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Chapter 1 

Introduction 

How can genetic divergence form?  

 
Genetic divergence is a fundamental element of evolution. Four processes act as basic 

mechanisms for evolutionary change, each of them able to act as a creative force driving natural 

genetic divergence: mutation, migration, genetic drift and natural selection. This divergence in 

turn drives the genetic variation which is necessary for evolution to occur.  

Speciation through natural selection may occur by two principal mechanisms: ecological and 

mutation-order speciation. Ecological speciation is defined as the reproductive isolation between 

populations, or subsets of a single population, by adaptation to different environments or 

ecological niches through divergent natural selection (Schluter 2001; Rundle & Nosil 2005). 

Under this process, different alleles are favored between populations under different 

environmental conditions. In mutation-order speciation, on the other hand, populations diverge 

by accumulating different mutations under similar environmental conditions (Schluter 2009). 

Under both speciation mechanisms, alleles are driven to fixation by natural selection. However, 

it is only under ecological adaptation that selection favors divergence. In the mutation-order 

process, selection occurs due to chance (Schluter & Conte 2009).  

In a spatial context, three basic models exist that explain how ecological reproductive isolation 

develops. These different modes of speciation include allopatric, parapatric, and sympatric 

speciation (Mayr 1942). Allopatric speciation has been recognized as the main mode of 

speciation for a long time, and describes the divergence through time of one species into multiple 

daughter species due to geographic isolation. The cause of this isolation is generally the 

subdivision of a formerly uniform geographic area, for example due to geological, climatic or 

vegetational origin (such as the post-glacial opening of the Baltic Sea area). Allopatric speciation 

may be divided into two sub-modes: in traditional (vicariant) allopatric speciation, a founder 

principle is not assumed. Peripatric speciation, on the other hand, involves a founder principle by 

having its origin in very few individuals founding a new population (Mayr 1942). Upon 

geographic isolation, different evolutionary forces lead to the genetic divergence of the different 

populations over time, until a point of reproductive isolation is reached and the populations 

independently become new species. One of the best-studied cases of allopatric speciation in the 

marine environment relates to the rise of the Isthmus of Panama ca. 3 mya (Bermingham et al. 

1997; Knowlton & Weigt 1998). This event separated the reef-fish fauna of the eastern tropical 

Pacific and the Caribbean Sea and led to a potential doubling of reef-associated species in this 

region (Rocha & Bowen 2008). 
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Various studies suggest that rapid speciation is also possible without complete geographic 

isolation (Endler 1977; Palumbi 1992). A possible speciation mode under this scenario is 

parapatric speciation, defined as the development of reproductive isolation among two 

subpopulations while gene flow is still ongoing. Geographically, parapatry describes a scenario 

in which the ranges of such subpopulations do not completely overlap, but are directly adjacent, 

and include a (narrow) contact zone (Darwin 1859). A common cause for parapatric speciation is 

an environmental cline along which a species occurs. As the geographic range of occurrence of a 

species is typically much larger than the dispersal distance of individuals, genetic differences 

may develop over time in subpopulations in different locations along the clinal area in spite of 

ongoing migration (Gavrilets et al. 2000). A marine example of parapatric speciation is provided 

by coastal and offshore types of bottlenose dolphins (Tursiops truncatus) (Hoelzel 1998; Hoelzel 

et al. 1998). The habitats of these dolphin types differ for example in depth, prey diversity, and 

prey species composition, and it has been hypothesized that differential resource specialization 

on one or more of these characteristics has led to differential habitat use, which in turn has led to 

morphological and genetic differentiation between coastal and offshore types (Walker & Center 

1981; Hoelzel et al. 1998).  

Lastly, subpopulations may diverge and develop into new species by evolving reproductive 

isolation even in the absence of geographic barriers. Such sympatric speciation may occur e.g. 

due to competition (Doebeli 1996; Dieckmann & Doebeli 1999), mate choice (Turner & 

Burrows 1995),or when a new niche becomes available within an area (Jiggins & Bridle 2004). 

While this speciation mode has been much debated historically, the findings of an increasing 

number of studies now support its plausibility (Dieckmann & Doebeli 1999; Via 2001; Crow et 

al. 2010). In marine systems, where physical barriers are often absent and gene flow is likely, we 

may assume that divergence with gene flow is dominating. Sympatric speciation may hence play 

a larger role in this environment compared to terrestrial ones (Crow et al. 2010). Among the 

prominent examples of marine sympatric speciation is the killer whale (Orcinus orca). Disparate 

sympatric killer whale types are known from three oceanic areas: the Antarctic, Northeast 

Atlantic, and North Pacific (Forney & Wade 2005). Members of the different types display 

genetic and morphological divergence as well as differentiation in ecological characteristics such 

as hunting strategy (Foote et al. 2009). Foraging specialization in this case probably is the 

environmental gradient along which different evolutionary types developed in the North Pacific 

– a marine-mammal eating transient type, a piscivorous nearshore resident type, and a 

piscivorous offshore type (Ford et al. 1998; Herman et al. 2005). In another example, disruptive 

selection on body size was proposed to drive sympatric speciation in two pairs of sister species 

of sea horses (genus Hippocampus) with overlapping distribution ranges in the west Atlantic and 

west Pacific (Jones et al. 2003).  

Various studies suggest that these traditional divergence models may represent overly simplistic 

extremes of the geography of speciation (Schluter 2001; Rundle & Schluter 2004). It is likely 

that in nature, speciation occurs between these extremes, and much work has focused on 
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investigating the possibility of purely sympatric speciation versus the necessity of an allopatric 

stage (Rundle & Schluter 2004; Rundle & Nosil 2005). Rundle and Nosil (2005) suggest that a 

speciation scenario might often involve an allopatric as well as a sympatric stage (Fig. 1). Such 

more complex geographic scenarios have been suggested to explain speciation in various natural 

case studies, including – in the marine environment – sympatric limnetic and benthic threespine 

sticklebacks (Rundle & Schluter 2004) and on land, the apple maggot fly Rhagoletis pomonella 

(Feder et al. 2003). We are yet to reach a complete understanding of the process, as genetic 

divergence is complex and may have a multitude of causes and outcomes.  

 

 
 

Fig. 1: General speciation scenario under any geographic context (© Rundle and Nosil 
(2005)). An allopatric initial stage is assumed during which divergent selection leads to 
reproductive isolation (to the left). Secondary contact (dashed line) may occur at any time and 
introduces the second speciation stage, a sympatric or parapatric stage (to the right). The 
ecological causes of divergent selection by which reproductive isolation may evolve are listed 
for each stage (Rundle & Nosil 2005).  
 

