltic Sea-North Sea area. The 
same locus, Cpa112, was included in their analyses, although they did not report whether 
Cpa112 exhibited stronger differentiation compared to other loci scored. 
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FIGURE 4. Pairwise FST estimates for Cpa112 among the old samples (overall FST = 0.035) 
compared to recent samples (overall FST = 0.036). 
 
I repeated the Beaumont and Nichols procedure in both old (1979/1980) and more recent 
(2002/2003) samples when analyzing data for PAPER V and found that the selection signature 
was almost identical. I compared the FST for each pair of localities in the old samples with the 
same pair of new samples and found a highly significant correlation (FIG. 4). This correlation 
is much stronger for Cpa112  than for any other locus (r2 = 0.93, P < 0.001). For the other 19 
loci, the coefficient of determination r2 ranged from 0.0003 to 0.476 with P-values between 
0.03 and 0.96. The correlation is not quite significant when the pairwise FSTs for all 19 loci 
are considered together (FIG. 5). The implication of having a much stronger correlation in 
structure of Cpa112 is that the selection pressure has been maintained during the time period 
investigated. I may also conclude that there has not been enough migration to counteract the 
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force of selection affecting this locus. If gene flow is high, the structure at loci under selection 
is expected to coincide with that of neutral markers (Conover et al. 2006). 
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FIGURE 5. Pairwise FST estimates for each of the 19 neutral loci (Cpa112 excluded) among 
the old samples (overall multilocus FST = 0.003) compared to recent samples (overall 
multilocus FST = 0.002). 
 
Because of the large population sizes in many marine fishes, genetic differentiation is 
expected to be larger at loci influenced by selection than at neutral loci – selection becomes 
more efficient since there is less drift in large populations. Spatial genetic structure may be 
better described by genes involved in adaptive traits than by employing less informative 
neutral genetic markers (Allendorf et al. 2008). Even relatively little gene flow will eliminate 
population genetic differences at neutral genetic markers (Palsbøll et al. 2007). 
 
The allozyme and microsatellite FSTs are not statistically different from each other (when the 
outlier locus is excluded; PAPER II). It should be noted that stabilizing selection is harder to 
detect, the rejection zone for smaller FSTs than expected is very small when using the 
Beaumont and Nichols procedure (Guinand et al. 2004). Other methods to detect selection 
were not appropriate for the herring data set but, simulations of FST sampling distributions 
indicate that the observed estimates are not very likely to disclose the same mean. Rather, the 
simulations suggest that the allozyme FST is slightly smaller than that for microsatellites, 
although the statistical evidence is not very strong. There are two explanations for such a 
difference (if it does exist), i.e. stabilizing selection acting on the allozymes or directional 
selection on the microsatellites. I am unable to determine whether either is true, but 
considering the consistently small FST estimates it appears that potential selective forces are 
relatively weak.  
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Effective population sizes and migration rates in Atlantic herring 
(PAPER V) 
 
Estimation of Ne is an important 'tool' to assess and monitor populations’ conservation genetic 
status. A small Ne indicates rapid loss of genetic diversity. Since only demographic data is 
available for most natural populations the relationship between the effective population size 
Ne and the census population size N is good to know. In 192 studies of wildlife species, the 
estimated Ne/N ratio averaged 10-11% (Frankham 1995). More recently, mean Ne/N = 
8.1 x 10-5 for organisms that are exploited, while it averaged 19% when a total of 83 reviewed 
studies were considered (Palstra and Ruzzante 2008). These conspicuously small Ne/N ratios 
have been observed in several marine fishes (Hauser et al. 2002; Turner et al. 2002; 
Hutchinson et al. 2003; Hoarau et al. 2005; Gomez-Uchida and Banks 2006; Saillant and 
Gold 2006; Chevolot et al. 2008). It means that even though there are a lot of fish, very few of 
them contribute genes to following generations.  
 