 

Genetic divergence and ecological adaptation in marine vertebrates  

 

In the marine environment, physical barriers to movement are often absent, and many organisms 

therefore do not seem to be restricted in their dispersal abilities throughout their range of 

occurrence. This fact underlay the once wide-spread assumption that speciation in the ocean 

might be a rare event, and that biodiversity is therefore limited. However, Miya and Nishida 

(1997) were among the first to demonstrate this to be a misconception: they discovered cryptic 

lineages of deep-sea fish that they hypothesized to have developed due to a geological event ca. 

3 mya. In fact, we know today that the oceans harbor some of the greatest diversity in the world. 
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The Indo-Pacific is one of the most prominent examples (Roberts et al. 2002; Hoeksema 2007): 

the Coral Triangle in the Indo-Malayan region contains 76% of the world’s reef-building coral 

species and 37% of the world’s reef fish fauna while only covering 1.5% of the global oceanic 

surface (Hoegh-Guldberg et al. 2009). One may well question, therefore, how such diversity can 

evolve despite the lack of physical gene flow barriers. In fact, there are a range of factors that 

may cause isolation, and taking them into account led to the realization that the high gene flow 

potential in marine species does not always necessarily equal high gene flow (Palumbi 1992). 

The critical role of ecology becomes particularly apparent when taking into account the 

persistence of ecologically and genetically differentiated species even in the face of gene flow, or 

the sympatric occurrence of sister taxa that are separated by ecological factors (Puebla 2009). 

Thus while gene flow may diminish the potential for local adaptation, we still see signatures of 

local adaptation even in species with high gene flow, including marine fish (Limborg et al. 2012; 

Berg et al. 2015; Guo et al. 2016) and mammals (Foote et al. 2009; Foote et al. 2016). Trophic 

mode (Reed et al. 2002), habitat (Munday et al. 1997; Munday et al. 2004), and social selection 

(McMillan et al. 1999; Streelman et al. 2002) are only some of the factors that may cause 

ecological divergence (reviewed in (Puebla 2009)).  

 

 

Population and connectivity concepts  

 

Explaining patterns of genetic divergence as a function of isolation requires an estimate of 

population connectivity. In order to do this, we first need to define the terms ‘population’ and 

‘connectivity’. Many conservation genetic studies today investigate population structure without 

describing what their definition of the term ‘population’ represents. Such definition is, in fact, 

not straight forward. Indeed, there is no single correct answer to the question of what a 

population is. Rather, the exact definition is refined by the underlying objectives and context of a 

study. Nonetheless, there are good reasons for the importance of an appropriate ‘population’ 

definition. Many of the population genetic analysis softwares that can calculate patterns of 

genetic structure allow the assignment of individuals to ‘populations’, or estimate the number of 

‘populations’ in a dataset. Doing so in a comparative manner across studies becomes difficult 

when a common definition of ‘population’ is missing. Waples and Gaggiotti (2006) further point 

out that biases may be introduced to estimates of migration rates or population sizes when ghost 

populations (= unsampled populations) are present. In order to identify such biases and estimate 

their magnitude, an operational definition of ‘population’ is needed. They propose two different 

biological population paradigms, an ecological and an evolutionary paradigm. In the ecological 

paradigm, ‘the cohesive forces are mainly demographic’, while in the evolutionary one, ‘the 

cohesive forces are mainly genetic’. When research focus is on conservation and management, 

the consequences of local depletions, or demographic linkages, the ecological paradigm is most 
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appropriate. On the other hand, when one wants to investigate the interplay of different 

evolutionary forces, such as mutation, selection, or drift, a population should be viewed under 

the evolutionary paradigm. When considering these paradigms in relation to gene flow, the 

relevant question under the evolutionary paradigm is ‘What number of immigrants (Nm) 

corresponds to separate populations?’, whereas the relevant question under the ecological 

paradigm is ‘How small must the proportion of immigrants (m) be before the subpopulations are 

demographically independent’? (Mills & Allendorf 1996; Lowe & Allendorf 2010).  

Similarly and complementary to the population concept(s), ‘connectivity’ can be interpreted in 

multiple ways. Here, too, which concept is most appropriate depends on the specific research 

goals of a study. Demographic connectivity describes the degree to which population growth and 

vital rates are affected by dispersal, whereas genetic connectivity describes the degree to which 

gene flow affects evolutionary processes within populations (Lowe & Allendorf 2010). A 

common property to any connectivity concept is that it is defined as the ‘outcome of 

dependencies between populations and individuals’ (Kool et al. 2013).  

 

Demographic connectivity 

 

Demographic connectivity considers only those individuals that contribute to the population in 

which they actually reside (this contrasts with genetic connectivity, which considers individuals 

that mate and thereby leave their genetic signature in a focal population, even if they themselves 

leave again). Such contribution can happen in the form of, for example, competition or social 

interactions. Demographic connectivity therefore is a function of the relative contribution of net 

immigration to total recruitment (Lowe & Allendorf 2010). Broadly speaking, demographic 

connectivity definitions in the population genetics literature are consistent with the ecological 

population definition of Waples and Gaggiotti (2006). Nonetheless, different research aims and 

needs may require different specific definitions of demographic connectivity. A manager or 

conservationist will have different criteria based on which he estimates connectivity than an 

ecologist interested in basic population parameters (Lowe & Allendorf 2010). In their review, 

Lowe & Allendorf define three types of demographic connectivity, with different criteria for a 

minimum connectivity threshold based on ecological (m = low), conservation (m = medium) and 

harvest (m = high) connectivity. Which definition ultimately is chosen depends on the specific 

aims of a scientific study. It is worth noting that while genetic data may help identify levels of 

demographic connectivity, they provide little information when used in isolation and without 

considering local demographic rates (Lowe & Allendorf 2010). 
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Genetic connectivity 

 
Quantitative estimates of genetic connectivity are important for gaining insight into the 

evolutionary potential of ecologically divergent populations (Cooke et al. 2016). Three different 

types of genetic connectivity are distinguished based on the amount of dispersal (reviewed in 

Lowe and Allendorf (2010)). The evolutionary consequences of interest dictate which one to 

focus on. The ‘one migrant per generation’ rule was formulated by Mills and Allendorf (1996), 

after initially being proposed by Wright (1951), and is based on the assumption that one migrant 

per generation is sufficient to reduce the harmful effects of inbreeding – this level of connectivity 

is called inbreeding connectivity and is defined by an Nm ≈ 1.0 (Lowe & Allendorf 2010). 

Much higher migration rates are required to lead to similar allele frequencies in different 

populations. Nm ≈ 10 defines this drift connectivity . On the contrary, when considering genetic 

loci under selection, amounts of gene flow that are even smaller than those under the inbreeding 

connectivity type (Nm ≈ 0.1) may suffice for bringing about adaptive connectivity – the 

potential of an advantageous allele to spread across subpopulations (Slatkin 1976).  

Various methods exist for estimating genetic connectivity (reviewed in in Lowe and Allendorf 

(2010)). Indirect methods estimate gene flow from the amount and pattern of genetic divergence 

among subpopulations. They have the advantage of requiring only small amounts of data, though 

also have inherent problems. In the current genomic era in particular, data may, for example, 

often have sufficient power to reject panmixia, even if migration rates are as high has 20% 

(Palsboll et al. 2007). Direct methods use genotypic information to assign individuals to their 

parents or subpopulation of origin based on their multi-locus genotype. Their advantage is that 

these methods make many fewer assumptions than indirect methods, and they yield answers on 

very recent time scales (as recent as of the parent generation of a study organism). On the other 

hand, there is a need for extensive data and very good knowledge of the species distribution 

range, which may be difficult to achieve in elusive and wide-ranging marine organisms 

(Gagnaire et al. 2015).  

 

 

Tools for the study of marine vertebrate populations 

Methods for investigating marine vertebrate populations, and the benefits of genetic tools 

 
A wide variety of scientific methods is available today with which to investigate marine 

vertebrate populations. They range from acoustics and tagging, photo identification, visual 

surveys and stable isotope analyses to morphology, morphometrics and genetics. Some of these 

are complementary and selection of the ideal method depends on the scientific question of 

interest. In this section, I will present different tools for marine vertebrate research, list some of 
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their fields of application, acknowledge their limitations, and review how the integration of 

genetic data can be of benefit.  

Abundance and distribution patterns may be investigated with ship-based or aerial surveys. For 

example, monthly surveys revealed information about the abundance trend of harbor and grey 

seal stocks at haul-out sites around a southwestern Baltic seal sanctuary (Teilmann et al. 2003). 

Similarly, aerial surveys provided insights to the effect of the construction and operation of an 

offshore wind farm on seal abundance at the same sanctuary (Teilmann et al. 2004). Acoustics is 

another powerful tool used in the marine realm, that can reveal information about species 

identity, migration, distribution and behavior of vocalizing individuals (Simon et al. 2010). 

While the advantages of acoustic monitoring include the ability to detect marine mammals at 

much greater distances than visual surveys can, their success can be limited and depends on the 

vocal behavior of the animal as well as on the properties of the environment (Cato et al. 2006). 

Among telemetry studies, archival pop-up tags find much application with both marine mammals 

and fish. They can record data on location, depth, temperature, and oxygen levels, which are 

used to answer questions about migratory patterns, feeding behavior, or environmental 

preferences (Block et al. 1998; Stokesbury et al. 2005). They are especially valuable for wide-

ranging pelagic species and bear the benefit that tags need not be recovered. On the other hand, 

this technology is expensive and limited to large animals (Cooke et al. 2013b). Furthermore, the 

large tag size may inhibit swimming capacity or cause increased predation (Jepsen et al. 2015). 

Another possibility for investigating habitat use is photo identification. This can be used to draw 

inferences on population delineation and understand resulting implications for commercial 

exploitation (Boye et al. 2010), or to monitor migration patterns (Jann et al. 2003; Wenzel et al. 

2009). A limitation of all the above methods is that data may provide a snap-shot of information 

spanning only the time of observation. In many cases, this might be insufficient and integration 

with other methods is needed to satisfactorily answer a scientific question. Local adaptation and 

long-term migratory patterns are among the examples that require information spanning a time 

frame longer than days or weeks. Morphological, morphometric, and stable isotope data can be 

appropriate for investigating such fields. Research on different subspecies of the ringed seal 

(Pusa hispida) has found differences in skull morphology among the individuals of different 

lakes (Amano et al. 2002). Morphological data in this case provided valuable clues to population 

differentiation. In a similar manner, Klepaker (1993) revealed differentiation in morphometric 

characters of marine and freshwater sticklebacks. They identified a morphometric change 

towards a more compact body, and interpret it as adaptation to a less active, more benthic way of 

living. A drawback of these approaches is that they require killing of the study animals. Stable 

isotope analyses can be less invasive and offer another path to examine connectivity and 

migration patterns. In southern pygmy perch (Nannoperca australis), stable isotope analyses 

were used in combination with genetic data to examine within-stream connectivity, and revealed 

semi-isolated populations (Cook et al. 2007). In another vertebrate study, Clegg et al. (2003) 

combined stable isotope with genetic marker analyses to reveal patterns of population 
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connectivity and migration in birds (Wilson’s warbler (Wilsonia pusilla)). Clegg et al. (2003) 

highlight the limitation of using stable isotope data on their own to demonstrate migration due to 

the only approximate accuracy of isotopic information. Combination of molecular and isotopic 

markers provided the necessary resolution to reveal migration patterns.  

The benefits of genetic methods go beyond this example and are manifold. Genetic sampling is 

(generally) less invasive, and does not require catching (or in some cases even killing) the target 

organisms, unlike many of the above. Biopsy-sampling and DNA-extraction from substances as 

diverse as environmental water (Sigsgaard et al. 2016), skin swabs (Andrews et al. 2010), or 

feces (Fietz et al. 2016) make is feasible to sample endangered, rare, and elusive organisms that 

would be impossible to catch (such as many whales) or unacceptable to kill (such as endangered 

species). Another beneficial factor is the time scale at which inferences can be made. While most 

of the methods outlined above allow us to draw conclusions only about present situations, we 

gain no knowledge about the characteristics of past generations. With genetics, on the other 

hand, we can make inferences about population history spanning recent (current to a few 

generations ago) (Palsboll et al. 2010) to evolutionary (hundreds of thousands of generations 

ago) time scales (Pastene et al. 2007). Besides, very few species can be kept and studied under 

experimental conditions. Many of the most interesting and most pressing questions relating to 

population divergence, phylogeographic history, population size, and ecological adaptation 

concern wild non-model organisms that are impossible to keep and study in captivity. Genetic 

methods allow us to extend our focus beyond few model species and focus on real-world 

problems in non-model organisms.  