My observations of temporal allele frequency shifts in Atlantic herring in Swedish waters are 
consistent with those findings (PAPER V). Two localities, Vaxholm in the Baltic and 
Flatbrotten in the Skagerrak, have estimated Nes of less than 500. The census sizes are 
estimated in the billions in these management areas. Of course, these management areas are 
not based on genetically defined populations, and the ratio ought to decrease if actual 
population sizes were available. Nevertheless, the Ne/N ratio would certainly not be more than 
the 0.001-1% range others have observed in marine fishes (see above). The low ratio indicates 
that genetic variation is lost more rapidly by genetic drift than in larger populations. 
 
Why are the Ne/N estimates in marine fishes so exceptionally low? The main causes are 
thought to be fluctuating populations sizes and variance in family size. Wright (1969) 
predicted that “If N varies widely, as in the annual cycle in many insects, effective N may be 
very much smaller than apparent N.” The case of fluctuating abundances apply to Atlantic 
herring (cf. FIG. 1, PAPER V). Furthermore, Hedgecock (1994) suggested that for organisms 
with very high fecundity and high mortality in early life “a sweepstake-chance matching of 
reproductive activity with oceanographic conditions conducive to spawning, fertilization, 
larval development, and recruitment” can lead to that very few parents are the source of the 
new recruits. Numerical evaluations have demonstrated that this "sweepstake effect" indeed 
would cause quite low Ne/N ratios (Hedrick 2005b) and may very well be affecting genetic 
drift in herring. 
 
In PAPER V, the estimated Ne cannot be separated from infinity unless migration is jointly 
estimated at three localities. However, observed temporal stability within localities does not 
necessarily imply very large effective population sizes. Effective population size becomes 
more difficult to estimate when populations are larger (Waples 1989; Skalski 2007), and the 
sample sizes in such situations need to be large as well (Luikart et al. 1999; Fraser et al. 2007; 
Ovenden et al. 2007). 
 
The amount of migration has not been well quantified for herring. Although herring has a 
high homing rate documented by tagging studies, the exchange between spawning sites 
demonstrates that considerable gene flow may occur (Wheeler and Winters 1984; Smith and 
Jamieson 1986; McQuinn 1997). In spite of the minuscule amounts of spatial differentiation, 
the herring populations in this study area might still be characterized by a fair degree of 
demographic independence. Demographic independence is when the populations’ dynamics 
(e.g. growth rate) depend on local birth and death rates more than on immigration (Palsbøll et 
al. 2007). Those authors suggest that it is better to define management units based on the 
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amount of population genetic divergence rather than rejection of panmixia, proposing that 
dispersal rates < 10% indicate demographic independence. 
 
Using the approach where I estimate Ne and m jointly, the genetically effective migration rates 
are a few per cent or less (TABLE 5, PAPER V). If mutation-migration-drift equilibrium is 
assumed, FST ≈ 1/(4Ne + 1), (Crow and Kimura 1970). A typical estimate of FST ≈ 0.002 
(TABLE 1) would correspond to about 100 genetically effective migrants (Nem) per generation. 
With the exception of the small local Ne estimates, the migration rates are therefore expected 
to be considerably smaller than the 10% suggested to be required for demographic 
cohesiveness, an aspect to consider in the management of this species.  
 
 
Implications for management  
 
In exploited wild fish conservation genetics most attention is focused on identifying so-called 
evolutionary significant units (ESUs) – homogenous gene pools. Sometimes 'species' are 
artificial units and consideration of the variability within species is necessary (Carvalho and 
Hauser 1999). We need to determine the most appropriate unit to manage sustainably without 
putting future evolution at risk. For example, if a stock is overharvested, can it be replaced by 
migrants from other stocks within reasonable time and without genetic 'harm'? The goal is to 
conserve genetic diversity since it is the basis of evolution and makes adaptation to changes in 
the environment possible. Based on the presumed neutral markers that I have analyzed for 
Atlantic herring, the genetic structure within regions is limited and does not by itself supply 
additional information for identification of management units. Albeit, there is an increasing 
amount of genetic differentiation with geographical distance (so-called 'isolation by distance'; 
FIG. 5, PAPER II). Also, the locus affected by selection provides evidence of existing genetic 
structure and local adaptations. This locus can be helpful for distinguishing stocks and its 
discovery emphasizes that avoiding depletion of locally adapted herring subpopulations is 
important. 
 
Monitoring of Ne is urged in conservation and management programs (Schwartz et al. 2007; 
Laikre et al. 2008). A low or decreasing Ne indicates that negative changes and reduction of 
biological diversity may be happening, pointing to a potential need for conservation action. 
Atlantic herring belongs to one of the categories for which monitoring genetic diversity is 
particularly important since large scale exploitation is known to cause genetic effects (Laikre 
et al. 2008). (Exploited stocks are typically smaller in body size and lack large old individuals 
(Stergiou 2002; Conover and Munch 2002).) Indeed, there may be a cause for concern based 
on the small Ne observed at two locations (PAPER V). The method used to estimate Ne jointly 
with migration suggests fairly limited sizes as well (PAPER V). 
 
Decisions about management units should account for genetic structure, in combination with 
relevant ecological differences (PAPER III; Florin and Höglund 2008). It is important to link 
temporal genetic processes to human and environmental factors as well as ecological 
processes, although our understanding of these relationships is still very limited (Laikre et al. 
2008). Morphological and life history differences used to define stocks may be especially 
important to consider when only little genetic structure can be detected. Even though we find 
little genetic divergence in neutral molecular markers, stocks may be demographically 
relatively independent and adapting to their specific environments. A cause for concern are 
the local Skagerrak stocks that are managed together with the western Baltic herring and the 
North Sea herring. They are much fewer but provide an important local resource. Sampling 
efforts 2002 and 2003 at a Skagerrak location sampled in 1979 (Hamburgsund) was fruitless – 
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the herring does not come to spawn there any more. The same happened in southern Baltic 
where we tried very hard to get autumn spawners at Fehmarn (originally sampled in 
September 1979). We got one sample in December 2002 but the fish were not in spawning 
conditions and otoliths revealed that they originally hatched during spring time, i.e. they were 
not likely to be autumn spawners. Why these populations are gone is unknown. 
 
 

CONCLUSIONS 
 
The main results of the thesis are: 
 
PAPER I: Power for detecting divergence may be substantial for frequently used sample 

sizes (50-100) and sets of markers (5-10 loci), also at quite low levels of 
differentiation. Power grows with increasing differentiation, more samples and 
larger sample sizes, more loci, more alleles, and uniform allele frequencies. The 
choice of statistical method may be critical for detecting an existing genetic 
structure. Fisher’s method to combine P-values obtained by Fisher’s exact test is a 
good choice in cases with several multi-allelic loci although it may result in very 
low power when dealing with di-allelic loci with skewed allele frequencies. 
Pearson’s traditional chi-square may then constitute a good alternative. 

 
PAPER II: Observed Atlantic herring allozyme and microsatellite distributions are 

conspicuously dissimilar, but these differences can largely be explained by 
sampling phenomena. The two marker types show similar, weak divergence 
patterns, with the exception of the outlier microsatellite locus Cpa112 that implies 
selection at this locus, or a closely linked one. This selection influence may be 
related to low salinity adaptations or related environmental factors. FST ≈ 0.002 
for neutral markers, and a major component appears to reflect a difference 
between the Baltic Sea and the Skagerrak/North Sea. 

  
PAPER III: The differentiation patterns of Atlantic herring in the North Sea and adjacent areas 

are more complex than previously recognized. Estimation of proportional 
contributions of genetically and phenotypically diverse stocks in mixed feeding 
aggregations confirm that North Sea stocks migrate into the Skagerrak where they 
mix with local and western Baltic stocks. The local stocks contribute considerably 
to the aggregations during winters. Sustainability may be compromised if 
management overlooks population differences in spatial use.  

 
PAPER IV: The signal of divergence is not necessarily stronger from organelle than from 

nuclear loci. The difference (measured with the ratio R = FST,organelle/FST,nuclear) in 
signal is dependent on where in the divergence process the populations are, and 
this greatly affects the power relationship. With large sample sizes (n ≥ 50) and 
several populations or many alleles per locus (≥ 5), the power difference is 
expected to be negligible when the nuclear FST > 0.05. In practical situations, it 
may be critical to assess the expected FSTs and statistical power to correctly 
interpret observed genetic differentiation patterns. 