With the increase of sampling and laboratory methods, analytical software and other related 

technologies available today, the opportunities to use genetics in studies of (marine) divergence 

and ecological adaptation have also become increasingly diverse. However, while genetics today 

may be applied to a wide variety of scientific questions about marine vertebrate populations, we 

need to continuously critically evaluate whether genetic methodology is actually the appropriate 

tool in each particular case. It is critical to acknowledge that genetic approaches are not a 

panacea and that often – when used in isolation – they will be insufficient for answering our 

scientific questions of interest. Often, much more can be gained from combining genetics with 

other methods such as stable isotope (Clegg et al. 2003), or life history and demographic data 

(Olsen et al. 2014), for example to identify populations and management units of interest. For 

example, in a study on short-finned pilot whales (Globicephala macrorhynchus) in Madeiran 

waters, photo identification and genetic markers were used to shed light into the whales’ 

grouping structure (Alves et al. 2013). The study revealed important information for 

management decisions that neither method could have revealed in isolation. Another example 

illustrating the benefits of integrating genetic with other methodologies relates to Atlantic cod 

(Gadus morhua). Syedang et al. (2010) combined genetic markers, tagging experiments, and 

analysis of the chemical constituents of otolith cores to reveal that natal homing is an important 

mechanism separating Atlantic cod stocks even over small spatial scales (<100km). Such 
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information has implications for management. Even animals exhibiting ocean-spanning 

migration patterns may be studied in a feasible way when combining genetics with other 

methodology. Genetic markers were used in combination with electronic tagging to reveal 

population structure of Atlantic Bluefin tuna (Thunnus thynnus), a species that may cross the 

entire North Atlantic to reach spawning grounds in the Mediterranean Sea and the Gulf of 

Mexico (Boustany et al. 2008). Such information is invaluable for such an economically 

important species (Collette et al. 2011; Sumaila & Huang 2012). Ideally, results from a single 

genetic method will not simply be viewed as ‘the truth’, but will be critically evaluated in 

combination with results from other methods and in light of the organism’s biology. In a good-

quality study, conclusions will then be based on a combination of all results. 

 

Usefulness of genetic tools for conservation and management and the timeliness for 

application 

  
The continuing growth of the global human population and our use of the environment have led 

to a state in which we are living through what is known as the sixth mass extinction (Barnosky et 

al. 2011). Anthropogenic actions as wide-ranging as overexploitation, pollution, habitat 

fragmentation, and the promotion of climate change impact the natural world at unprecedented 

levels and are leading to a rate of population decline and species extinction that has been 

unparalleled over the last 65 million years (Barnosky et al. 2011). The marine realm is no 

exception (Jackson et al. 2001), with overfishing (Pauly et al. 2003; Pauly et al. 2005; Froese et 

al. 2012), pollution (Derraik 2002; Islam & Tanaka 2004), and the introduction of invasive 

species (Bax et al. 2003; Molnar et al. 2008) representing just some of the issues causing marine 

environmental degradation. This leaves no question as to the timeliness of conservation and 

management efforts. Genetic methods in ecological studies may be useful tools to investigate 

effects of the above on the natural world, and indeed many such studies nowadays have a 

conservation-management angle (Olsen 2012). According to a recent review by Allendorf et al. 

(2013), most conservation genetic studies can be categorized into five broader fields including i) 

management and reintroduction, ii) genetic population structure, kin and taxonomic 

relationships, iii) detection and prediction of habitat loss effects, iv) detection and prediction of 

hybridization and introgression effects, and v) investigating the genetic characters that are 

associated with local adaptation and fitness. From a management and conservation perspective, 

this information can then be used to identify those populations (most) threatened by 

environmental changes, and one may even identify the nature of the environmental threat that an 

organism faces. In order for genetic (and lately genomic) techniques to be of actual use and 

implemented in a conservation management framework, it is important for genetic research to be 

tangible. If a research-policy framework can be created that enables basic research to have an 

applied impact, scientists stand increasingly better chances to bridge the gap that currently still 
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persists to some degree between academic research and real-world conservation issues (Shafer et 

al. 2015). 

Today, there are already a range of examples from the marine environment in which molecular 

tools advanced the knowledge that is necessary for a more sustainable management and better 

conservation practices. In a revolutionizing way, Nielsen et al. (2012) showed that by using 

gene-associated markers, individual marine fish can be assigned to population of origin with near 

100% precision. The authors applied high-differentiation single nucleotide polymorphism assays 

in economically important species across European waters and demonstrated the large potential 

this method has for the identification and regulation of illegal fishing practices and mislabeling. 

Similarly important, there is an increasing urgency to understand if and how organisms can adapt 

to environmental change (Savolainen et al. 2013). Many marine fish species with high gene flow 

potential and consequential low rates of genomic divergence at neutral loci represent good study 

organisms. Besides overall low levels of genetic divergence, several of these species exhibit 

substantial genetic differentiation at outlier loci across environmental gradients (Limborg et al. 

2012; Berg et al. 2015; Guo et al. 2016). Understanding the genetic basis of their adaptations 

allows us to make inferences about how well local populations will be able to cope with 

environmental impacts brought about by anthropogenic actions and climate change. Besides, 

from a management perspective, such information is important because locally adapted 

populations are unlikely to be replaced by other individuals when exploited (Hauser & Carvalho 

2008). When discussing the underlying mechanisms that enable local adaptation, we need to 

consider not only the “how”, but also the “how fast”. The next paragraph offers the integration of 

a recently proposed concept to help evaluate whether an organism might be able to keep up with 

the increasing speed of environmental change.  

 

The holobiome concept 

 
In population genetics, the debate about divergence and the adaptation to different environments 

has classically been viewed only at the genomic level. Subsequently, epigenetics and phenotypic 

plasticity were recognized as additional mechanisms of importance (Ghalambor et al. 2007; 

Feinberg & Irizarry 2010). More recently still, it has been argued that an organisms’ associated 

microbial component might also play a role (Alberdi et al. 2016). I chose to include a microbial 

study component in one of my research projects to investigate whether it might be plausible that 

an organisms’ microbiome may indeed contribute to the mechanisms governing population 

genetic divergence and local adaptation. Microbes have long been known to play important roles 

in the survival, health, and fitness of many macro-organisms. Only recently though have we 

begun to appreciate the profound impact that host-associated bacteria have on nearly all aspects 

of animal biology. Indeed, we are only at the brink of understanding the high complexity of these 

host-microbe interactions. The recently introduced holobiome concept is central to the 
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understanding of these interactions. It offers a redefinition of ‘that which constitutes an 

individual animal or plant’ by viewing an organism as an entity that encompasses its own as well 

as the sum of its microbial symbionts’ genetic information (Bordenstein & Theis 2015). More 

precisely, Bordenstein and Theis (2015) define the hologenome as the complete genetic contents 

of the host genome, its organelles’ genomes, and its associated microbes. The timeliness of this 

concept with regards to understanding biological complexity and even evolution as such is 

emphasized by the explosion of interest the topic has spiked in recent years. A Web of Science 

search for the terms ‘holobiom’ and ‘holobiont’ in January 2017 yielded 426 publications, 95 of 

which were published in 2016 alone. Similarly notable, the essay by Bordenstein and Theis 

(2015) that provides a conceptual foundation of the holobiome concept was cited 54 times in 

only 16 months.  

Incorporating the holobiome concept into studies that aim to understand an organisms’ adaptive 

potential offers a means with which to understand whether organisms may have the ability to 

keep up with the increasing speed at which changes happen. In consideration of the short time it 

takes for environmental conditions to change, we may assume that those species are most likely 

to survive that can adapt rapidly. Changes at the genetic level that bring about evolutionary 

change need many generations to be established in a population or species. For vertebrates that 

have slow reproductive strategies and long generation times, this is likely insufficient for 

adaptation and survival. Phenotypic plasticity may hence be an essential factor in determining 

how well vertebrates may adapt to fast environmental variation (Alberdi et al. 2016). A growing 

body of evidence from recent studies suggests that microbiota might play an important role in 

enabling an organisms phenomic plasticity, and hence its ability to adapt to change. Due to 

evolution happening much faster at the microbial level than at vertebrate level, changes in 

microbiota can happen faster, and might enable vertebrates to adapt to changes too rapid to be 

able to cope with them ‘without help’. Among all host-associated microorganisms, the bacteria 

of the gut are thought to be the most influential symbiotic community, affecting health, 

immunity, digestive metabolism and consequently host fitness (Tremaroli & Backhed 2012; 

Amato et al. 2013; Vatanen et al. 2016). The last few years has seen a large increase in studies 

investigating gut bacterial communities, their composition and correlation with host and 

environmental factors, in all major taxonomic groups including mammals, fish, amphibians, 

reptiles, and birds (Benson 2016; Colston & Jackson 2016). Given this central role of gut 

bacteria, knowledge of such communities is a vital addition to population-level genomic studies. 

In this sense, population genomic studies aimed at understanding a species’ local adaptive 

potential will miss part of the story when not considering bacterial communities. Future (marine) 

population genomic research should acknowledge this and should make an effort to integrate 

microbial with host species investigations. 
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Utility and limitations of genetic tools employed in this study 

 
An immense variety of genetic and genomic tools exist today that may be used to shed light onto 

population genetic and genomic research questions. Discussing all of them would exceed the 

extent of this introduction. I will instead focus on introducing a selection of concepts and 

methods that I employed in my studies, and outline their utility and limitations. 

 

i. Integration of modern and historic DNA 

 

For many studies that investigate the effects of certain environmental or anthropogenic events, it 

is of interest to compare population parameters from before and after such events (e.g. pre-/post-

fragmentation or pre-/post-bottleneck) (Habel et al. 2014). A significant change in the genetic 

composition of a population or species can occur even within a single generation (Habel et al. 

2014). Therefore, information collected from a single time point may provide an incomplete 

picture of the historical and recent processes that act on a population (Crispo & Chapman 2010). 

Instead, the use of time series data can be of advantage, as only analyses that include temporally 

spaced population data may be able to empirically disentangle long-term processes from recent 

extreme effects (Habel et al. 2014). DNA from historic specimen is a great source of historic 

information. With the advance of DNA extraction methodology (Gilbert et al. 2007) and the vast 

repositories of biological material in natural history museums (Yeates et al. 2016), it becomes 

increasingly easy to utilize historic DNA to gain insights to changes in population genetic 

characteristics. Population genetic theory predicts that population declines are often associated 

with a decrease in genetic diversity. Comparison of historic versus recent diversity estimates can 

help comprehend the effects that certain events have on a population. Utilization of historic DNA 

e.g. helped reveal that Yellowstone grizzly bears (Ursus arctos) show a strong decline in genetic 

diversity between the beginning and end of the 20th century that is associated with overall lower 

population fitness (Miller & Waits 2003). A textbook example of the utilization of historic DNA 

to detect a population bottleneck was provided by Bouzat et al. (1998). Bouzat et al. (1998) 

studied a population of greater prairie chicken (Tympanuchus cupido) over 30 years and detected 

a strong population bottleneck event from the disappearance of certain alleles over time. Historic 

DNA use is not without limitations and the often highly degraded state of DNA limits the choice 

of samples and genetic markers that can be used (Habel et al. 2014). In this PhD project, I 

harnessed the power of integrating historic with modern DNA to shed light on the demographic 

history of two grey seal subspecies in the Baltic and North Sea, Halichoerus grypus grypus and 

H. grypus atlantica (Berta & Churchill 2012; Olsen et al. 2016).  
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ii. Methods to detect population differentiation 

 

The oldest and still most frequently applied metrics to estimate population genetic differentiation 

are F-statistics (Allendorf et al. 2010). Originally developed by Sewall Wright, they can be 

applied to a range of genetic markers, and can be either a measure of departure from Hardy-

Weinberg (HW) proportions within local populations (FIS), a measure of allele frequency 

divergence among subpopulations (FST), or a measure of the overall departure from HW 

proportions in the entire population (or species) (FIT) (Wright 1931, 1951). A difficulty with FST 

estimates that is particularly prevalent in highly abundant marine organisms (populations in the 

millions as in many fish) is that the relationship between FST and the number of migrants (Nm) is 

nonlinear. As a result, when FST is small, it is difficult to estimate it accurately because small FST 

values correspond to differences in population allele frequencies that are small relative to 

differences that arise by chance (Weir & Cockerham 1984; Waples 1998; Neigel 2002). FST has 

also been suggested to represent an indirect measure of gene flow (Slatkin 1985), and has 

repeatedly been used to infer migration rates (Whitlock & McCauley 1999). However this has 

been much debated and unless the (biologically unrealistic) assumptions underlying FST are met, 

it cannot be translated into an accurate measure of gene flow (Whitlock & McCauley 1999; 

Neigel 2002). Instead, newer coalescent methods are better suited to estimate levels of gene flow 

(Beerli & Felsenstein 1999, 2001) and should be applied for quantitative estimates. The use of 

FST is not completely obsolete though: it is suitable to be used as a relative measure of the extent 

of population structure (Whitlock & McCauley 1999; Neigel 2002). We will benefit from 

acknowledging its dependence on demographic and genetic parameters and employ it carefully – 

that is, interpret FST estimates in light of the biology and life history of the species of interest, 

and use it as a relative measure for comparative estimates of population genetic divergence 

(Waples 1998; Neigel 2002).  

Another popular approach extensively applied to gain insight to the degree of population 

divergence is the estimation of ancestry proportions. Ancestry in this case refers to the 

proportion of an individuals’ ancestry from each of a number of contributing populations 

(Alexander et al. 2009). It can be estimated either with model-based (Pritchard et al. 2000; 

Alexander et al. 2009) or algorithmic (Hotelling 1933; Menozzi et al. 1978) methods. 