 
PAPER V: There are no changes in the amount of genetic variation or spatial structure 

detected among Atlantic herring in Swedish waters over the 24-year period 
examined, during which time the relevant stocks have declined by 35-50%. The 
pattern in the outlier locus Cpa112 also remained the same. There is a 
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conspicuously stronger correlation of pairwise FSTs among sampling localities for 
Cpa112 than for any of the presumed neutral loci implying that the selection 
pressure is maintained. There are indications of temporal allele frequency shifts 
reflected in small local Ne estimates, and migration appears small enough to 
permit demographic independence. 

 
 
REFLECTIONS 
 
The genetic population structure of Atlantic herring is difficult to grasp. Observations in the 
past have been relatively inconclusive and herring needs to be continuously monitored since it 
is such an important resource ecologically and economically. There is significant 
differentiation, although at extremely low levels, in the North Sea-Baltic Sea region. The 
relatively homogenous marine habitat lacks perceived barriers to gene flow, but there are 
examples of other marine species that exhibit surprisingly high levels of differentiation (e.g. 
Taylor and Hellberg 2003) and small effective population sizes compared to census 
population sizes (e.g. Hauser et al. 2002). In large populations as in Atlantic herring, there is 
less genetic drift but a low FST can reflect: i) panmixia, ii) relatively recent divergence or, iii) 
limited exchange but enough gene flow to homogenize neutral markers. 
 
There are, however, obvious indications of selection at one microsatellite locus (Cpa112). It is 
possible that salinity (or a related factor such as temperature) differences in the investigated 
region may be affecting the allele frequencies of this locus, or rather, traits to which it is 
genetically linked. It supplies evidence of local adaptations and may become of good use for 
stock discrimination. 
 
I could not detect that genetic diversity had been lost over 24 years, but there can be several 
reasons why: i) samples do not predate major exploitation, ii) abundances have been 
fluctuating and it takes a long time to build up genetic diversity, iii) the rate of change may be 
too small to see an effect over a short time span, and iv) the power for detecting loss can be 
quite low. The spatial structure appeared to remain similar between the sampling events.  
 
The subtle genetic differentiation found in this study, which increases with geographical 
distance, does not challenge the view of a metapopulation structure in Atlantic herring (e.g. 
McQuinn 1997). A metapopulation consists of relatively independent subpopulations that are 
connected by migration to a lesser or greater extent where subpopulations going extinct are 
replaced by colonizers.  
 
We may perform a multitude of tests with our samples, yet may not discover the truth if 
statistical power is insufficient. Likewise, alpha errors may generate false differences. 
Unfortunately, both inconclusive and erroneous outcomes may result in inappropriate 
management decisions (cf. Dizon et al. 1995). In the present studies, the microsatellites 
exhibit very high statistical power for detecting tiny levels of divergence, although allozymes 
are also quite efficient. The allozymes will, with very high probability, detect FST levels ten 
times lower than what is considered little genetic differentiation (less than five percent; 
Wright 1978). 
 
The finding of seemingly small local effective population sizes renders the notion that the 
large population sizes of Atlantic herring make this species less likely to lose genetic diversity 
disputable. When Atlantic herring is managed as very large units, as presently done, there can 
be detrimental effects on the genetic diversity if particular population segments are 
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excessively harvested. The evidence of selection, which appears associated with salinity or a 
correlated environmental factor, hints to a distinct evolutionary lineage in the brackish Baltic 
Sea. Apparently, since we detected signals of relatively strong differentiation at one locus, the 
amount of gene flow is not large enough that it prevents local adaptations. Generalized 
management can disproportionately impact smaller and less-productive populations, which in 
turn could compromise sustainability, resistance to disturbance, and perhaps the ability to 
recover from low abundance following environmental change (PAPER III). 
 