STRUCTURE (Pritchard et al. 2000) and its successor ADMIXTURE (Alexander et al. 2009) are 

widely used softwares to estimate admixture proportions using a model-based approach. Both 

programs model the probability of the observed genotypes using ancestry proportions and 

population allele frequencies, however, STRUCTURE uses a (slow) Bayesian approach that relies 

on an MCMC algorithm to sample the posterior distribution, while ADMIXTURE maximizes the 

likelihood rather than sampling the posterior (Alexander et al. 2009). The advantage of 

ADMIXTURE’s likelihood maximization is the much faster runtime, enabling the use of many 

more markers (Alexander et al. 2009). Caution needs to be executed when model assumptions 

are not met. Linkage disequilibrium (LD) has for example been found to produce inaccurate 
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results, and recent work suggests that accounting for LD may lower error rates and enhance our 

ability to detect even weak population structure (Lawson & Falush 2012; Padhukasahasram 

2014). Further, recent strong genetic drift may cause misleading results (Falush et al. 2016). 

Opposed to model-based methods, an algorithmic-based approach is principal component 

analysis (PCA) (Hotelling 1933; Menozzi et al. 1978). While it is generally a method that is used 

to make sense of datasets with very large numbers of variables and used in many fields of 

research, its application in (population) genetics is also far-reaching (Reich et al. 2008). The 

estimation of ancestry proportions and PCA today are standard in a great number of population 

genetic studies concerned with the inference of population structure. Ancestry proportions have 

for example been used to evaluate population structure of an anadromous freshwater-resident 

fish in northwestern European waters (Skovrind et al. 2016), and a combination of PCA and 

ancestry proportion estimates helped reveal the existence of two genetically differentiated 

anchovy ecotypes in the Atlantic and Mediterranean Sea (Le Moan et al. 2016). A good-

humored tutorial highlights that care has to be taken in accurately interpreting admixture results, 

and illustrates the multiple pitfalls that lead many studies to draw wrong conclusions (Falush et 

al. 2016). 

 

iii. Methods to detect demographic history 

 

Population sizes and geographic ranges change over time and leave molecular signatures 

(Csillery et al. 2010). We may learn much about the state of a population from studying its 

demographic history. In recent years, the availability of increased computational power has 

enabled the development of complex techniques to do so, many of them embedded in a Bayesian 

framework and based on the concept of likelihood (Csillery et al. 2010; Allendorf et al. 2013). 

The main advantage of Bayesian statistics is the ability to include available information when 

estimating the posterior probability of a certain hypothesis. On the downside, calculating the full 

likelihood function can be very computationally intensive and difficult, thus often restricting its 

use to simple evolutionary scenarios (Beaumont 2010; Csillery et al. 2010). Approximate 

Bayesian computation (ABC) offers an alternative to calculating the full likelihood function 

(Tavare et al. 1997; Beaumont et al. 2002). It employs a Bayesian framework in that it 

incorporates prior information, however rather than using all raw data to compute the posterior, 

it approximates it by summarizing the data using multiple summary statistics (Beaumont 2010). I 

employed an ABC framework in two of my studies to shed light on the demographic history of 

two marine mammal species. We used ABC to infer the demographic history of Cape Verde 

humpback whales (Megaptera novaeangliae). In particular, we were interested in testing for a 

population bottleneck and in estimating the effective population size (Ne). An ABC framework 

was also used to estimate the divergence time and North Sea and Baltic Sea grey seals 

(Halichoerus grypus), and to explore the most likely origin of the current grey seal breeding 
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population in Danish waters (Fietz et al. 2016). Three basic steps are employed in both cases and 

in fact are basis to any ABC approach: i) large numbers of datasets are simulated from a 

probability distribution under a number of hypothesized evolutionary scenarios; ii) the data of 

each scenario are then reduced (‘approximated’) to several summary statistics, and the same 

summary statistics are calculated for the observed data; iii) finally, the most likely demographic 

model is chosen by selecting the model that minimizes the difference between observed and 

simulated data summary statistics (Beaumont et al. 2002; Cornuet et al. 2008; Cornuet et al. 

2010). Two pitfalls to be aware of are that the posterior may be heavily influenced by the prior 

information, and that the inferences we draw are limited to a finite set of predefined 

demographical models (Beaumont et al. 2010; Csillery et al. 2010). ABC will always identify a 

most likely demographic model, even if the truth is not among the models under consideration. 

One may account for the influence of prior information on model choice by quantifying the 

effects of different priors (testing whether the posterior changes with different priors), and 

thereby taking a potential bias into account. Regarding the limitation of only finite model 

scenarios, a precaution can be to integrate ABC with other approaches (such as count or 

zooarchaeological data). Further, it is advisable to employ simulations in order to test whether 

various events may cause a certain demographic scenario.  

 

iv. Methods to detect local adaptation 

 

As mentioned previously, an important field in population genetics is to understand the 

molecular basis for adaptive differences between populations. Molecular outlier tests are widely 

applied today and are a powerful approach to detect genetic loci under putative spatially 

divergent selection (Lotterhos & Whitlock 2014; Berg et al. 2015; Guo et al. 2015). An outlier 

locus is detected because the value of a certain test statistic falls outside the range of the 

expected distribution for a neutral locus (Allendorf et al. 2010). Among the most frequently 

applied approaches are FST outlier tests (Lewontin & Krakauer 1973). A number of FST outlier 

detection methods have been developed to date (Beaumont & Nichols 1996; Beaumont & 

Balding 2004; Foll & Gaggiotti 2008; Excoffier et al. 2009; Gunther & Coop 2013). They aim to 

identify a threshold large or small enough to show significant evidence of selection. FST outlier 

detection methods can generally be divided into two categories: i) methods that make strict 

assumptions about the samples’ demographic history, and ii) methods that estimate and account 

for evolutionary non-independence among samples (Lotterhos & Whitlock 2014). Difficulties 

with the first set of methods are that the detection of outliers is sensitive to the demographic 

history of a population. If not assumed correctly, results may include many false positives 

(Lotterhos & Whitlock 2014). The second set of methods is more advanced in that they use a 

Bayesian approach in which the allele frequencies under any neutrally structured population 

model can be approximated (Beaumont 2005; Lotterhos & Whitlock 2014). However, even these 
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approaches assume that populations have evolved independently from an ancestral gene pool 

(Beaumont 2005). Genotyping errors, variation in mutation rate or population structure such as 

created by isolation by distance (IBD) or range expansion can hence still create outlier signals 

not attributed to selective evolutionary forces (Narum & Hess 2011; Lotterhos & Whitlock 

2014). Lotterhos and Whitlock (2014) found that neutral parameterization (using only neutral 

genomic regions to estimate a neutral baseline FST) can be a powerful tool to accurately identify 

outliers even in the face of IBD or population range expansion. Among the methods 

implementing this is BayEnv2, which uses a Bayesian approach to estimate empirical patterns of 

covariance in allele frequencies among populations, then uses this information as a null model  

to test individual loci (Gunther & Coop 2013). Besides testing for loci whose FST values deviate 

from expectations under a neutral model, some FST outlier methods go further and allow to test 

for associations between population-specific allele frequencies and environmental variables 

(Gunther & Coop 2013; de Villemereuil & Gaggiotti 2015). Various studies have shown that the 

number of outlier loci in a single study may vary depending on which detection method is 

chosen (Guo et al. 2015; Guo et al. 2016). This highlights the caution that is required to prevent 

over-interpretation and the integration of false positives. A good standard is to employ multiple 

approaches, carefully compare results, and draw conclusions based only on those loci that are 

identified as outliers by all methods (Berg et al. 2015; Guo et al. 2015; Guo et al. 2016).  

 

 

The Baltic Sea as a model 

 
Marginal ecosystems are particularly well suited for investigating population divergence and 

local adaptation. Such systems will usually harbor less species diversity than their central 

counterparts, and species native to these systems will often be genetically distinct, rendering 

them particularly vulnerable to environmental and anthropogenic effects. The Baltic Sea is a 

semi-enclosed brackish water basin in Northern Europe that is characterized by a steep aquatic 

gradient: its environmental conditions range from nearly limnetic to almost fully marine. Its 

formation began after the Last Glacial Maximum ca. 12,000 yrs BP when the ice retreated and 

first created a subarctic freshwater lake (Fig. 2). Subsequently, the salinity regime underwent 

drastic fluctuations. Ca. 8,000 yrs BP the Baltic Sea attained its current form and became 

established as a habitat for marine species (Emeis et al. 2003; Bjorck 2008). The Baltic Sea is 

almost completely land-locked, covers an area of 415,000km2 and is a shallow sea with an 

average depth of 55m (Emeis et al. 2003). It is connected to the North Sea through several 

narrow straights, the Large Belt, the Little Belt, and the Øresund Straight that lead to the 

transition area of Kattegat and Skagerrak. The present salinity conditions in the Baltic Sea were 

only established ca. 3,000 years ago, and range from 2 – 4 PSU (Gulf of Bothnia) over 7 – 13 

PSU (in the central Baltic Sea) to 20 – 30 PSU (in Kattegat and Skagerrak). The special 



38 

topography of the Baltic Sea strictly limits exchange with the marine waters of the North Sea and 

North Atlantic. The average residency time of water masses in the Baltic basin is 33 years 

(Reissmann et al. 2009). These characteristics, together with heavy anthropogenic use that led 

e.g. to extensive fishing practice (Zeller et al. 2011), pollution (see e.g. Szefer et al. (1996)) and 

eutrophication (Jansson & Dahlberg 1999), make the Baltic ecosystem particularly vulnerable to 

environmental and human-induced disturbances.  

A wide range of taxa spanning marine algae, invertebrates, fish, and marine mammals exhibit 

patterns of isolation between the Baltic Sea and adjacent North Sea (Andersson et al. 1981; 

Johannesson & Andre 2006; Berg et al. 2015). Even in highly mobile species such as marine 

fish, we find patterns of restricted gene flow and, what is more, signatures of local adaptation 

(Limborg et al. 2012; Berg et al. 2015; Guo et al. 2015). These observations, together with the 

characteristics of the Baltic Sea, make the investigation of population status and adaptive 

potential of inhabitants of this marine ecosystem particularly worthwhile.  

 

 
Fig. 2: Stages of salinity of the Baltic Sea during the last 16,000 years (© Lamichhaney et al. 
2012): The geological forming of the Baltic Sea can be divided into four periods: the Baltic Ice 
Lake, a fresh water basin, was followed by the Yoldia Sea which marks a brief brackish phase. 
The freshwater Ancylus Lake was created through uplift, and was then followed by the Littorina 
Sea that marks the beginning of the establishment of the Baltic Sea as a brackish/marine 
environment (Ojaveer & Kalejs 2005). 
 

 

Study organisms 

 
The study organisms of my PhD projects include two marine mammal species (the grey seal 

Halichoerus grypus and the humpback whale Megaptera novaeangliae) and two sand lance 

species (Ammodytes tobianus and Hyperoplus lanceolatus). Marine mammals are often top 
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predators in the marine environment and as such are considered to be good indicators of 

environmental change and status (Hooker & Gerber 2004; Sergio et al. 2008). Sand lances 

represent the other end of the spectrum of marine trophic levels – they are an important food 

resource for a range of marine species and are known to execute bottom-up control of marine 

food webs (Rindorf et al. 2000; Frederiksen et al. 2006). In their respective own way, each of the 

species is a keystone component in the marine environment, and knowledge about their 

population history, structure, and status is therefore important. 

 

Grey seals 

 
The grey seal Halichoerus grypus is a large phocid seal whose range of occurrence spans the 

cold temperate to sub-Arctic regions of the North Atlantic Ocean. The species is divided into 

three populations: the Northwest Atlantic, the Northeast Atlantic, and the Baltic Sea (Haug et al. 

2007). Despite their high dispersal potential (McConnell et al. 1999), animals of the Baltic Sea 

and the neighboring North Sea are regarded as two subspecies (Berta & Churchill 2012). They 

display genetic (Boskovic et al. 1996; Graves et al. 2009; Klimova et al. 2014; Fietz et al. 2016) 

and morphological (Chapskii 1975) differentiation. In addition, these neighboring populations 

are known to have distinct breeding seasons and habitats. While the North Sea grey seals breed 

on sand banks, ice-free islands and skerries between November and December, Baltic Sea grey 

seal pups are born on sea ice and skerries between March and April (Harkonen et al. 2007).  

Having been exploited by humans for many centuries, grey seal populations along mainland 

Europe experienced substantial declines as early as in the 11th century as a result of hunting, with 

the last breeding population in this area disappearing in the 16th century (Harkonen et al. 2007). 

In the Skagerrak, Kattegat, and Baltic Sea, grey seal numbers in the 19th and early 20th century 

were reduced by up to 90% as a result of an internationally coordinated culling program that was 

extensive enough to lead to the ecological extinction of grey seals in Danish and German waters 

(Heide-Jorgensen & Harkonen 1988; Harding et al. 2007). The Baltic Sea population decline 

continued into the 1970s when as few as 3,600 animals remained due to PCB and DDT 

environmental contamination causing reduced fertility of females (Helle 1976; Harding & 

Harkonen 1999). Today, thanks to dedicated conservation efforts including the strict regulation 

of chemicals, designation of protected areas, and hunting restrictions, Baltic grey seals are 

recovering in numbers and are even recolonizing part of their historic range (Fietz et al. 2016). 