The historically poor stewardship of fisheries stems from differences in incentives. Overall, 
profits will increase if the fisheries are sustainably maintained. But when individual fishermen 
lack 'rights' to certain parts of the quota, competition for the resources ensues. It becomes 
economically optimal to fish as much as possible in the present, and perhaps invest the 
revenues in other assets. This "tragedy of the commons" (Hardin 1968) with free and 
unhindered utilization of the oceans’ resources leads to overfishing. But, if the fishermen have 
a financial stake in the returns over a longer period, they are more likely to invest in 
sustainable practices. A recent analysis shows that well-designed catch shares where 
fishermen are assigned secure rights may prevent fishery collapse and increase sustainability 
(Costello et al. 2008). This is a hopeful path to follow for the management of our herring 
fisheries. 
 
By becoming informed consumers, the questioning of what is on our plates can have great 
impact. The Swedish journalist Isabella Lövin has become a strong advocate for controlling 
the fisheries and protecting fish biodiversity. Her book ”Silent ocean – the hunt for the last 
food fish” (in Swedish) has caused much needed debate regarding the perils of our seas (Lövin 
2007). Hopefully, it will further impact our politicians and decision makers to make fisheries 
sustainable. 
 
In the past, the oceans were viewed as a homogenous habitat with a limitless abundance of 
marine organisms for humans to harvest. Thomas Huxley, then president of the Royal Society 
of London, declared in 1883 that “the cod fishery, the herring fishery and probably all of the 
great sea fisheries are inexhaustible; that is to say that nothing we do seriously affects the 
numbers of fish” (Hauser et al. 2002). We now know that this is not true – the resources of 
the oceans are not limitless and exploitation has to be controlled with the future in mind, 
leaving opportunities for continued sustenance and beneficial evolution. Furthermore, we 
need to prevent elimination of locally adapted populations since it may impair the ability of 
the marine ecosystems to feed humans and sabotage their stability and recovery potential in 
the rapidly changing marine environment (Worm et al. 2006). 
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APPENDIX  
The status of the fisheries and herring stocks sampled for Papers II and V, according to ICES (2008a,b). 

 
 

Stock Record 
catches History Current status/objectives 

Norwegian 
spring-
spawners 

1966 -  
2 million 
metric ton 

This stock collapsed around 1970 and quotas have since been 
enforced. Offshore catches in the Norwegian Sea resumed in 
1994 for the first time in 26 years. The largest post-collapse 
catch amounted to 1.42 million metric ton in 1997 thanks to a 
very strong year class 1992. 

The current annual catch is between 0.77-1.27 million 
metric ton. The stock now has full reproductive capacity 
and is harvested sustainably according to ICES.  

North Sea 
autumn-
spawners 

1965 -  
1.2 million 
metric ton  

The stock collapsed in the early 1970’s and the fishery was 
closed 1977-1981. The stock was depleted again in the  
mid 1990’s, appeared to make a decent comeback, but then 
recruitment and growth has become unusually reduced.  

ICES recommends decreased fishing efforts. All year 
classes since 2002 have been the weakest since the late 
1970’s. The stock is classified as being at risk of having 
reduced reproductive capacity and at risk of being 
harvested unsustainably. 

Skagerrak 
local stocks 

1960’s Managed together with North Sea autumn-spawners and 
Western Baltic spring-spawners. The local stocks are not 
considered important from a management perspective. 

Recruitment has been declining in recent years and 
ICES recommends substantial reduction in fishing 
mortality. 

Baltic Sea 1980’s  
 

The stocks in the Baltic Sea (cf. FIG. 1) are currently managed 
as different units: i) Western Baltic (assessed with Skagerrak 
and Div. IV), ii) Central Baltic excluding Gulf of Riga, iii) 
Gulf of Riga, and iv) northern and southern Bothnian 
(assessed as two units). The biomass of Baltic herring 
diminished rapidly starting in the 1980’s. The individual 
herrings decreased in size. The trend has partially reversed. 

ICES now classifies the stock in central Baltic (cf. 
FIG. 1) as being harvested sustainably. Fishing mortality 
ought not to increase since spawning stock biomass 
needs enhancement. The stocks and removals appear to 
be stable in Bothnian Sea but mean age and size have 
decreased. ICES will update the assessment and advice 
in 2009. The stocks in Bothnian Bay are faring well 
granting that exploitation does not increase. 
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