This has led to renewed conflicts with fisheries and fuels continuous debates about appropriate 

counter-measures such as hunting and culling (Gardmark et al. 2012). In 2014, the Danish 

Nature Agency introduced new rules for grey seal regulation in Danish waters (Naturstyrelsen 

2014). According to these regulations, fishermen may now ask for dispensation to regulate seal 

numbers between April and January, and in the following two years, the first grey seals were 

killed under this program. In order to ensure the usefulness and sustainability of such hunting 
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measures in Denmark as well as in other European countries, we need to closely monitor grey 

seal abundance, and require reliable insights of distribution patterns and isolation between areas.  

 

Humpback whales 

 
The humpback whale Megaptera novaeangliae belongs to the rorquals (Balaenopteridae family) 

and is a true cosmopolitan that is found in all major ocean basins (Clapham & Mead 1999). 

Humpback whales are highly migratory and are among the widest-traveling mammals on earth 

with annual migration routes of >8000 km (Rasmussen et al. 2007; Stevick et al. 2011). At the 

same time, they have developed a complex repertoire of behaviors that can lead to significant 

population structure even on small spatial scales besides their high dispersal potential (Baker et 

al. 1990; Palsbøll et al. 1995). Except for one residential population in the Arabian Sea, 

humpback whales generally spend the summer months in high-latitude areas for feeding while 

they migrate to low-latitude areas for calving and breeding during the winter (Dawbin 1966; 

Stone et al. 1990). Their genetic structure at ocean basin level is driven by both natal philopatry 

to breeding grounds and maternal fidelity to feeding grounds (Katona & Beard 1990; Baker et al. 

1998; Baker et al. 2013). In the North Atlantic, humpback whales during the winter mating 

season aggregate in two known subtropical breeding grounds in the Caribbean West Indies and 

off the West-African coast in Cape Verde (Jann et al. 2003). During the summer months, they 

migrate to several distinct feeding grounds in the Barents Sea, around Iceland, off Western 

Greenland, in the Gulf of Maine, and in the Gulf of St. Lawrence (Katona & Beard 1990; 

Clapham et al. 1993a).  

The most precise abundance estimate for the West Indies breeding ground is 10,700 individuals 

(coefficient of variation = 0.068) in 1992/93 (Stevick et al. 2003), while to date, only a single 

census size estimate is available for the Cape Verde breeding population of 99 individuals (Punt 

et al. 2006). These numbers are by a multitude smaller than the assumed historic abundances in 

the North Atlantic; extensive whaling activities especially in the 19th and early 20th century have 

led to drastic reductions in humpback whale numbers (Smith & Reeves 2003). Before protection 

measures were put into action, it is thought that the North Atlantic humpback whales were 

reduced to <1000 individuals (Mitchell & Reeves 1983; Katona & Beard 1990). A study based 

on coalescent models for mitochondrial DNA even estimated a 95% decline in the North Atlantic 

humpback whale population pre- versus post-whaling (Roman & Palumbi 2003). Only since 

their protection in 1955 (Best 1993) have they begun to slowly recover, and since then their 

census size has steadily increased (Stevick et al. 2003). To date, it remains unknown how 

isolated the two known North Atlantic breeding grounds are. The Cape Verde population might 

be vulnerable to threats faced by small populations unless gene flow exists between this and 

another breeding ground. A quantification of gene flow that would allow an evaluation of genetic 

differentiation between Cape Verde and the West Indies, however, does not exist to date. Based 
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on high resighting rates in the Cape Verde (Wenzel et al. 2009), and an extremely low rate of 

individual exchange between the two breeding grounds (Stevick et al. 2016), genetic 

differentiation is expected to be considerable. Due to the regional segregation of maternal 

lineages, each North Atlantic humpback whale stock seems to behave demographically 

independent, which makes a strong argument for independent regional management (Holsinger 

1996). Knowing the extent of gene flow and recent effective breeding ground population sizes, 

as well as investigating whether Cape Verde and the West Indies indeed are the only North 

Atlantic breeding grounds will be important contributions to make informative statements about 

population recovery.  

 

Sand lances 

 
Sand lances (family Ammodytidae) are a family complex of 31 species distributed throughout the 

Atlantic, Pacific, and Indian oceans. In the North and Baltic Sea area, five species are known to 

occur: A. marinus, A. tobianus, H. lanceolatus, A. semisquamatus, H. immaculatus. They are 

small euryhaline, eurythermal fish that spend much time buried in the sand and are associated 

closely with specific soft substrate types (Jensen et al. 2011). Due to their resident nature, adult 

sand lances have small home ranges (Gauld 1990) and even larvae dispersal has been estimated 

to be limited (Proctor et al. 1998; Christensen et al. 2009). They feed mainly on copepods while 

some of the larger species such as H. lanceolatus are known to also prey on small fish. Spawning 

takes place in autumn or spring (Kandler 1941), and from A. tobianus it is known that the two 

spawning types may co-occur in the same habitat (Oconnell & Fives 1995). In the North Sea, 

sand lances are among the most abundant fish; in the early 1980s, they represented as much as 

15% of total fish biomass (Sparholt 1990). As such, they represent an important target for a wide 

range of predators, ranging from marine mammals and birds to other exploited fish species 

(Harwood & Croxall 1988; Rindorf et al. 2000; Furness 2002; Frederiksen et al. 2006). The 

dependency of other species on sand lances go so far that Engelhard et al. (2013) concluded 

them to be the most important forage fish in the North Sea.  

Besides their keystone ecological position, sand lances are also a major component of North-East 

Atlantic commercial fisheries. They are mainly used for fishmeal production, for example in 

Denmark they are among the most important species in terms of value that are being landed per 

year (Anderson et al. 2012). In the North Sea, sand lances are divided into seven assessment 

areas based on the suggestion that adults do not interbreed significantly at a scale larger than 200 

km (Pedersen et al. 1999; Lewy et al. 2004). Over the last decade, catches of sand lances have 

dropped dramatically in the North Sea and Kattegat, hinting at overexploitation of the species 

complex, and leading to a lowering of annual quota (Semrau & Ortega Gras 2013). It is 

important to note that management measures in the North Sea treat ‘sand lances’ as a single 

species (ICES), when in fact catches in this area are composed of up to five species: A. marinus, 
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A. tobianus, H. lanceolatus, A. semisquamatus, H. immaculatus. The population decline 

throughout the last decade and decreasing annual quota suggest that the current management 

scheme may not be ideal, possibly due to a lack in understanding of their population connectivity 

and consequent suboptimal management area design. 

  


